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Abstract: Multiple myeloma (MM) is a malignancy of plasma cells in the bone marrow and is
characterized by the clonal proliferation of B-cells producing defective monoclonal immunoglobulins.
Despite the latest developments in treatment, drug resistance remains one of the major challenges
in the therapy of MM. The crosstalk between MM cells and other components within the bone
marrow microenvironment (BME) is the major determinant of disease phenotypes. Exosomes have
emerged as the critical drivers of this crosstalk by allowing the delivery of informational cargo
comprising multiple components from miniature peptides to nucleic acids. Such material transfers
have now been shown to perpetuate drug-resistance development and disease progression in MM.
MicroRNAs(miRNAs) specifically play a crucial role in this communication considering their small
size that allows them to be readily packed within the exosomes and widespread potency that impacts
the developmental trajectory of the disease inside the tumor microenvironment (TME). In this review,
we aim to provide an overview of the current understanding of the role of exosomal miRNAs in
the epigenetic modifications inside the TME and its pathogenic influence on the developmental
phenotypes and prognosis of MM.
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1. Introduction

Multiple myeloma (MM) is the second most common hematological cancer [1]. This
cancer is characterized by the clonal proliferation of malignant plasma cells within the
bone marrow (BM), which results in the production of abnormal antibodies and end-organ
damage manifested as renal impairment, anemia, or bone lesions [2]. The development
of MM is considered a multistage process and almost all cases of MM are preceded by
a pre-malignant stage termed monoclonal gammopathy of undetermined significance
(MGUS). MGUS is an asymptomatic monoclonal plasma-cell proliferation characterized
by moderately increased levels of a defective immunoglobulin. MGUS does not require
treatment, but it as an important risk factor for the development of MM [3], considering
that MM is an incurable disease. Although the current therapeutic strategies combined
with the introduction of novel drugs have improved disease outcome, drug resistance is
still a major challenge and most patients relapse and do not respond to chemotherapies [4].

Bone-marrow microenvironment (BME) has an important role in the progression
of disease and/or developing drug resistance (DR) [5]. It has been shown that several
molecular pathologies in BME predispose conditions for the survival and growth of the
mutant plasma cells and transformation from an asymptomatic state to malignancy [5]. The
crosstalk between the malignant cells and other components in this microenvironment plays
a determinantal role in the fate of the disease. Therefore, understanding these interactions
is the key point to elucidate the mechanisms of disease and drug resistance in MM. Among

Cells 2023, 12, 1030. https://doi.org/10.3390/cells12071030 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12071030
https://doi.org/10.3390/cells12071030
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-3855-2682
https://doi.org/10.3390/cells12071030
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12071030?type=check_update&version=1


Cells 2023, 12, 1030 2 of 21

the several interactions within the BM, exosomes have emerged as the main players in cell-
to-cell communication. Exosomes are small (30–150 nm) extracellular vesicles secreted by
nearly all cell types and contain functional biological molecules originated from their parent
cells. Exosomes shuttle important information between cells and are also decorated with
surface signaling molecules which can trigger the cell-signaling pathways [6]. According
to ExoCarta, a database of exosomal contents, a wide variety of complex compositions,
including 9769 proteins, 1116 lipids, 3408 mRNA, and 2838 miRNA, has been identified in
exosomes from multiple organisms [7]. In the tumor condition, exosomes can shuttle their
tumorigenic cargo into the extracellular milieu and process the critical biological functions
in the recipient cells, even at a distance. Hence, exosomes are considered the main players
of the TME.

miRNAs, belonging to the class of small-noncoding RNAs, are important regulatory
molecules that play a role in the tuning of the gene expression at the post-transcriptional
level [8]. The miRNA cargo in the exosomes is currently attracting increasing attention in
cancer biology due to its role in the reprogramming of the important pathways in TME [8].
In MM, miRNAs are important elements in the progression of disease, and their role in the
regulation of BME remodeling, epigenetic modifications, immune regulation, and drug
resistance is well documented [9–12]. Regarding their critical functions in the pathogenicity
of MM, the shuttling of miRNAs by exosomes within BME can change the phenotype of
recipient cells and direct them towards malignancy. There is some evidence that miRNAs
are not randomly sorted but rather selectively packaged inside the exosomes during their
biosynthesis process [13,14]. In addition, recent data indicate that exosomes are selectively
taken up by the other cells in the TME. Exosome contents and cell-surface molecules,
such as integrins, affect the selectivity to recipient cells [15]. The selective packaging and
uptake of exosomal miRNAs strengthen their roles in the BME compared to those from
the non-exosomal or intracellular sources. On the other hand, surface molecules on the
exosomes can trigger signaling pathways in the recipient cells, which reinforce the function
of exosomal miRNAs.

