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Simple Summary: Multiple myeloma (MM) is the second most common haematologic malignancy,
and it remains an incurable disease despite the advances of novel therapies. It is characterised
by a multistep process that arises from a pre-malignant asymptomatic status-defined monoclonal
gammopathy of undetermined significance (MGUS), evolves to a middle stage named smouldering
myeloma phase (SMM), and culminates in the active disease (MM). Identification of early and non-
invasive markers of the disease progression is currently an active field of investigation. In this review,
we discuss the role and significance of microRNAs (miRNAs) as potential diagnostic biomarkers to
predict the clinical transition from MGUS/SMM status to MM.

Abstract: Multiple myeloma (MM) is a hematological malignancy characterised by proliferation of
clonal plasma cells (PCs) within the bone marrow (BM). Myelomagenesis is a multi-step process which
goes from an asymptomatic phase, defined as monoclonal gammopathy of undetermined significance
(MGUS), to a smouldering myeloma (SMM) stage, to a final active MM disease, characterised by
hypercalcemia, renal failure, bone lesions anemia, and higher risk of infections. Overall, microRNAs
(miRNAs) have shown to significantly impact on MM tumorigenesis, as a result of miRNA-dependent
modulation of genes involved in pathways known to be crucial for MM pathogenesis and disease
progression. We aim to revise the literature related to the role of miRNAs as potential diagnostic and
prognostic biomarkers, thus highlighting their key role as novel players within the field of MM and
related premalignant conditions.

Keywords: microRNAs; miRNA-based therapy; myelomagenesis; monoclonal gammopathy of
undetermined significance; multiple myeloma
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1. Introduction

Multiple myeloma (MM) is a plasma cells (PCs) dyscrasia, characterised by clonal
expansion of PCs within the bone marrow (BM), coupled with a spectrum of clinical and
biological features, i.e., hypercalcemia, renal failure, and bone lesions [1]. Myelomagenesis
is a multistep process [2] in which MM arises from a pre-malignant asymptomatic status
defined as monoclonal gammopathy of undetermined significance (MGUS) [3]. MGUS is
present in >3% of the population; it remains stable, and no therapy is needed for years.
It may otherwise evolve to MM with a rate of 1% per year [4]. While MGUS individuals
are usually asymptomatic, they can have enhanced morbidity and mortality over the
general population [5], most likely due to a significantly enhanced risk of malignant
transformation, comorbidities [6], and infections [7], similarly to the full-blown disease
phenotype [8,9]. Clearly, these findings warrant further translational investigation to
pursue clinical management of the precursor states of MM, e.g., through the optimal
combination of strategies that aim to halt progression to MM, in order to more efficiently
sketch patients deserving preventive or curative approaches.

Noteworthily, MGUS is typically followed by the smouldering myeloma (SMM) phase
that represents a middle stage between MGUS and MM, and that is characterised by 10–60%
clonal BM PCs, and urinary and/or serum M protein at levels more than 500 mg/24 h
and 30 g/L, respectively [10]. The SMM progression risk to evolve into MM is approxi-
mately 10% per year [11]. To date, no factors have been identified as biomarkers that could
help to predict the transition from MGUS/SMM to MM. Recent studies point to microR-
NAs (miRNAs or miR) as new prognostic and diagnostic players in MM pathogenesis
and progression [12–14]. miRNAs deregulation is associated with tumour initiation and
progression as well as with PCs differentiation and myelomagenesis [15].

miRNAs are small single-stranded RNA molecules between 19 and 25 nucleotides
in length. They regulate gene expression at post-transcriptional levels by binding to
specific sites within the 3′ untranslated (3′-UTR) region of the mRNA targets, in order to
determine either translation or inhibition [16]. miRNAs biogenesis begins in the nucleus,
where they are transcribed by the RNA polymerase II into polyadenylated and capped
pri-miRNAs [17,18]. The pri-miRNAs hairpin-shaped stem-loops are cleaved by the Drosha
RNase III endonuclease forming pre-miRNAs. The latter are transported into the cytoplasm
by Exportin-5/RanGTP and then converted into short double-stranded miRNAs duplex
(miRNA:miRNA*) by Dicer, a ribonuclease-III [19]. The mature miRNAs, associated with
Argonaute (AGO) 2 protein, bind to the RNA-induced silencing complex (RISC), while
miRNA* is discarded. The single-stranded miRNAs connect to mRNA target 3′UTR and
lead to degradation of the target mRNA transcripts, resulting in the inhibition of translation
and/or to induction of deadenylation and mRNA decay [20,21].

Aberrant miRNAs expression regulates different cellular processes, i.e., apoptosis,
proliferation, differentiation, immune response, metabolism, invasion, migration, and drug
resistance [22–25]. Specifically, a single miRNA may act on different target gene transcripts,
inducing several effects on gene expression, therefore dysregulated miRNAs in MM could
act as oncogenes or tumour suppressors [15,26]. Different miRNAs have been studied
in MM and in its precursor states of MGUS/SMM, revealing the miRNA critical role in
normal PCs development and in the early stages of myelomagenesis [15].

The miRNAs are released within the body fluids, i.e., peripheral blood (PB), serum,
and plasma. Usually, miRNAs levels are stable in PB, but they may vary depending
on serum and/or to plasma detection in relation to their release from platelets or white
blood cells: indeed, serum samples have increased levels of extracellular miRNAs over
the plasma ones [27]. Specifically, a miRNA biomarker shed into PB could be altered
in both serum and plasma [12] in association to different players present into the BM
microenvironment (BMME), i.e., cytokines, growth factors and chemokines transferred via
exosomes in the recipient cells [28–30]. Nowadays, several studies have highlighted the
role of exosomes, as small extracellular vesicles (EVs) involved into the mechanisms of
cell-to-cell communication [31–33]. Exosomes transport growth factors, proteins, miRNAs,



Cancers 2021, 13, 3650 3 of 15

and mRNA toward target cells and they can be secreted by MM cells, thus modifying the
BMME that regulates cancer cells responses and promotes MM progression [10,34,35].

This review focuses on miRNAs as potential diagnostic biomarkers involved in the
transition from MGUS/SMM to MM. We also considered the serum biochemical parameters,
i.e., hemoglobin (Hb), thrombocytes (PLT), albumin (ALB), M-protein, β2-microglobulin
(β2-MG), creatinine (Cr), and C-reactive protein (CRP) that correlate with miRNAs levels
in MM progression [36]. Analysis of miRNAs may support the development for a new
clinical management of MGUS and SMM patients with the introduction of innovative and
curative approaches to prevent progression to MM.

2. miRNA Differential Expression during Myelomagenesis

miRNAs play a key role in oncogenesis through post-transcriptional gene regulation
that influences the proliferation, differentiation, apoptosis, metastasis, and survival of
cancer cells. During carcinogenesis, the changes responsible for deletion or amplification
of entire chromosomal regions, occurring within miRNA coding loci, may cause a decrease
or increase in the expression of the given miRNA, respectively. In particular, miRNA
downregulation may target oncogenes, thus resulting in silencing of the related expression
and function. In parallel, overexpressed miRNAs may contribute to carcinogenesis by
inhibiting the activity of tumour suppressor genes. Despite the limited number of studies
on the role of miRNAs in MM and MGUS, several evidences uncovered miRNAs as pivotal
regulators of myelomagenesis [15] (Figure 1).
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Figure 1. miRNA expression in the pathogenesis of MM. MGUS, monoclonal gammopathy of
undetermined significance; SMM, smouldering myeloma.

Pichiorri et al. [37] examined the different expression profiles of miRNAs in selected
PCs of healthy donors (HD) versus MGUS and MM patients. The studies show that
miRNA-21, -181a, 181-b, and the miRNA-106b-25 cluster (specifically miRNA-93.25 and
-106b) were significantly overexpressed in MGUS compared to HD [37]. The miRNA-21,
-18a and the miR106b-25 cluster were also overexpressed in MM. Authors suggested that
the differently expressed miRNAs boost the development of the abnormal PCs population
into MGUS and MM.

In vitro and in vivo data on MM cell lines show that miRNA-181a, -181b were up-
regulated, leading to enhanced MM tumour growth, as a result of modulation of cell
proliferation, cell cycle progression, apoptosis, and cell invasion [37]. In association with
miRNA-106b, miRNA-181a and b bind to the 3′UTR of the P300/CBP-associated factor
(PCAF), a positive regulator of p53 that is highly deregulated in MM disease [37]. PCAF is
a histone acetyltransferase that positively regulates p53 through acetylation, suggesting the
potential role of the above-mentioned miRNAs on the alteration of the p53 pathway [37].
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This supports the evidence that the dysregulation of the p53 pathway is involved in MM
pathogenesis and, in particular, in drug resistance [38].

Moreover, the miRNA-21 and miRNA-106b-25 cluster may trigger secondary events
that eventually lead to full-blown disease, by targeting PTEN, BIM, and p21, which are
tumour suppressants that inhibit survival and promote cell apoptosis in MM pathogene-
sis [16]. The differential miRNAs expression in myelomagenesis was investigated by Wang
et al. [12] in 17 patients with MGUS, 17 with SMM, 13 with MM, and 12 HD. Four out of
eleven miRNAs were significantly decreased in patients with MGUS (let-7i, miRNA-15a,
-16 and -106b), suggesting that aberrant miRNAs expression may be associated with early
events in PC neoplasia, and potentially contribute to MGUS transition towards SMM [12].
Eight out of eleven miRNAs were decreased in patients with SMM (let-7a, let-7b, let-7i,
miRNA-15a, -15b, -16, -106b and -20a) and three miRNAs (miR-21, miR-223, and miR-361)
were significantly decreased in MM but not in MGUS/SMM patients, suggesting that
downregulation of this group of miRNAs may be related to later events during disease
progression [12]. The let-7a and let-7b miRNA regulate MYC gene expression and pinpoint
the potential role of miRNA-induced epigenetic regulation of MYC as an additional driver
of myelomagenesis [12]. Indeed, MYC is considered a key regulator of MM and its role in
the progression of MGUS to MM was first established in a MYC-driven MM transgenic
mouse model, called Vk*MYC [39].

Moreover, miRNA-15 and -16 downregulation may represent loss of oncosuppres-
sors by evading the AKT kinase, the ribosomal protein S6, the MAP kinases (MAPK),
and MAP3K-inositol trisphosphate (IP3) brake [12,40]. Collectively, the authors propose
miRNAs as biomarkers for diagnosis, progression, and prognosis of the MM precursors
stages [12], being a suitable target of non-invasive tests in human serum and plasma, carried
by EVs linked to proteins such as nucleophosmin or AGO2. This hypothesis stimulated fur-
ther validation comparing PB samples derived from MM and MGUS patients. Compelling
data identified a differently expressed miRNAs basket, in which miRNA-720 and down-
regulation of miRNA-1308, -5011-5p, -6499-3p, -6722-5p, and -6849-3p occurred [13,14]
(Table 1). The pathways analysis confirmed the role of miRNAs in oncogenic signaling [36].

Table 1. miRNAs involved in myeloma pathogenesis and their functions.

miRNA miRNA Modulation Effect on
Myeloma Pathogenesis Target References

Let-7a
Let-7b
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[37]. This supports the evidence that the dysregulation of the p53 pathway is involved in 
MM pathogenesis and, in particular, in drug resistance [38]. 

Moreover, the miRNA-21 and miRNA-106b-25 cluster may trigger secondary events 
that eventually lead to full-blown disease, by targeting PTEN, BIM, and p21, which are 
tumour suppressants that inhibit survival and promote cell apoptosis in MM pathogene-
sis [16]. The differential miRNAs expression in myelomagenesis was investigated by 
Wang et al. [12] in 17 patients with MGUS, 17 with SMM, 13 with MM, and 12 HD. Four 
out of eleven miRNAs were significantly decreased in patients with MGUS (let-7i, 
miRNA-15a, -16 and -106b), suggesting that aberrant miRNAs expression may be associ-
ated with early events in PC neoplasia, and potentially contribute to MGUS transition 
towards SMM [12]. Eight out of eleven miRNAs were decreased in patients with SMM 
(let-7a, let-7b, let-7i, miRNA-15a, -15b, -16, -106b and -20a) and three miRNAs (miR-21, 
miR-223, and miR-361) were significantly decreased in MM but not in MGUS/SMM pa-
tients, suggesting that downregulation of this group of miRNAs may be related to later 
events during disease progression [12]. The let-7a and let-7b miRNA regulate MYC gene 
expression and pinpoint the potential role of miRNA-induced epigenetic regulation of 
MYC as an additional driver of myelomagenesis [12]. Indeed, MYC is considered a key 
regulator of MM and its role in the progression of MGUS to MM was first established in 
a MYC-driven MM transgenic mouse model, called Vk*MYC [39]. 

Moreover, miRNA-15 and -16 downregulation may represent loss of oncosuppres-
sors by evading the AKT kinase, the ribosomal protein S6, the MAP kinases (MAPK), and 
MAP3K-inositol trisphosphate (IP3) brake [12,40]. Collectively, the authors propose miR-
NAs as biomarkers for diagnosis, progression, and prognosis of the MM precursors stages 
[12], being a suitable target of non-invasive tests in human serum and plasma, carried by 
EVs linked to proteins such as nucleophosmin or AGO2. This hypothesis stimulated fur-
ther validation comparing PB samples derived from MM and MGUS patients. Compelling 
data identified a differently expressed miRNAs basket, in which miRNA-720 and down-
regulation of miRNA-1308, -5011-5p, -6499-3p, -6722-5p, and -6849-3p occurred [13,14] 
(Table 1). The pathways analysis confirmed the role of miRNAs in oncogenic signaling 
[36]. 

Table 1. miRNAs involved in myeloma pathogenesis and their functions. 

miRNA miRNA Modu-
lation 

Effect on 
Myeloma Pathogenesis Target References 

Let-7a 
Let-7b 

 Related to disease initiation, progres-
sion  

MYC in t(11;14) [12] 

miRNA-34a 
 Inhibited cell proliferation, colony for-

mation, and increased cancer stem cells 
apoptosis  

TGIF2 [14,41] 

miRNA-15a/ 
miRNA 16 

 Enhanced proliferation in MM 
AKT3, ribosomal 

protein S6, MAPK, NF-kB, 
MAP3K1 

[12,40] 

miRNA-21  Enhanced cell survival 
 

STAT3 
PTEN, BIM and p21 

[34] 
[37] 

miRNA-134-5p, 
miRNA-107, 
miRNA 15a-5 

 Enhanced cell proliferation 
in MGUS and MM 

ITGB1, PIK3R1 [36] 

Enhanced proliferation in MM
AKT3, ribosomal

protein S6, MAPK,
NF-kB, MAP3K1

[12,40]

miRNA-21
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In vitro and in vivo data on MM cell lines show that miRNA-181a, -181b were upreg-
ulated, leading to enhanced MM tumour growth, as a result of modulation of cell prolif-
eration, cell cycle progression, apoptosis, and cell invasion [37]. In association with 
miRNA-106b, miRNA-181a and b bind to the 3′UTR of the P300/CBP-associated factor 
(PCAF), a positive regulator of p53 that is highly deregulated in MM disease [37]. PCAF 
is a histone acetyltransferase that positively regulates p53 through acetylation, suggesting 
the potential role of the above-mentioned miRNAs on the alteration of the p53 pathway 
[37]. This supports the evidence that the dysregulation of the p53 pathway is involved in 
MM pathogenesis and, in particular, in drug resistance [38]. 

Moreover, the miRNA-21 and miRNA-106b-25 cluster may trigger secondary events 
that eventually lead to full-blown disease, by targeting PTEN, BIM, and p21, which are 
tumour suppressants that inhibit survival and promote cell apoptosis in MM pathogene-
sis [16]. The differential miRNAs expression in myelomagenesis was investigated by 
Wang et al. [12] in 17 patients with MGUS, 17 with SMM, 13 with MM, and 12 HD. Four 
out of eleven miRNAs were significantly decreased in patients with MGUS (let-7i, 
miRNA-15a, -16 and -106b), suggesting that aberrant miRNAs expression may be associ-
ated with early events in PC neoplasia, and potentially contribute to MGUS transition 
towards SMM [12]. Eight out of eleven miRNAs were decreased in patients with SMM 
(let-7a, let-7b, let-7i, miRNA-15a, -15b, -16, -106b and -20a) and three miRNAs (miR-21, 
miR-223, and miR-361) were significantly decreased in MM but not in MGUS/SMM pa-
tients, suggesting that downregulation of this group of miRNAs may be related to later 
events during disease progression [12]. The let-7a and let-7b miRNA regulate MYC gene 
expression and pinpoint the potential role of miRNA-induced epigenetic regulation of 
MYC as an additional driver of myelomagenesis [12]. Indeed, MYC is considered a key 
regulator of MM and its role in the progression of MGUS to MM was first established in 
a MYC-driven MM transgenic mouse model, called Vk*MYC [39]. 

Moreover, miRNA-15 and -16 downregulation may represent loss of oncosuppres-
sors by evading the AKT kinase, the ribosomal protein S6, the MAP kinases (MAPK), and 
MAP3K-inositol trisphosphate (IP3) brake [12,40]. Collectively, the authors propose miR-
NAs as biomarkers for diagnosis, progression, and prognosis of the MM precursors stages 
[12], being a suitable target of non-invasive tests in human serum and plasma, carried by 
EVs linked to proteins such as nucleophosmin or AGO2. This hypothesis stimulated fur-
ther validation comparing PB samples derived from MM and MGUS patients. Compelling 
data identified a differently expressed miRNAs basket, in which miRNA-720 and down-
regulation of miRNA-1308, -5011-5p, -6499-3p, -6722-5p, and -6849-3p occurred [13,14] 
(Table 1). The pathways analysis confirmed the role of miRNAs in oncogenic signaling 
[36]. 

Table 1. miRNAs involved in myeloma pathogenesis and their functions. 

miRNA miRNA Modu-
lation 

Effect on 
Myeloma Pathogenesis Target References 

Let-7a 
Let-7b 

 Related to disease initiation, progres-
sion  

MYC in t(11;14) [12] 

miRNA-34a 
 Inhibited cell proliferation, colony for-

mation, and increased cancer stem cells 
apoptosis  

TGIF2 [14,41] 

miRNA-15a/ 
miRNA 16 

 Enhanced proliferation in MM 
AKT3, ribosomal 

protein S6, MAPK, NF-kB, 
MAP3K1 

[12,40] 

miRNA-21  Enhanced cell survival 
 

STAT3 
PTEN, BIM and p21 

[34] 
[37] 

miRNA-134-5p, 
miRNA-107, 
miRNA 15a-5 

 Enhanced cell proliferation 
in MGUS and MM 

ITGB1, PIK3R1 [36] 

Enhanced cell survival STAT3
PTEN, BIM and p21

[34]
[37]

miRNA-134-5p,
miRNA-107,

miRNA 15a-5
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In vitro and in vivo data on MM cell lines show that miRNA-181a, -181b were upreg-
ulated, leading to enhanced MM tumour growth, as a result of modulation of cell prolif-
eration, cell cycle progression, apoptosis, and cell invasion [37]. In association with 
miRNA-106b, miRNA-181a and b bind to the 3′UTR of the P300/CBP-associated factor 
(PCAF), a positive regulator of p53 that is highly deregulated in MM disease [37]. PCAF 
is a histone acetyltransferase that positively regulates p53 through acetylation, suggesting 
the potential role of the above-mentioned miRNAs on the alteration of the p53 pathway 
[37]. This supports the evidence that the dysregulation of the p53 pathway is involved in 
MM pathogenesis and, in particular, in drug resistance [38]. 