In this work, we aim to review the role of exosomal miRNAs inside the TME of
myeloma and discuss how they affect MM progression and phenotypes.

2. Exosomal miRNAs and Epigenetic Modifications in BME Microenvironment: The
Potential Roles in the Progression of MGUS to MM

Multiple myeloma is developed from the precursor conditions MGUS and smolder-
ing multiple myeloma (SMM) in a process known as myelomagenesis. MGUS is the
pre-malignant asymptomatic version that is present in approximately 5% of the general
population above the age of 50 and mainly remains stable. However, it may progress to
MM with a rate of 1% per year [16]. MGUS typically progresses to SMM in the first stage
before developing malignancy. SMM has a much higher risk of progression to MM, with a
risk of approximately 10% per year [16].

The BME microenvironment plays an important role in myelomagenesis. Along with
the genetic and epigenetic backgrounds that predispose individuals to the development of
MM, other alterations in the bone marrow microenvironment, including changes in cytokine
profile and the presence of immune suppressive cells coupled with dampened immune
surveillance, may change the phenotype in BME towards a pre-cancerous condition [5].
The profile of exosomal miRNAs plays an important role in the immune phenotype of BME.
It has been reported that the exosomal miRNA profile differs between normal, MGUS,
and SMM patients [17]. In a study by Manier et al., a higher expression of miR-107 and
lower expression of miR-28, -32, -548a, -99a, -345, -125a, and -92a was observed in SMM
compared to MGUS-derived serum exosomes [18]. MiR-99a, -92a, -28, -345, -125a, and -548
are reported to function as tumor-suppressor miRNAs. Specifically, miR-125a has been
reported to reduce malignancy in MM cells by targeting the angiogenesis factors and
deubiquitinase USP5 [19], while miR-28-5p controls cell proliferation and MYC activation
in B-cell lymphomas [20]. Moreover, miR-28-5p also suppressed cell migration by targeting
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WSB2 in breast cancer cells and exerted multiple antitumor effects in renal-cell carcinoma
by targeting RAP1B [21]. Therefore, these findings indicate that during the transition from
MGUS to SMM, the profile of exosomal miRNAs changes towards an immune-suppressive
and tumorigenic profile that may favor the condition in BME for disease progression [18]
(Table 1, Figure 1).
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miR-21 is another miRNA that is upregulated in the primary tumors in MM patients
and plays a role in the transformation from MGUS to MM. The miR-21 promoter is strongly
controlled by STAT3, which is activated by IL-6 [22]. IL-6 is a key player in the myelomagen-
esis mechanisms, and the IL-6/STAT3 pathway via miR-21 contributes to the development
of malignancy in the initial stage of the disease [22,23]. However, exosomal miR-21 is
secreted by different cell types in the TME, and uptake the of exosomal miR-21 by normal
PCs may trigger the tumorigenic signaling pathways in these cells independent from the
IL-6 [22,23]. On the other hand, miR-21 can indirectly induce the expression of STAT3 in a
positive feedback loop by targeting its inhibitors (PIAS3) and promote angiogenesis and
malignancy in normal cells [24,25]. Furthermore, miR-21 regulates the synthesis process of
piRNAs that have a role in the epigenetics mechanisms and preserving genetic stability
in germlines. piRNAs recruit DNMTs into primary CD138+ MM cells and enhance DNA
methylation and silencing of the tumor suppressors and miRNAs genes [26,27]. Therefore,
the uptake of the exosomal miR-21 may contribute to the methylation and silencing of
miRNA genes in the recipient plasma cells, as it has been shown that the promoter of
miRNA-34a, -15, and -16 genes are highly methylated in malignant plasma cells [28].