Moreover, the miRNA-21 and miRNA-106b-25 cluster may trigger secondary events 
that eventually lead to full-blown disease, by targeting PTEN, BIM, and p21, which are 
tumour suppressants that inhibit survival and promote cell apoptosis in MM pathogene-
sis [16]. The differential miRNAs expression in myelomagenesis was investigated by 
Wang et al. [12] in 17 patients with MGUS, 17 with SMM, 13 with MM, and 12 HD. Four 
out of eleven miRNAs were significantly decreased in patients with MGUS (let-7i, 
miRNA-15a, -16 and -106b), suggesting that aberrant miRNAs expression may be associ-
ated with early events in PC neoplasia, and potentially contribute to MGUS transition 
towards SMM [12]. Eight out of eleven miRNAs were decreased in patients with SMM 
(let-7a, let-7b, let-7i, miRNA-15a, -15b, -16, -106b and -20a) and three miRNAs (miR-21, 
miR-223, and miR-361) were significantly decreased in MM but not in MGUS/SMM pa-
tients, suggesting that downregulation of this group of miRNAs may be related to later 
events during disease progression [12]. The let-7a and let-7b miRNA regulate MYC gene 
expression and pinpoint the potential role of miRNA-induced epigenetic regulation of 
MYC as an additional driver of myelomagenesis [12]. Indeed, MYC is considered a key 
regulator of MM and its role in the progression of MGUS to MM was first established in 
a MYC-driven MM transgenic mouse model, called Vk*MYC [39]. 

Moreover, miRNA-15 and -16 downregulation may represent loss of oncosuppres-
sors by evading the AKT kinase, the ribosomal protein S6, the MAP kinases (MAPK), and 
MAP3K-inositol trisphosphate (IP3) brake [12,40]. Collectively, the authors propose miR-
NAs as biomarkers for diagnosis, progression, and prognosis of the MM precursors stages 
[12], being a suitable target of non-invasive tests in human serum and plasma, carried by 
EVs linked to proteins such as nucleophosmin or AGO2. This hypothesis stimulated fur-
ther validation comparing PB samples derived from MM and MGUS patients. Compelling 
data identified a differently expressed miRNAs basket, in which miRNA-720 and down-
regulation of miRNA-1308, -5011-5p, -6499-3p, -6722-5p, and -6849-3p occurred [13,14] 
(Table 1). The pathways analysis confirmed the role of miRNAs in oncogenic signaling 
[36]. 

Table 1. miRNAs involved in myeloma pathogenesis and their functions. 

miRNA miRNA Modu-
lation 

Effect on 
Myeloma Pathogenesis Target References 

Let-7a 
Let-7b 

 Related to disease initiation, progres-
sion  

MYC in t(11;14) [12] 

miRNA-34a 
 Inhibited cell proliferation, colony for-

mation, and increased cancer stem cells 
apoptosis  

TGIF2 [14,41] 

miRNA-15a/ 
miRNA 16 

 Enhanced proliferation in MM 
AKT3, ribosomal 

protein S6, MAPK, NF-kB, 
MAP3K1 

[12,40] 

miRNA-21  Enhanced cell survival 
 

STAT3 
PTEN, BIM and p21 

[34] 
[37] 

miRNA-134-5p, 
miRNA-107, 
miRNA 15a-5 

 Enhanced cell proliferation 
in MGUS and MM 

ITGB1, PIK3R1 [36] 

Enhanced cell proliferation
in MGUS and MM ITGB1, PIK3R1 [36]

miRNA-17-92
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In vitro and in vivo data on MM cell lines show that miRNA-181a, -181b were upreg-
ulated, leading to enhanced MM tumour growth, as a result of modulation of cell prolif-
eration, cell cycle progression, apoptosis, and cell invasion [37]. In association with 
miRNA-106b, miRNA-181a and b bind to the 3′UTR of the P300/CBP-associated factor 
(PCAF), a positive regulator of p53 that is highly deregulated in MM disease [37]. PCAF 
is a histone acetyltransferase that positively regulates p53 through acetylation, suggesting 
the potential role of the above-mentioned miRNAs on the alteration of the p53 pathway 
[37]. This supports the evidence that the dysregulation of the p53 pathway is involved in 
MM pathogenesis and, in particular, in drug resistance [38]. 

Moreover, the miRNA-21 and miRNA-106b-25 cluster may trigger secondary events 
that eventually lead to full-blown disease, by targeting PTEN, BIM, and p21, which are 
tumour suppressants that inhibit survival and promote cell apoptosis in MM pathogene-
sis [16]. The differential miRNAs expression in myelomagenesis was investigated by 
Wang et al. [12] in 17 patients with MGUS, 17 with SMM, 13 with MM, and 12 HD. Four 
out of eleven miRNAs were significantly decreased in patients with MGUS (let-7i, 
miRNA-15a, -16 and -106b), suggesting that aberrant miRNAs expression may be associ-
ated with early events in PC neoplasia, and potentially contribute to MGUS transition 
towards SMM [12]. Eight out of eleven miRNAs were decreased in patients with SMM 
(let-7a, let-7b, let-7i, miRNA-15a, -15b, -16, -106b and -20a) and three miRNAs (miR-21, 
miR-223, and miR-361) were significantly decreased in MM but not in MGUS/SMM pa-
tients, suggesting that downregulation of this group of miRNAs may be related to later 
events during disease progression [12]. The let-7a and let-7b miRNA regulate MYC gene 
expression and pinpoint the potential role of miRNA-induced epigenetic regulation of 
MYC as an additional driver of myelomagenesis [12]. Indeed, MYC is considered a key 
regulator of MM and its role in the progression of MGUS to MM was first established in 
a MYC-driven MM transgenic mouse model, called Vk*MYC [39]. 

Moreover, miRNA-15 and -16 downregulation may represent loss of oncosuppres-
sors by evading the AKT kinase, the ribosomal protein S6, the MAP kinases (MAPK), and 
MAP3K-inositol trisphosphate (IP3) brake [12,40]. Collectively, the authors propose miR-
NAs as biomarkers for diagnosis, progression, and prognosis of the MM precursors stages 
[12], being a suitable target of non-invasive tests in human serum and plasma, carried by 
EVs linked to proteins such as nucleophosmin or AGO2. This hypothesis stimulated fur-
ther validation comparing PB samples derived from MM and MGUS patients. Compelling 
data identified a differently expressed miRNAs basket, in which miRNA-720 and down-
regulation of miRNA-1308, -5011-5p, -6499-3p, -6722-5p, and -6849-3p occurred [13,14] 
(Table 1). The pathways analysis confirmed the role of miRNAs in oncogenic signaling 
[36]. 

Table 1. miRNAs involved in myeloma pathogenesis and their functions. 

miRNA miRNA Modu-
lation 

Effect on 
Myeloma Pathogenesis Target References 

Let-7a 
Let-7b 

 Related to disease initiation, progres-
sion  

MYC in t(11;14) [12] 

miRNA-34a 
 Inhibited cell proliferation, colony for-

mation, and increased cancer stem cells 
apoptosis  

TGIF2 [14,41] 

miRNA-15a/ 
miRNA 16 

 Enhanced proliferation in MM 
AKT3, ribosomal 

protein S6, MAPK, NF-kB, 
MAP3K1 

[12,40] 

miRNA-21  Enhanced cell survival 
 

STAT3 
PTEN, BIM and p21 

[34] 
[37] 

miRNA-134-5p, 
miRNA-107, 
miRNA 15a-5 

 Enhanced cell proliferation 
in MGUS and MM 

ITGB1, PIK3R1 [36] 

Decreased apoptosis in MM PTEN, E2F1, Bcl2/
BIM [37]

miRNA-181 a/b
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In vitro and in vivo data on MM cell lines show that miRNA-181a, -181b were upreg-
ulated, leading to enhanced MM tumour growth, as a result of modulation of cell prolif-
eration, cell cycle progression, apoptosis, and cell invasion [37]. In association with 
miRNA-106b, miRNA-181a and b bind to the 3′UTR of the P300/CBP-associated factor 
(PCAF), a positive regulator of p53 that is highly deregulated in MM disease [37]. PCAF 
is a histone acetyltransferase that positively regulates p53 through acetylation, suggesting 
the potential role of the above-mentioned miRNAs on the alteration of the p53 pathway 
[37]. This supports the evidence that the dysregulation of the p53 pathway is involved in 
MM pathogenesis and, in particular, in drug resistance [38]. 

Moreover, the miRNA-21 and miRNA-106b-25 cluster may trigger secondary events 
that eventually lead to full-blown disease, by targeting PTEN, BIM, and p21, which are 
tumour suppressants that inhibit survival and promote cell apoptosis in MM pathogene-
sis [16]. The differential miRNAs expression in myelomagenesis was investigated by 
Wang et al. [12] in 17 patients with MGUS, 17 with SMM, 13 with MM, and 12 HD. Four 
out of eleven miRNAs were significantly decreased in patients with MGUS (let-7i, 
miRNA-15a, -16 and -106b), suggesting that aberrant miRNAs expression may be associ-
ated with early events in PC neoplasia, and potentially contribute to MGUS transition 
towards SMM [12]. Eight out of eleven miRNAs were decreased in patients with SMM 
(let-7a, let-7b, let-7i, miRNA-15a, -15b, -16, -106b and -20a) and three miRNAs (miR-21, 
miR-223, and miR-361) were significantly decreased in MM but not in MGUS/SMM pa-
tients, suggesting that downregulation of this group of miRNAs may be related to later 
events during disease progression [12]. The let-7a and let-7b miRNA regulate MYC gene 
expression and pinpoint the potential role of miRNA-induced epigenetic regulation of 
MYC as an additional driver of myelomagenesis [12]. Indeed, MYC is considered a key 
regulator of MM and its role in the progression of MGUS to MM was first established in 
a MYC-driven MM transgenic mouse model, called Vk*MYC [39]. 

Moreover, miRNA-15 and -16 downregulation may represent loss of oncosuppres-
sors by evading the AKT kinase, the ribosomal protein S6, the MAP kinases (MAPK), and 
MAP3K-inositol trisphosphate (IP3) brake [12,40]. Collectively, the authors propose miR-
NAs as biomarkers for diagnosis, progression, and prognosis of the MM precursors stages 
[12], being a suitable target of non-invasive tests in human serum and plasma, carried by 
EVs linked to proteins such as nucleophosmin or AGO2. This hypothesis stimulated fur-
ther validation comparing PB samples derived from MM and MGUS patients. Compelling 
data identified a differently expressed miRNAs basket, in which miRNA-720 and down-
regulation of miRNA-1308, -5011-5p, -6499-3p, -6722-5p, and -6849-3p occurred [13,14] 
(Table 1). The pathways analysis confirmed the role of miRNAs in oncogenic signaling 
[36]. 

Table 1. miRNAs involved in myeloma pathogenesis and their functions. 

miRNA miRNA Modu-
lation 

Effect on 
Myeloma Pathogenesis Target References 

Let-7a 
Let-7b 

 Related to disease initiation, progres-
sion  

MYC in t(11;14) [12] 

miRNA-34a 
 Inhibited cell proliferation, colony for-

mation, and increased cancer stem cells 
apoptosis  

TGIF2 [14,41] 

miRNA-15a/ 
miRNA 16 

 Enhanced proliferation in MM 
AKT3, ribosomal 

protein S6, MAPK, NF-kB, 
MAP3K1 

[12,40] 

miRNA-21  Enhanced cell survival 
 

STAT3 
PTEN, BIM and p21 

[34] 
[37] 

miRNA-134-5p, 
miRNA-107, 
miRNA 15a-5 

 Enhanced cell proliferation 
in MGUS and MM 

ITGB1, PIK3R1 [36] 

Enhanced cell proliferation, cell cycle,
apoptosis and invasion in MM p53, PCAF, NOVA1 [37,42]

miRNA-375
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In vitro and in vivo data on MM cell lines show that miRNA-181a, -181b were upreg-
ulated, leading to enhanced MM tumour growth, as a result of modulation of cell prolif-
eration, cell cycle progression, apoptosis, and cell invasion [37]. In association with 
miRNA-106b, miRNA-181a and b bind to the 3′UTR of the P300/CBP-associated factor 
(PCAF), a positive regulator of p53 that is highly deregulated in MM disease [37]. PCAF 
is a histone acetyltransferase that positively regulates p53 through acetylation, suggesting 
the potential role of the above-mentioned miRNAs on the alteration of the p53 pathway 
[37]. This supports the evidence that the dysregulation of the p53 pathway is involved in 
MM pathogenesis and, in particular, in drug resistance [38]. 

Moreover, the miRNA-21 and miRNA-106b-25 cluster may trigger secondary events 
that eventually lead to full-blown disease, by targeting PTEN, BIM, and p21, which are 
tumour suppressants that inhibit survival and promote cell apoptosis in MM pathogene-
sis [16]. The differential miRNAs expression in myelomagenesis was investigated by 
Wang et al. [12] in 17 patients with MGUS, 17 with SMM, 13 with MM, and 12 HD. Four 
out of eleven miRNAs were significantly decreased in patients with MGUS (let-7i, 
miRNA-15a, -16 and -106b), suggesting that aberrant miRNAs expression may be associ-
ated with early events in PC neoplasia, and potentially contribute to MGUS transition 
towards SMM [12]. Eight out of eleven miRNAs were decreased in patients with SMM 
(let-7a, let-7b, let-7i, miRNA-15a, -15b, -16, -106b and -20a) and three miRNAs (miR-21, 
miR-223, and miR-361) were significantly decreased in MM but not in MGUS/SMM pa-
tients, suggesting that downregulation of this group of miRNAs may be related to later 
events during disease progression [12]. The let-7a and let-7b miRNA regulate MYC gene 
expression and pinpoint the potential role of miRNA-induced epigenetic regulation of 
MYC as an additional driver of myelomagenesis [12]. Indeed, MYC is considered a key 
regulator of MM and its role in the progression of MGUS to MM was first established in 
a MYC-driven MM transgenic mouse model, called Vk*MYC [39]. 

Moreover, miRNA-15 and -16 downregulation may represent loss of oncosuppres-
sors by evading the AKT kinase, the ribosomal protein S6, the MAP kinases (MAPK), and 
MAP3K-inositol trisphosphate (IP3) brake [12,40]. Collectively, the authors propose miR-
NAs as biomarkers for diagnosis, progression, and prognosis of the MM precursors stages 
[12], being a suitable target of non-invasive tests in human serum and plasma, carried by 
EVs linked to proteins such as nucleophosmin or AGO2. This hypothesis stimulated fur-
ther validation comparing PB samples derived from MM and MGUS patients. Compelling 
data identified a differently expressed miRNAs basket, in which miRNA-720 and down-
regulation of miRNA-1308, -5011-5p, -6499-3p, -6722-5p, and -6849-3p occurred [13,14] 
(Table 1). The pathways analysis confirmed the role of miRNAs in oncogenic signaling 
[36]. 

Table 1. miRNAs involved in myeloma pathogenesis and their functions. 

miRNA miRNA Modu-
lation 

Effect on 
Myeloma Pathogenesis Target References 

Let-7a 
Let-7b 

 Related to disease initiation, progres-
sion  

MYC in t(11;14) [12] 

miRNA-34a 
 Inhibited cell proliferation, colony for-

mation, and increased cancer stem cells 
apoptosis  

TGIF2 [14,41] 

miRNA-15a/ 
miRNA 16 

 Enhanced proliferation in MM 
AKT3, ribosomal 

protein S6, MAPK, NF-kB, 
MAP3K1 

[12,40] 

miRNA-21  Enhanced cell survival 
 

STAT3 
PTEN, BIM and p21 

[34] 
[37] 

miRNA-134-5p, 
miRNA-107, 
miRNA 15a-5 

 Enhanced cell proliferation 
in MGUS and MM 

ITGB1, PIK3R1 [36] 

Enhanced cell survival and proliferation
both in

MGUS and MM
PDK1 [43]
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Table 1. Cont.

miRNA miRNA Modulation Effect on
Myeloma Pathogenesis Target References

miRNA-19a,
miRNA 19b
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In vitro and in vivo data on MM cell lines show that miRNA-181a, -181b were upreg-
ulated, leading to enhanced MM tumour growth, as a result of modulation of cell prolif-
eration, cell cycle progression, apoptosis, and cell invasion [37]. In association with 
miRNA-106b, miRNA-181a and b bind to the 3′UTR of the P300/CBP-associated factor 
(PCAF), a positive regulator of p53 that is highly deregulated in MM disease [37]. PCAF 
is a histone acetyltransferase that positively regulates p53 through acetylation, suggesting 
the potential role of the above-mentioned miRNAs on the alteration of the p53 pathway 
[37]. This supports the evidence that the dysregulation of the p53 pathway is involved in 
MM pathogenesis and, in particular, in drug resistance [38]. 

Moreover, the miRNA-21 and miRNA-106b-25 cluster may trigger secondary events 
that eventually lead to full-blown disease, by targeting PTEN, BIM, and p21, which are 
tumour suppressants that inhibit survival and promote cell apoptosis in MM pathogene-
sis [16]. The differential miRNAs expression in myelomagenesis was investigated by 
Wang et al. [12] in 17 patients with MGUS, 17 with SMM, 13 with MM, and 12 HD. Four 
out of eleven miRNAs were significantly decreased in patients with MGUS (let-7i, 
miRNA-15a, -16 and -106b), suggesting that aberrant miRNAs expression may be associ-
ated with early events in PC neoplasia, and potentially contribute to MGUS transition 
towards SMM [12]. Eight out of eleven miRNAs were decreased in patients with SMM 
(let-7a, let-7b, let-7i, miRNA-15a, -15b, -16, -106b and -20a) and three miRNAs (miR-21, 
miR-223, and miR-361) were significantly decreased in MM but not in MGUS/SMM pa-
tients, suggesting that downregulation of this group of miRNAs may be related to later 
events during disease progression [12]. The let-7a and let-7b miRNA regulate MYC gene 
expression and pinpoint the potential role of miRNA-induced epigenetic regulation of 
MYC as an additional driver of myelomagenesis [12]. Indeed, MYC is considered a key 
regulator of MM and its role in the progression of MGUS to MM was first established in 
a MYC-driven MM transgenic mouse model, called Vk*MYC [39]. 

Moreover, miRNA-15 and -16 downregulation may represent loss of oncosuppres-
sors by evading the AKT kinase, the ribosomal protein S6, the MAP kinases (MAPK), and 
MAP3K-inositol trisphosphate (IP3) brake [12,40]. Collectively, the authors propose miR-
NAs as biomarkers for diagnosis, progression, and prognosis of the MM precursors stages 
[12], being a suitable target of non-invasive tests in human serum and plasma, carried by 
EVs linked to proteins such as nucleophosmin or AGO2. This hypothesis stimulated fur-
ther validation comparing PB samples derived from MM and MGUS patients. Compelling 
data identified a differently expressed miRNAs basket, in which miRNA-720 and down-
regulation of miRNA-1308, -5011-5p, -6499-3p, -6722-5p, and -6849-3p occurred [13,14] 
(Table 1). The pathways analysis confirmed the role of miRNAs in oncogenic signaling 
[36]. 