In normal conditions, these exosomal miRNAs contribute to the stability and ex-
pression of Sirtuin 1 (Sirt1) [29,30], and their downregulation in the TME leads to the
overexpression of Sirt1 and MM progression [31]. Sirt1 is a NAD-dependent deacetylase
belonging to the family of sirtuins that are involved in a myriad of cellular processes from
aging to cancer. The downregulation of these miRNAs also promotes the overexpression of
the enhancer of zeste homolog 2 (EZH2), which subsequently changes the gene-expression
profile in BME [32]. EZH2 is an essential epigenetic modifier in MM [33]. It is an enzymatic
catalytic subunit of Polycomb Repressive Complex 2 (PRC2) and mediates the trimethyla-
tion of Lys-27 in histone 3 (H3K27me3) and the silencing of its target genes [34]. The high
levels of EZH2 and the increased number of silenced genes via H3K27me3 were associated
with the end stage of the disease [35]. Furthermore, an increase in EZH2 expression along
with other core subunits of the PRC2 complex, including SUZ12 and EED, was reported
during MGUS and SMM progression to MM [36].

The BME also can directly change the expression of DNMTs and HDACs using the reg-
ulatory role of exosomal miRNAs [27]. Exosomal miR-29a-3p released by TAMs regulates
DNA methylation by targeting DNMT1, DNMT3b, and DNMT-3a. In addition, exosomal
miR-9 transferred by MM tumor cells targets HDACs [27] and Sirt1 [37]. Exosomal miR-29b
in BME targets HDACs [38,39], DNMT3A, and DNMT3B [40]. Interestingly, the increased
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expression of HDACs and the methylation status of the tumor-suppressor genes in MM
samples were associated with the advanced stages of the disease and the overall survival of
the patients, respectively [41]. Therefore, targeting epigenetic modifiers may be an efficient
strategy for the treatment and management of MM progression.

On the other hand, lifestyle may also influence the myelomagenesis process. Exercise,
diet, pollution, and morbidities, as well as smoking and addiction, may change the profile
of exosomal miRNAs [42]. Diet and nutrition may affect MM progression by modulating
the epigenetic patterns. In a cohort study by Chang et al., obesity was reported as a risk
factor in the progression of MGUS to MM [43]. In metabolic syndromes, caloric restriction
(CR) attenuates inflammation and improves metabolic syndrome features by altering DNA
methylation and histone modification [44]. In addition, the consumption of fatty acids (FA)
can alter the expression of miRNAs and epigenetic patterns [45]. Furthermore, polyphenols
in the daily diet can modify histones and suppress DNMTs toward acquiring an antitumor
phenotype. For example, green tea modified the expression of histone-acetyltransferase
inhibitors and miRNA expressions [46]. Interestingly, it has been reported that physical
activity altered the exosomal miRNA profile, and the changed miRNAs were involved in
chronic diseases, including cancer and infections [47]. Smoking and addictions impact the
chromatin structure through the reprogramming of histone modifications [48]. Further-
more, exposure to environmental pollutants, including air pollution, can alter the miRNA
expression and interfere with epigenetic factors and promote histone modifications and
DNA methylation [49]. These harmful changes have a risk of transferring across genera-
tions, resulting in transgenerational inheritance and increased individual susceptibility to
developing MM malignancy [50].

Table 1. The potential role of exosomal miRNAs in the transition from MGUS to SMM [18].

miRNA Expression Potential Role References

miR-107 Upregulated Targeting HF-1β [51]
miR-32 Downregulated Modulation of P53 and MDM2 [52]

miR-223 Upregulated OncomiR, immune-cell differentiation [53,54]
miR-28 Downregulated Cell proliferation and MYC activation [20]

miR-345 Downregulated Tumor suppressor [55]
miR-99a Downregulated Tumor suppressor [56,57]
miR-125a Downregulated Targeting the angiogenesis factors [19]

3. BM Tumor Microenvironment and the Critical Reactions in Multiple Myeloma:
Possible Roles of Exosomal miRNAs

The BME consists of cellular and noncellular compartments. The cellular compartment
contains the stromal cells, endothelial cells, immune cells, osteoclasts, and osteoblasts,
while the noncellular compartment contains cytokines, growth factors, chemokines, and
the extracellular matrix (ECM). The different components in the cellular portion of the BM
milieu form a composite structure with ECM proteins that shelter the malignant plasma
cells (MM tumor cells) to create a specialized niche in which MM cells are protected from
immune surveillance [58].

Within this niche, which can be referred to as the TME, MM cells induce the pheno-
typic alteration of BME towards an immune-suppressive environment by sending different
signals through direct contact with stromal cells, the stimulation of cytokines and support-
ive soluble factors, and the production of exosomes. These signals trigger further responses
to promote MM tumors and alter the ECM [59,60].