Table 1. miRNAs involved in myeloma pathogenesis and their functions. 

miRNA miRNA Modu-
lation 

Effect on 
Myeloma Pathogenesis Target References 

Let-7a 
Let-7b 

 Related to disease initiation, progres-
sion  

MYC in t(11;14) [12] 

miRNA-34a 
 Inhibited cell proliferation, colony for-

mation, and increased cancer stem cells 
apoptosis  

TGIF2 [14,41] 

miRNA-15a/ 
miRNA 16 

 Enhanced proliferation in MM 
AKT3, ribosomal 

protein S6, MAPK, NF-kB, 
MAP3K1 

[12,40] 

miRNA-21  Enhanced cell survival 
 

STAT3 
PTEN, BIM and p21 

[34] 
[37] 

miRNA-134-5p, 
miRNA-107, 
miRNA 15a-5 

 Enhanced cell proliferation 
in MGUS and MM 

ITGB1, PIK3R1 [36] 

Increased, constitutive
JAK/STAT3 activation SOCS-1 [44]

miRNA-32
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In vitro and in vivo data on MM cell lines show that miRNA-181a, -181b were upreg-
ulated, leading to enhanced MM tumour growth, as a result of modulation of cell prolif-
eration, cell cycle progression, apoptosis, and cell invasion [37]. In association with 
miRNA-106b, miRNA-181a and b bind to the 3′UTR of the P300/CBP-associated factor 
(PCAF), a positive regulator of p53 that is highly deregulated in MM disease [37]. PCAF 
is a histone acetyltransferase that positively regulates p53 through acetylation, suggesting 
the potential role of the above-mentioned miRNAs on the alteration of the p53 pathway 
[37]. This supports the evidence that the dysregulation of the p53 pathway is involved in 
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miRNA miRNA Modu-
lation 

Effect on 
Myeloma Pathogenesis Target References 

Let-7a 
Let-7b 

 Related to disease initiation, progres-
sion  

MYC in t(11;14) [12] 

miRNA-34a 
 Inhibited cell proliferation, colony for-

mation, and increased cancer stem cells 
apoptosis  

TGIF2 [14,41] 

miRNA-15a/ 
miRNA 16 

 Enhanced proliferation in MM 
AKT3, ribosomal 

protein S6, MAPK, NF-kB, 
MAP3K1 

[12,40] 

miRNA-21  Enhanced cell survival 
 

STAT3 
PTEN, BIM and p21 

[34] 
[37] 

miRNA-134-5p, 
miRNA-107, 
miRNA 15a-5 

 Enhanced cell proliferation 
in MGUS and MM 

ITGB1, PIK3R1 [36] 

p53 function
interference in MM PCAF [45]

miRNA106-b,
miRNA-93,
miRNA-25
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3. Circulating miRNAs as Biomarkers in MM Progression

Cell-free miRNAs in the serum, plasma, saliva, urine, and other body fluids bind to
proteins and are protected by vesicles, including exosomes, lipid particles, and apoptosis
bodies to avoid degradation [30,47], inducing different effects on target tumour cells and
prompting cancer outcomes [48]. The way through which circulating miRNAs are secreted
in the tumour microenvironment is unclear. Valadi et al. [49] hypothesise that miRNA
overexpression is associated with the high rate of proliferation and cell lysis in tumours,
whereas another study suggests that circulating miRNAs derive from immunocytes at the
tumour microenvironment [50]. Overall, these findings may provide the rational for con-
sidering miRNAs as potential MM biomarkers [3]. Indeed, a different circulating miRNAs
profile is associated with MM patients compared to HD, MGUS, and SMM patients.

A broad systematic review of the available literature data was performed by Peipei
Xu et al. [51] to investigate the miRNAs relevance that can be assessed in envisaging the
clinical outcome of subjects suffering from MM. While different miRNAs were uncovered
to be associated with the diverse overall survival (OS) and progression free survival (PFS)
in MM, seven miRNAs emerged as the most relevant from the published studies dealing
with MM. Specifically, miRNA-15a, -16, -25, -744, and let-7e were associated with dismal
OS. Decreased miR-15a, -16, and -25, and enhanced -92a, levels, correlated with worse PFS.

Since MGUS represents an asymptomatic pre-malignant stage, it is essential for the
clinicians to identify biomarkers predicting the risk for progression to active MM. Jones
et al. [13] found that the combination between miRNA-720 and -1308 enables to distin-
guish HD from MM patients; additionally, the association of miRNA-1246 with -1308
discriminates MGUS from the MM condition.

Kubiczkova et al. [14] demonstrated that the aberrant expression patterns of five
circulating miRNAs (miRNA-744, -130a, -34a, let-7d, and let-7e) are relevant in MGUS
and MM patients compared to HD. Indeed, the combined deregulation of miRNA-34a and
let-7e may help discriminating MGUS and MM patients from HD while the lower levels
of miRNA-744 and let-7e indicate shorter OS in MM patients [14]. Interestingly, levels
of miRNA-34a appear to follow a specific profile: while downregulated in several other
cancer types [52–54] and in MGUS, miRNA-34a overexpression has been reported in active
MM in association to the inhibition of cell proliferation, colony formation, and increased
cancer stem cells (CSCs) apoptosis in vitro, via a mechanism that reduces the expression
of the transforming growth interaction factor 2 (TGIF2) [41]. Despite some controversies
still incompletely clarified, these findings underline the complex role of miRNA-34a. On
the same line, the significant anti-proliferative activity, apoptotic effects, and modulation
of gene expression observed with synthetic miR-34a mimics suggest that miRNA-34a is
likely deregulated in MM [55]. Recent studies show that miRNAs are important cargos
transferred by circulating exosomes and that they can be useful as prognostic biomarkers
to predict disease progression risk and response to therapy [10]. Zhang et al. [56] revealed
that circulating levels of exosomal miRNAs were significantly different in HD compared to
SMM and MM patients.
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Manier et al. [57] showed how MM patients’ exosome-derived circulating miRNA-
18a and let-7b were associated with poor outcomes, in terms of OS and PFS, once more
reinforcing the proposed use of circulating exosomal miRNAs to identify patients with
MM and to distinguish those with poor outcomes [57].

To support the idea that the communication between cancer stromal cells (SCs) and
PCs is a key factor in MM pathogenesis and that a crucial role in cell-to-cell communication
is associated with exosomes, Frassanito et al. [58] demonstrated that upregulation of
exosomal miRNA-214 and -27 is related to the transition from MGUS to MM stage. The
miRNA-214 targets PTEN, that is, the main negative regulator of the PI3K/AKT pathway
for MM cells proliferation, apoptosis, invasion, and metabolism [59]. Authors also showed a
reciprocal communication between fibroblasts and PCs via exosomes as a key factor in MM
pathogenesis. Specifically, via an exosome-mediated release, MM PCs exosomes transform
resident fibroblasts into cancer-associated fibroblasts (CAFs) that over-express miRNA-
214 and -27b; these CAFs, in turn, support the growth of PCs and MM progression [58].
Hao et al. [60] demonstrated that the overexpression of serum miRNA-214 indicates a poor
outcome in MM patients, since its high expression levels were associated with shorter PFS
and OS. Additionally, MM patients with high serum levels of miRNA-214 have a shorter
PFS and OS compared to patients with low expression levels.

In this perspective, the association between expression levels of miRNAs and the life
expectancy of MM patients seems to achieve relevance, and strictly depends on the nature
of specific miRNAs. For example, the over-expression of miRNA-20 and -148a plasma
levels in MM correlate with relapse-free survival rate [61]; moreover, elevated miRNA-25,
-16, and -30a levels in the serum of MM patients correlate with a longer OS as compared
to MM patients with lower serum levels of the same miRNAs [62]. Thus, the expression
levels of miRNAs may be a new field of research to predict life expectancy in MM patients.

Within the context of the BM niche, BM endothelial cells (BMECs) and endothelial
progenitor cells have been shown to play a crucial role in MM pathogenesis [63–68]. The
interactions between MM cells and the components of the microenvironment exert their
regulatory effect on cancer cells via miRNAs. For instance, BMECs have been shown to
be actively involved in nursing MM cells in their milieu, by creating a permissive im-
mune infiltrate [68] and representing a potential theragnostic druggable target [67,69,70].
It is now clear that the MM milieu is hypoxic, and that hypoxia promotes angiogenesis,
invasion, and tumour progression. Hypoxia also regulates the expression of miRNAs
in cancer cells: in particular, the reduced expression of miRNA-199a-5p in turn targets
the hypoxia-inducible transcription factor (HIF-1-alpha) overexpressed in MM cells [71],
pointing towards a potential Achilles’ heel of MM that might be exploited therapeutically
by inhibiting hypoxia, HIFs, and mTOR [72–74]. The interaction between cancer cells and
stromal cells also determines the production of various pro-angiogenic factors such as
VEGF. Roccaro et al. [73] have identified several deregulated miRNAs in MM cells; among
them, miRNA-15a/16 have been uncovered to be significantly decreased, therefore helping
to explain the impaired control in VEGF production by MM cells. Wu et al. [75] also de-
scribed the role of AGO2 as a promoter of angiogenesis, acting through the overexpression
of proangiogenic miRNAs such as the let-7 and miRNA-92a family and the downregula-
tion of antiangiogenic miRNA-45. The let-7 family regulates VEGF levels and promotes
angiogenesis via the reduction of HIF-3alpha, negative regulator of the HIF pathway in
endothelial cells. miRNA-92a, overexpressed in MM cells, regulates VEGF levels and pro-
motes angiogenesis. The miRNA-29 family comprises other members that act as a tumour
suppressor. In particular, miRNA-29b favors the demethylation of the SOCS-1 promoter,
which is hypermethylated in MM, and is also implicated in the reduced concentrations of
IL-8, which promotes cell migration. Therefore, miRNA-29b negatively regulates the migra-
tion of MM cells and endothelial cells [64]. Circulating miRNAs released into exosomes by
cancer cells, stromal and endothelial cells feed into a vicious cycle into the MM niche [63].
The involvement of miRNAs in exosomes might be implicated in both in promoting tumour
activity as well as in favoring the angiogenic switch mediated by MM cells. Thus, ap-
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proaches combining anti-angiogenic therapy and immunotherapy via miRNAs mimicking
could improve therapeutic response by hijacking fueling mechanisms feeding an abnormal
stromal and endothelial cell behaviors that sustain aberrant angiogenesis [71,76,77].

To confirm that deregulated miRNAs change their expression profile during MM
progression, Yyusnita et al. [78] demonstrated that miRNA-494, -130a, let-7i, and let-7c are
expressed in MM patients only at diagnosis, while miRNA-148a, -1225, -423, miRNA-484,
-99a, -106a, -224, -638, and let-7b are expressed only during the follow-up. On the other
hand, miRNA-19a and -4254 may better characterise MM patients in remission, being lower
in MM patients presenting with a relapse disease [79].

Overall, the interrelated observations from multiple studies support the view that exo-
somal miRNAs may serve as candidate-circulating markers to monitor tumour progression
and activity in MM patients.

4. Correlation between Circulating miRNA and Biochemical Parameters in MM Patients

Several factors, including hematological profile, physical evaluation, BM examina-
tion, serum electrophoresis patterns, clinical symptoms, medical history, and biochemical
parameters, are conventionally taken into consideration for an accurate MM diagnosis [80].

Reportedly, the alteration of biochemical parameters including Hb, M-protein, lactic
acid dehydrogenase (LDH), PLT, ALB, β2-MG, and CRP in combination with the deregu-
lated profile of circulating miRNAs expression is estimated to predict MM progression and
patient outcome [14,36,48] (Table 2). This type of association may be useful to distinguish
the MM activity phases, to provide an early treatment, and to improve the disease progno-
sis. Zhang et al. [48] demonstrated a positive correlation of miRNA-744, -130a, let-7d, and
let-7e expression levels with Hb and thrombocyte counts; conversely, the same miRNAs
were found to be negatively correlated with β2-microglobulin levels. A significant negative
correlation was measured when Hb and ALB were associated with miRNA-34a [48]. Only
three of the considered miRNAs (miRNA-744, let-7d and let-7e) were found positively
associated with ALB, while let-7 negatively correlated with the level of monoclonal im-
munoglobulin [14]. miRNA-202 correlates positively with β2-MG and light chain, while it
correlates negatively with LDH and light chain levels [81].

As mentioned above, serum biochemical parameters show significant differences dur-
ing MM progression, and their relationship with differentially expressed miRNAs may help
to establish an early diagnosis. Li et al. [36] found that miRNA-134-5p, -107 and -15a-5p
are upregulated in MGUS and MM patients, and that miRNA-134-5p and -107 negatively
correlate with LDH in MM and with Hb in MGUS patients. Overall, the combination of
miRNA-107 and -15a-5p with Hb levels was regarded as a potential diagnostic biomarker
to distinguish MM from MGUS patients [36]. Of striking difference appears the overex-
pression of miRNA-92a in plasma levels from MGUS compared to MM patients, while no
significant changes are detected between SMM and MM patients [82]. This suggests that
levels of miRNA-92a might be helpful to monitor the therapeutic response and to check
the MM progression [82].

A close relationship between MM clinical symptoms and abnormal expression of
miRNAs has not been detected. However, it is known that IL-6 is a direct target gene of
let-7 miRNA, whose downregulation is associated with IL-6 overexpression [83]. IL-6 plays
relevant roles in MM (i.e., growth factor, regulation of MM cell proliferation, modulation
of MM cell death) and its elevated serum levels closely correlate with poor prognosis and
short OS [84]. In the same study, miRNA-185-5p levels were positively correlated with Hb,
while let-7c-5p, miRNA-140-3p, -185-5p, and -425-5p negatively correlated with Cr and IL-6
levels. β-CTX, which is an indicator of osteoclasts activity, showed negative correlation
with exosomal miRNAs let-7c-5p, miRNA-140-3p, -185-5p, and A-425-5p [85]. Overall, all
detected miRNAs were found to be negatively associated with disease progression as well
as indicators of tumour burden, such as β2-MG and load of myeloma PCs [85].
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Altogether, the data described above suggest that in MM patients, the deregulated
expression levels of miRNAs are closely related to those biochemical parameters indicating
the development and progression of MM disease.

Table 2. Correlation between MM biochemical parameters and circulating miRNAs.

Biochemical Parameter miRNA Parameter/miRNA Correlation MM Correlation Ref.

M-protein miRNA-1246 Negative MM vs. HD [13]

C-reactive protein
(CRP)

miRNA-744 Negative
MM vs. HD [14]

let-7e Negative

Albumin
(ALB)

let-7d Positive

MM vs. HD
MM vs. HD

[14]
[48]

let-7e Positive

miRNA-34a Negative

miRNA-744 Positive

lactic acid dehydrogenase
(LDH)

miRNA-202 Negative
MM vs. HD
MM vs. HD
MM vs. HD

[36,81]miRNA-34a-5p Negative

miRNA-107 Negative

Thrombocyte counts

miRNA-744 Positive

MM vs. HD [48]
miRNA-130a Positive

let-7d Positive

let-7e Positive

β2-microglobulin (β2-MG)

miRNA-744 Negative

miRNA-130a Negative

let-7d Negative

let-7e Negative

miRNA-202 Positive

let-7c-5p Negative

miRNA-140-3p Negative

miRNA-185-5p Negative

miRNA-425-5p Negative

Creatinine
(Cr)

miRNA-744 Negative

MM vs. HD
MM vs. HD

[48]
[85]

miRNA-130a Negative

let-7d Negative

let-7e Negative

let-7c-5p Negative

miRNA-140-3p Negative

miRNA-185-5p Negative

miRNA-425-5p Negative

Kappa light chain miRNA-202 Positive MM vs. HD [81]

Lambda light chain miRNA-202 Negative MM vs. HD [81]

IL-6

let-7 Negative

MM vs. HD [85]

let-7c-5p Negative

miRNA-140-3p Negative

miRNA-185-5p Negative

miRNA-425-5p Negative
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Table 2. Cont.

Biochemical Parameter miRNA Parameter/miRNA Correlation MM Correlation Ref.

β-CTX

let-7c-5p Negative

MM vs. HD [85]
miRNA-140-3p Negative

miRNA-185-5p Negative

miRNA-425-5p Negative

Of equal interest is the correlation between the expression of miRNAs and different
cellular pathways involved in MM progression. For instance, Zhang et al. [56] have
proposed serum exosomal microRNAs as novel and independent biomarkers for MM. A
different expression in serum exosomal miRNAs can be detected in smouldering myeloma
(SMM) or in active MM patients compared to healthy individuals. For seven miRNAs,
including let-7c-5p, miR-20a-5p, -103a-3p, -140-3p, -185-5p, -425-5p, -4505, and -4741,
expression level is lower than in healthy individuals, suggesting the potential association
between a decreased expression levels of exosomal miRNAs and the disease progression of
MM. Of note, the let-7 family is associated with MYC overexpression, which might promote
progression from MGUS to MM [86,87] and is correlated with poor prognosis [2,88]. miR-
20a promotes tumour cell proliferation and inhibits apoptosis [89]; miR-103 can reduce the
phosphorylation of Yes-associated protein (YAP), which is a regulator of the Hippo pathway
and plays an important role in cell proliferation and MM progression [90]. In addition,
analysis of miRNAs in the SMM group revealed the abnormal expression of miR-140-3p,
-185-5p, whereas miR-4741 expression has been associated with clinical manifestations of
MM and potentially involved in MM malignant transformation. Recently, to identify the
prognostic value of miRNAs in patients with MM, Xu et al. [51] performed a literature
search and found that upregulated levels of miR-92a and downregulated expression of
miR-16, miR-25, miR-744, miR-15a, let-7e, and miR19b were associated with poor prognosis
in patients with MM.

For all the mentioned miRNAs, drawbacks should be taken into consideration, such
as the limited number of studies available, the marked heterogeneity among the performed
analyses, the differences in clinical patient features, and follow-up durations, as well as
assay and miRNAs extraction methods, or cut-off values for miRNAs expression levels.

4.1. miRNA as New Clinical Biomarkers in MM Therapy

An essential step for MM diagnosis is represented by BM biopsy and BM aspirate,
which are certainly considered as invasive procedures. Therefore, several advantages
may come from using circulating miRNAs as sensitive MM biomarkers, since they can
be collected in the PB through a minimally invasive procedure [13,14], and their expres-
sion profile should give important indications to identify clinical and therapeutic MM
outcomes [48]. Moreover, integrated next-generation tools, such as single-cell RNA-seq,
from a large cohort of MGUS and SMM, will functionally deconvolute MM heterogeneity
and unravel determinants of disease progression, potentially delivering a paradigm for the
use of molecularly driven precision medicine and support MM risk stratification.

Autologous stem cell transplant (ASCT) in MM patients is a recognised therapy whose
efficacy may vary in each individual patient. In this context, the identification of circulating
markers able to predict patients’ outcome after ASCT could be extremely useful. Navarro
et al. [91] showed that patients undergoing ASCT, presenting with a high expression of
serum miRNA-19b and -331, have significantly prolonged PFS.

Conventional therapeutic approaches include the use of immunomodulatory drugs,
proteasome inhibitors, monoclonal antibodies, alkylating drugs, and steroids. However,
MM patients reveal a heterogeneous response (remission rate) and, quite often, drug-
resistance which, in turn, is responsible for a refractory MM condition [92]. Therefore,
several studies have also investigated the relevance of miRNAs as potential markers of
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drug resistance. For instance, miRNA-29b has been shown to be significantly reduced in
bortezomib-resistant MM cells, as well as in MM cells resistant to second-generation protea-
some inhibitors (PI) such as carfilzomib and ixazomib. Specifically, Jagannathan et al. [93]
demonstrated that the increased expression of miRNA-29b enhanced the bortezomib-
induced accumulation of ubiquitinated proteins, without leading to enhanced autophago-
some formation. As a consequence, the combination of miRNA-29b and bortezomib may
decrease bortezomib-resistance, increasing the sensitivity of MM cells to the drug resulting
in enhanced apoptosis and inhibition of the PI3K-AKT signaling pathway [94]. On the
same line, Wang et al. [95] revealed that miRNA-21 in combination with bortezomib, dex-
amethasone, and doxorubicin had a synergistic effect in mediating MM cell apoptosis, as
compared to the effect of each drug used as monotherapy.