Tumor-associated macrophages (TAMs), cancer-associated fibroblasts (CAFs), myeloid-
derived suppressor cells (MDSCs), and endothelial cells (ECs) are the major components in
the TME and are considered “ obligate partners” for tumor progression [61]. The phenotype
of tumor cells is strongly dependent on the crosstalk between these components within
the TME. Exosomes regulate these interactions by mediating the bidirectional crosstalks
through shuttling functional molecules, including exosomal miRNAs [62]. The delivery
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of the exosomal miRNAs in the TME leads to changing the gene-expression pattern in
the recipient cells and reshaping the TME. It has been shown that in MM, tumor cells
educate BM cells to produce exosomes with a higher level of oncogenic miRNA contents,
which reshape the TME by the induction of vascular disruption and leakiness, increasing
angiogenesis and promoting an immune-suppressive environment [63].

Bone marrow stromal cell (BMSC)-derived exosomes have significant effects on the
phenotypes of the TME in MM. Exosomes from the BM microenvironment induce transcrip-
tional dysregulations in the tumor cells [64]. Roccaro et al. observed that BMSC-derived
exosomes from MM patients enhanced tumor growth, while those from healthy donors had
antitumor effects and suppressed tumor proliferation and survival [65]. Additionally, the
profile of BMSC-derived exosomal miRNAs in MM patients and healthy subjects are dif-
ferent [65]. A group of miRNAs, whose deficiency in MM tumors promotes pathogenicity
and drug resistance in these cells, are downregulated in the BMSc-derived exosomes from
MM patients (MM- BMSC exosomes). Interestingly, these groups of miRNAs are packaged
in healthy BMSC exosomes with a higher concentration (GSE78865; GSE39571). miR-15a
and -16 are enriched in BMSC-derived exosomes from healthy subjects, while they are
downregulated in those from MM patients [65]. miR-15a and -16 exert tumor-suppressive
activity by targeting AKT serine/threonine protein kinase (AKT3) and are downregulated
in MM tumor cells [66]. Furthermore, the expression level of miR-152 in healthy BMSC-
derived exosomes is higher than it is in MM-BMSC exosomes (GSE78865; GSE39571). This
miRNA is also downregulated in MM cells [67]. These findings suggest that the BMSCs
and tumor cells share similar genetic profiles and have strong crosstalk within the TME.
Interestingly, co-culturing normal human BMSC with the conditioned medium of MM
cells led to the changing in the miRNA profile of BMSCs, and upregulation of oncomiRs,
including miR-146a and miR-483-5p [68]. On the other hand, MM-tumor-derived exosomes
increased the proliferation of MSCs by shuttling miR-146a and miR-21 to these cells [61].
These exosomes also induce IL-6 production by MSCs, which favor the conditions for MM
cell growth [61].

The uptake of MM exosomes by BMSC also enhanced the production of cytokines
and chemokines and promoted cell viability and migration in these cells by targeting
apoptosis-related proteins and TIMPs, respectively [68]. It also has been reported that
BMSCs regulate the expression of miR-30 in MM cells, and co-culturing MM cells with
BMSCs reduced the amount of miR-30 in MM cells, and subsequently increased MM
cell proliferation by promoting the Wnt signaling pathway [69]. Furthermore, BMSC-
derived exosomes shuttle miR-182 to the MM-tumor cells, which can contribute to cell-
adhesion-mediated drug resistance (CMDR) in MM cells via targeting PDCD [70]. In the
process of CAM-DR, the adhesion of myeloma cells to fibronectin (FN) via its surface
integrinβ1 induces the expression of miR-182, which suppresses the expression of human
programmed cell death 4 (PDCD4) and triggers downstream drug-resistance mechanisms.
This process leads to the increased expression of cell-cycle-inhibitory protein p27Kip1 and
G1 arrest and the inhibition of cyclin-A- and cyclin-E-associated kinase activity [71,72]. The
uptake the exosomal miR-182 may trigger drug-resistance mechanisms in the recipient cells
independent of direct cell–cell contact. The overexpression of miR-182 was also associated
with drug resistance in lymphatic malignancies [73]. In addition, it was reported that in
colorectal cancer cells, the high expression of miR-182 interfered with cell growth in the
G0/G1 phase and suppressed the apoptosis pathway [74]. Furthermore, miR-182 promoted
invasion and metastasis by targeting the notch pathway through the NF-kB-miR-182-HES1
axis and decreasing the expression of cell-adhesion molecules in gallbladder cancer [75,76].