Other studies underline the potential role of miRNAs in predicting response to therapy.
Hao et al. [79] identified 95 dysregulated serum miRNAs in newly diagnosed MM patients
and suggested that a combination of miRNA-19a and -4254 may distinguish MM from
HD. In more detail, the reduced expression of miRNA-15a was shown to be of prognostic
relevance, as it correlated with disease progression and poor prognosis [40]. Moreover,
MM patients with low levels of miRNA-15a did not show an improvement in PFS and
OS, thus suggesting the possible role of miRNA-15a in mediating drug resistance [40].
In parallel, other studies have reported the increased levels of serum exosome-derived
miRNA-16-5p, -15a-5p, -20a-5p, and -17-5p in bortezomib-sensitive patients compared to
bortezomib-resistant ones [96].

Steroids are often part of multi-drug-based treatments, based on the rational of high-
dose steroid-induced MM cell apoptosis [97]. Palagani et al. [98] demonstrated that the
combination between miRNA-150-5p synthetic vector, and low doses of steroids had a
synergistic anti-MM effect. Of note, increased levels of the miRNA-221/222 family have
been linked to enhanced survival of dexamethasone-resistant MM cells that might result,
at least in part, by modulation of the PUMA-BAK-BAC pathway [99].

Gullà et al. [100] have suggested the existence of an inverse correlation between
miRNA-221/222 expression and melphalan sensitivity. In vitro and in vivo studies have
demonstrated how targeting miRNA-221/222 overcomes melphalan resistance and en-
hances MM cell apoptosis, even in the presence of the supportive BMME. The anti-MM
effect was mediated, at least in part, by upregulation of pro-apoptotic BCL2 Binding
Component 3 (BBC3)/PUMA protein, coupled with modulation of drug influx-efflux trans-
porters Solute Carrier Family 7 Member 5 (SLC7A5)/LAT1 and the ATP-Binding cassette
(ABC) transporter ABCC1/MRP1. Importantly, the use of the locked nucleic acid (LNA)
anti-miRNA-221 could reverse melphalan resistance in in vivo models, thus providing the
preclinical rationale for using miRNA-221-neutralising therapies in MM [100].

Finally, since miRNAs have shown to correlate with MM clinical outcome [101] and
variable CD surface markers expression clusters [102], the dissection of this molecular
crosstalk [101,102] holds the potential to identify a semipersonalised anti-neoplastic strategy,
pointing towards both surface markers [103,104] and epigenetic mechanisms [10,73,105].

4.2. microRNA as a New Preventive Approach to Detect the Asymptomatic to Symptomatic
MM Transition

It would be of crucial importance to consider the role of miRNAs as biomarkers
detecting the asymptomatic to symptomatic MM transition, within the setting of a clinical
trial. However, at the present, available results are still too preliminary to achieve statistical
significance. Nevertheless, two paradigmatic examples aiming to deep-screen and prevent
MM by collecting high-throughput data are represented by the researches performed by
Pichiorri et al. [37] and within the iStopMM initiative (NCT03327597; NCT03815279) [106].
This last approach, taking advantage of a genetic screening in a population-based nation-
wide clinical trial with early intervention, offers the potential to collect a large biobanking
repository available for future biological studies, including epigenetic profiling. Similarly,
studies aimed to discriminate high-risk features in the premalignant phases [107–109]
and the SWOG S0120 [110] are expected to provide further insights into the molecular
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mechanisms of plasma cell dyscrasias. To date, statistically powered prospective studies
stemming from the existing established experience [62] are still lacking, and represent a
partially unmet need in order to standardise the progression of MGUS or SMM toward
overt full-blown MM.

5. Conclusions

Collectively, circulating miRNAs may represent novel biomarkers in MM. They can
be obtained through non-invasive procedures. They have been indicated as a valuable
resource for better defining MM pathogenesis, diagnosis, and prognosis. In perspective,
miRNAs may become novel therapeutic tools for either silencing and/or over-expressing
genes in MM cases where the given miRNAs are upregulated or downregulated, respec-
tively. Nevertheless, further long-term clinical practices are still required and essential
before considering miRNA-based therapy as the routine approach in the MM clinical man-
agement. Indeed, additional comprehensive and detailed studies are needed to understand
the molecular mechanisms able to explain the multiple effects of miRNAs in MM. Hope-
fully, ongoing and future analyses of several RNA signatures will allow more extensive
characterisation of biology and prognosis with respect to individual, personalised, and
innovative therapies.

Author Contributions: Conceptualisation, V.D., A.G.S., I.S.; writing of original draft, V.D., A.G.S.,
I.S., A.S., M.B., A.M.R.; supervision of the manuscript, A.L., V.G., A.M., M.A.F., A.P., M.M., A.V. and
A.M.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported: by INNOLABS-POR Puglia FESR-FSE 2014–2020 (Telemielomedic-
ina), to A.V.; by “Programma Regionale”—Research for Innovation REFIN-POR Puglia FESR-FSE
2014/2020, to V.D.; and by Associazione Italiana per la Ricerca sul Cancro, European Hematology
Association, Fondazione Regionale per la Ricerca Biomedica/ERA-NET TRANSCAN-2, to A.M.R.
The sponsors of this study are public or non-profit organisations that support science in general.

Conflicts of Interest: A.M.R. declares research funding from Associazione Italiana per la Ricerca sul
Cancro, European Hematology Association, Fondazione Regionale per la Ricerca Biomedica/ERA-
NET TRANSCAN-2; advisory board for Amgen, Celgene, Janssen, Takeda. The authors declare no
conflict of interest.

References
1. Mahindra, A.; Hideshima, T.; Anderson, K.C. Multiple myeloma: Biology of the disease. Blood Rev. 2010, 24, S5–S11. [CrossRef]
2. Hallek, M.; Bergsagel, P.L.; Anderson, K.C. Multiple myeloma: Increasing evidence for a multistep transformation process. Blood

1998, 91, 3–21. [CrossRef] [PubMed]
3. Zhu, B.; Ju, S.; Chu, H.; Shen, X.; Zhang, Y.; Luo, X.; Cong, H. The potential function of microRNAs as biomarkers and therapeutic

targets in multiple myeloma. Oncol. Lett. 2018, 15, 6094–6106. [CrossRef] [PubMed]
4. Olteanu, H.; Wang, H.-Y.; Chen, W.; McKenna, R.W.; Karandikar, N.J. Immunophenotypic studies of monoclonal gammopathy of

undetermined significance. BMC Clin. Pathol. 2008, 8, 13. [CrossRef] [PubMed]
5. Kristinsson, S.Y.; Björkholm, M.; Andersson, T.M.-L.; Eloranta, S.; Dickman, P.W.; Goldin, L.R.; Blimark, C.; Mellqvist, U.-H.;

Wahlin, A.; Turesson, I.; et al. Patterns of survival and causes of death following a diagnosis of monoclonal gammopathy of
undetermined significance: A population-based study. Haematologica 2009, 94, 1714–1720. [CrossRef]

6. Gregersen, H.; Ibsen, J.; Mellemkjoer, L.; Dahlerup, J.; Olsen, J.; Sørensen, H.T. Mortality and causes of death in patients with
monoclonal gammopathy of undetermined significance. Br. J. Haematol. 2001, 112, 353–357. [CrossRef] [PubMed]

7. Kristinsson, S.Y.; Tang, M.; Pfeiffer, R.M.; Björkholm, M.; Goldin, L.R.; Blimark, C.; Mellqvist, U.-H.; Wahlin, A.; Turesson,
I.; Landgren, O. Monoclonal gammopathy of undetermined significance and risk of infections: A population-based study.
Haematologica 2012, 97, 854–858. [CrossRef]

8. Augustson, B.M.; Begum, G.; Dunn, J.A.; Barth, N.J.; Davies, F.; Morgan, G.; Behrens, J.; Smith, A.; Child, J.A.; Drayson, M.T.
Early mortality after diagnosis of multiple myeloma: Analysis of patients entered onto the United kingdom Medical Research
Council trials between 1980 and 2002—Medical Research Council Adult Leukaemia Working Party. J. Clin. Oncol. Off. J. Am. Soc.
Clin. Oncol. 2005, 23, 9219–9226. [CrossRef] [PubMed]

9. Vacca, A.; Melaccio, A.; Sportelli, A.; Solimando, A.G.; Dammacco, F.; Ria, R. Subcutaneous immunoglobulins in patients with
multiple myeloma and secondary hypogammaglobulinemia: A randomized trial. Clin. Immunol. Orlando Fla. 2018, 191, 110–115.
[CrossRef] [PubMed]

http://doi.org/10.1016/S0268-960X(10)70003-5
http://doi.org/10.1182/blood.V91.1.3
http://www.ncbi.nlm.nih.gov/pubmed/9414264
http://doi.org/10.3892/ol.2018.8157
http://www.ncbi.nlm.nih.gov/pubmed/29731841
http://doi.org/10.1186/1472-6890-8-13
http://www.ncbi.nlm.nih.gov/pubmed/19040735
http://doi.org/10.3324/haematol.2009.010066
http://doi.org/10.1046/j.1365-2141.2001.02533.x
http://www.ncbi.nlm.nih.gov/pubmed/11167828
http://doi.org/10.3324/haematol.2011.054015
http://doi.org/10.1200/JCO.2005.03.2086
http://www.ncbi.nlm.nih.gov/pubmed/16275935
http://doi.org/10.1016/j.clim.2017.11.014
http://www.ncbi.nlm.nih.gov/pubmed/29191714


Cancers 2021, 13, 3650 12 of 15

10. Pourhanifeh, M.H.; Mahjoubin-Tehran, M.; Shafiee, A.; Hajighadimi, S.; Moradizarmehri, S.; Mirzaei, H.; Asemi, Z. MicroRNAs
and exosomes: Small molecules with big actions in multiple myeloma pathogenesis. IUBMB Life 2020, 72, 314–333. [CrossRef]