It has been reported that miRNA-181 is overexpressed in CD138+ PCs from MM
patients [9,77]. miR-181 is released to BME by BMSC-derived exosomes and may be
uptaken by PCs [78]. This miRNA epigenetically regulates the tumor-suppressor activity
of p53 and Sirtuin 1 (SIRT1) [9,78]. Sirt1 is a histone deacetylase (HDAC) and plays an
important role in epigenomic profiling in MM by modulating the expression of P53 and
miRNA-34a, and its targeting is suggested as a treatment strategy for MM [31].
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Collectively, these finding indicate that the crosstalk between BMSCs and the TME has
an important role in the phenotype of disease, and changing this profile may contribute to
acquiring an aggressive phenotype or resistance to therapy.

Tumor-associated macrophages (TAMs) are another population of immune cells that
create an immunosuppressive tumor microenvironment (TME) and play crucial role in
MM progression [79]. TAMs are mostly populated in the vicinity of CAFs, which suggests
a tight interaction between these cells [80]. CAFs recruit monocytes to the TME and
promote their polarization into TAMs, which helps the formation of an immunosuppressive
microenvironment around MM cells [81]. The increased infiltration of macrophages to the
tumor site is a major contributor to tumor progression in MM and is correlated with the
initial response to bortezomib therapy [82].

Similar to the other cells in the TME, TAMs release exosomal miRNAs and affect
the TME. Exosomal miR-365 released by TAMs induces gemcitabine (a cytidine analog)
resistance in pancreatic cancer cells. This miRNA promotes pyrimidine metabolism by the
upregulation of the cytidine deaminases (CDA), disabling gemcitabine and providing es-
sential nucleotides for the proliferation of the tumor cells [83,84]. However, the intracellular
source of this miRNA has been identified with a protective role against tumor progression.
Intracellular miR-365 is overexpressed in myeloma tissues and induces apoptosis and
inhibits metastasis by modulating homeobox A9 (HOXA9) [85]. Likewise, in hepatocel-
lular carcinoma, intracellular miR-365 inhibited the cell growth and metastasis of tumor
cells by targeting ADAM10 [86]. miR-501-3p is enriched in TAM-derived exosomes and
modulates transforming growth factor beta (TGF-beta) signaling [87]. TGF-β is a strong
regulator of normal B-cell development [88]. In MM, TGF-β is secreted at higher levels
from both tumor and bone marrow stromal cells and promotes myelomagenesis, drug
resistance, and osteoblast dysfunction [89]. In the hypoxic condition, in different cancers,
it has been reported that TAMs release exosomal miR-223, which reshapes the TME and
induces drug resistance by activating the PTEN/PI3K/AKT pathway [90–93]. Interestingly,
it has been reported that the serum-exosomal miR-223 is increased in MM patients and can
be considered a potential diagnosis biomarker [94].

In addition, lncRNA SBF2-AS1 in TAM exosomes promoted the expression of the
X-linked inhibitor of apoptosis protein (XIAP) and tumor progression in prostate cancer
cells [95]. XIAP is a robust endogenous inhibitor of caspases and is highly expressed in
myeloma cells. The inhibition of XIAP production promoted drug sensitivity and impeded
tumor formation in an MM model of NOD/SCID mice [96]. TAMs also have a strong
crosstalk with CD4+ T cells in the TME. miR-29a-3p and miR-21-5p are enriched in TAM-
derived exosomes and are able to reprogram CD4+ T-cells and induce an imbalance in
the Treg/Th17 ratio, which promotes an immune-suppressive microenvironment around
tumor cells [97].

Cancer-associated fibroblasts (CAFs) are a subgroup of fibroblasts inside the tumor
stroma that have a crucial role in promoting tumor growth. Normal fibroblasts mainly
take part in tissue homeostasis, wound healing, and the regulation of inflammation, but in
tumor conditions, they may be activated, and promote a pro-tumorigenic feature. These
activated fibroblasts, called cancer-associated fibroblasts (CAFs) or pretumor fibroblasts,
fail to be inactive and revert to a normal phenotype in tumor tissue [98]. The presence of
CAFs is considered the major component in the TME of MM [99]. Previous studies have
shown a higher proportion of CAFs in the BME of patients with active MM compared to
those in remission or with MGUS [100].