11. Rajkumar, S.V.; Lacy, M.Q.; Kyle, R.A. Monoclonal gammopathy of undetermined significance and smoldering multiple myeloma.
Blood Rev. 2007, 21, 255–265. [CrossRef] [PubMed]

12. Wang, W.; Corrigan-Cummins, M.; Barber, E.A.; Saleh, L.M.; Zingone, A.; Ghafoor, A.; Costello, R.; Zhang, Y.; Kurlander, R.J.;
Korde, N.; et al. Aberrant Levels of miRNAs in Bone Marrow Microenvironment and Peripheral Blood of Myeloma Patients and
Disease Progression. J. Mol. Diagn. JMD 2015, 17, 669–678. [CrossRef] [PubMed]

13. Jones, C.I.; Zabolotskaya, M.V.; King, A.J.; Stewart, H.J.S.; Horne, G.A.; Chevassut, T.J.; Newbury, S.F. Identification of circulating
microRNAs as diagnostic biomarkers for use in multiple myeloma. Br. J. Cancer 2012, 107, 1987–1996. [CrossRef] [PubMed]

14. Kubiczkova, L.; Kryukov, F.; Slaby, O.; Dementyeva, E.; Jarkovsky, J.; Nekvindova, J.; Radova, L.; Greslikova, H.; Kuglik, P.;
Vetesnikova, E.; et al. Circulating serum microRNAs as novel diagnostic and prognostic biomarkers for multiple myeloma and
monoclonal gammopathy of undetermined significance. Haematologica 2014, 99, 511–518. [CrossRef]

15. Calvo, K.R.; Landgren, O.; Roccaro, A.M.; Ghobrial, I.M. Role of microRNAs from monoclonal gammopathy of undetermined
significance to multiple myeloma. Semin. Hematol. 2011, 48, 39–45. [CrossRef]

16. Pichiorri, F.; De Luca, L.; Aqeilan, R.I. MicroRNAs: New Players in Multiple Myeloma. Front. Genet. 2011, 2, 22. [CrossRef]
[PubMed]

17. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
18. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.

Endocrinol. 2018, 9, 402. [CrossRef]
19. Yi, R.; Qin, Y.; Macara, I.G.; Cullen, B.R. Exportin-5 mediates the nuclear export of pre-microRNAs and short hairpin RNAs. Genes

Dev. 2003, 17, 3011–3016. [CrossRef]
20. Wilczynska, A.; Bushell, M. The complexity of miRNA-mediated repression. Cell Death Differ. 2015, 22, 22–33. [CrossRef]

[PubMed]
21. Eulalio, A.; Huntzinger, E.; Nishihara, T.; Rehwinkel, J.; Fauser, M.; Izaurralde, E. Deadenylation is a widespread effect of miRNA

regulation. RNA 2009, 15, 21–32. [CrossRef] [PubMed]
22. Bushati, N.; Cohen, S.M. microRNA functions. Annu. Rev. Cell Dev. Biol. 2007, 23, 175–205. [CrossRef] [PubMed]
23. Zhang, Q.; Yan, W.; Bai, Y.; Xu, H.; Fu, C.; Zheng, W.; Zhu, Y.; Ma, J. Synthetic miR-145 mimic inhibits multiple myeloma cell

growth in vitro and in vivo. Oncol. Rep. 2015, 33, 448–456. [CrossRef] [PubMed]
24. Sun, Y.; Pan, J.; Mao, S.; Jin, J. IL-17/miR-192/IL-17Rs regulatory feedback loop facilitates multiple myeloma progression. PLoS

ONE 2014, 9, e114647. [CrossRef] [PubMed]
25. Yang, Y.; Li, F.; Saha, M.N.; Abdi, J.; Qiu, L.; Chang, H. miR-137 and miR-197 Induce Apoptosis and Suppress Tumorigenicity by

Targeting MCL-1 in Multiple Myeloma. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2015, 21, 2399–2411. [CrossRef]
26. Lim, L.P.; Lau, N.C.; Garrett-Engele, P.; Grimson, A.; Schelter, J.M.; Castle, J.; Bartel, D.P.; Linsley, P.S.; Johnson, J.M. Microarray

analysis shows that some microRNAs downregulate large numbers of target mRNAs. Nature 2005, 433, 769–773. [CrossRef]
27. Wang, K.; Yuan, Y.; Cho, J.-H.; McClarty, S.; Baxter, D.; Galas, D.J. Comparing the MicroRNA spectrum between serum and

plasma. PLoS ONE 2012, 7, e41561. [CrossRef] [PubMed]
28. Nazarenko, I.; Rupp, A.-K.; Altevogt, P. Exosomes as a potential tool for a specific delivery of functional molecules. Methods Mol.

Biol. 2013, 1049, 495–511. [CrossRef]
29. Whiteside, T.L.; Boyiadzis, M. Response commentary: Exosomes vs microvesicles in hematological malignancies. Leukemia 2017,

31, 2277. [CrossRef] [PubMed]
30. Desantis, V.; Saltarella, I.; Lamanuzzi, A.; Melaccio, A.; Solimando, A.G.; Mariggiò, M.A.; Racanelli, V.; Paradiso, A.; Vacca, A.;

Frassanito, M.A. MicroRNAs-Based Nano-Strategies as New Therapeutic Approach in Multiple Myeloma to Overcome Disease
Progression and Drug Resistance. Int. J. Mol. Sci. 2020, 21, 3084. [CrossRef]

31. Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Théry, C. Specificities of secretion and uptake of exosomes and other extracellular
vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9–17. [CrossRef] [PubMed]

32. McCoy-Simandle, K.; Hanna, S.J.; Cox, D. Exosomes and nanotubes: Control of immune cell communication. Int. J. Biochem. Cell
Biol. 2016, 71, 44–54. [CrossRef]

33. Neven, K.Y.; Nawrot, T.S.; Bollati, V. Extracellular Vesicles: How the External and Internal Environment Can Shape Cell-To-Cell
Communication. Curr. Environ. Health Rep. 2017, 4, 30–37. [CrossRef]

34. Raimondo, S.; Corrado, C.; Raimondi, L.; De Leo, G.; Alessandro, R. Role of Extracellular Vesicles in Hematological Malignancies.
BioMed Res. Int. 2015, 2015, 821613. [CrossRef]

35. Wang, J.; Faict, S.; Maes, K.; De Bruyne, E.; Van Valckenborgh, E.; Schots, R.; Vanderkerken, K.; Menu, E. Extracellular vesicle
cross-talk in the bone marrow microenvironment: Implications in multiple myeloma. Oncotarget 2016, 7, 38927–38945. [CrossRef]
[PubMed]

36. Li, J.; Zhang, M.; Wang, C. Circulating miRNAs as diagnostic biomarkers for multiple myeloma and monoclonal gammopathy of
undetermined significance. J. Clin. Lab. Anal. 2020, 34, e23233. [CrossRef] [PubMed]

37. Pichiorri, F.; Suh, S.-S.; Ladetto, M.; Kuehl, M.; Palumbo, T.; Drandi, D.; Taccioli, C.; Zanesi, N.; Alder, H.; Hagan, J.P.; et al.
MicroRNAs regulate critical genes associated with multiple myeloma pathogenesis. Proc. Natl. Acad. Sci. USA 2008, 105,
12885–12890. [CrossRef]

http://doi.org/10.1002/iub.2211
http://doi.org/10.1016/j.blre.2007.01.002
http://www.ncbi.nlm.nih.gov/pubmed/17367905
http://doi.org/10.1016/j.jmoldx.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26433312
http://doi.org/10.1038/bjc.2012.525
http://www.ncbi.nlm.nih.gov/pubmed/23169280
http://doi.org/10.3324/haematol.2013.093500
http://doi.org/10.1053/j.seminhematol.2010.11.007
http://doi.org/10.3389/fgene.2011.00022
http://www.ncbi.nlm.nih.gov/pubmed/22303318
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.3389/fendo.2018.00402
http://doi.org/10.1101/gad.1158803
http://doi.org/10.1038/cdd.2014.112
http://www.ncbi.nlm.nih.gov/pubmed/25190144
http://doi.org/10.1261/rna.1399509
http://www.ncbi.nlm.nih.gov/pubmed/19029310
http://doi.org/10.1146/annurev.cellbio.23.090506.123406
http://www.ncbi.nlm.nih.gov/pubmed/17506695
http://doi.org/10.3892/or.2014.3591
http://www.ncbi.nlm.nih.gov/pubmed/25369735
http://doi.org/10.1371/journal.pone.0114647
http://www.ncbi.nlm.nih.gov/pubmed/25489847
http://doi.org/10.1158/1078-0432.CCR-14-1437
http://doi.org/10.1038/nature03315
http://doi.org/10.1371/journal.pone.0041561
http://www.ncbi.nlm.nih.gov/pubmed/22859996
http://doi.org/10.1007/978-1-62703-547-7_37
http://doi.org/10.1038/leu.2017.248
http://www.ncbi.nlm.nih.gov/pubmed/28776566
http://doi.org/10.3390/ijms21093084
http://doi.org/10.1038/s41556-018-0250-9
http://www.ncbi.nlm.nih.gov/pubmed/30602770
http://doi.org/10.1016/j.biocel.2015.12.006
http://doi.org/10.1007/s40572-017-0130-7
http://doi.org/10.1155/2015/821613
http://doi.org/10.18632/oncotarget.7792
http://www.ncbi.nlm.nih.gov/pubmed/26950273
http://doi.org/10.1002/jcla.23233
http://www.ncbi.nlm.nih.gov/pubmed/32039495
http://doi.org/10.1073/pnas.0806202105


Cancers 2021, 13, 3650 13 of 15

38. Abdi, J.; Rastgoo, N.; Li, L.; Chen, W.; Chang, H. Role of tumor suppressor p53 and mi-cro-RNA interplay in multiple myeloma
pathogenesis. J. Hematol. Oncol. 2017, 10, 169. [CrossRef] [PubMed]
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