There is a strong crosstalk between CAFs and the TME of myeloma, mediated by
the exosomal miRNAs (Table 2, Figure 2). Tumor plasma cells transfer exosomal miR-105
and miR-122 to CAFs, which induce MYC activation and metabolic reprogramming in
these cells, leading to the release of metabolites in the TME to fuel cancer cells [101,102].
Exosomal miR-27b-3p and miR-214-3p released from the MM tumors also enhanced pro-
liferation and apoptosis resistance in myeloma fibroblasts and promoted the transition
from MGUS to myeloma [103]. On the other hand, CAFs secrete exosomes that contain
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specific tumorigenic and chemoresistance-promoting microRNAs, effectively modulating
the TME and promoting tumor progression and drug resistance. It has been reported that
CAF exosomes transfer the miR-181 family [104], which is enhanced in tumor plasma cells,
especially in drug-resistant MM cells, and control the expression of P53 [12], block apopto-
sis, and promote MM cell proliferation [12,105,106]. In addition, these exosomes shuttle
miR-20a inside the TME. This miRNA targets the PTEN/PI3K/AKT signaling pathway and
promotes proliferation, migration, and apoptosis in MM cells [107]. CAF-derived exosomal
miRNAs exert similar effects on promoting malignancy in the TME of solid tumors. In
breast cancer, tumor cells educate normal fibroblasts to acquire a CAF phenotype by trans-
ferring exosomal miR-9 [108]. CAF-derived exosomal miR-20a enhanced chemoresistance
in non-small-cell lung cancer (NSCLC) [109] and targeted the Wnt/β-catenin signaling
pathway in HCC cells, which led to the suppression of LIMA1 and tumor progression [109].
In pancreatic cancer, miR-146a levels along with the mRNA of Snail were highly increased
in CAFs exosomes during GEM treatment. Snail is the upstream transcription factor of
miR-146a [110]. It is reported that the expression of Snail in bortezomib-resistant MM cells
was significantly higher than that in the susceptible ones [111]. In MM, Snail induces drug
resistance in MM cells by upregulating MDR1 genes and downregulating P53 [111]. The
shuttling of miR-146a and Snail by CAF-derived exosomes within the TME may play a role
in developing drug resistance in MM cells.
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Figure 2. Schematic representation of the potential exosomal miRNA-mediated interactions in the
BM microenvironment. Exosomes mediate bidirectional crosstalks between the TME components
through shuttling functional molecules, including exosomal miRNAs. MM cells release exosomes
with oncomiR cargo that supports tumor progression and/or drug resistance, produces cancer-
associated fibroblasts (CAFs), prevents apoptosis, promotes angiogenesis, promotes the expansion of
myeloid-derived suppressor cells (MDSCs), and induces an immunosuppressive microenvironment.
Other components, in turn, promote the proliferation and survival of tumor cells and support disease
progression by the secretion of specific exosomal miRNAs.

CAFs also release exosomal miR-22 that induces resistance to tamoxifen by targeting
ERα and PTEN in breast cancer [112]. Interestingly, the non-exosomal source (intracellular)
of miR-22 exerted anti-drug resistance effects in breast cancer cells, improved radiosensi-
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tivity in these cells by targeting Sirt1, and suppressed tumorigenesis [113]. In MM cells,
intracellular miR-22 improved the response to immunomodulatory imide drugs (IMiDs)
by targeting MYC addiction in MM cells [114]. MYC has a major role in the development
of resistance to anti-MM drugs and the progression of the disease by the regulation of
the miRNAs [114]. On the other hand, intracellular miR-22 in MM cells targets the LIG3
protein, which leads to increased DNA damage and death in MM cells. Since the high
genomic instability is the main character of MM, the hyperactivation of DNA ligase III
(LIG3) is crucial for the survival of the neoplastic plasma cells. It has been observed that
the expression of LIG3 mRNA in MM patients enhanced in the more advanced stage of the
disease and was correlated with shorter survival [115].

The packaging of miR-22 inside the exosomes is mediated by SFRS1, a protein that
regulates selective exosome miRNA enrichment in human tumor cells [116]. The exosomal
surface CD63 in the CD63+ CAF-derived exosomes induces STAT3 activation in the recipient
cells, which may be responsible for the different role of exosomal miR-22 in the induction
of drug resistance in tumor cells compared to its intracellular source [112].

CAF-released exosomes also contain miR-21, which is a well-known oncomiR in
the myeloma microenvironment [117] and induces anchorage-independent cell growth,
stemness feature, and EMT in breast tumor cells [118]. CAF-derived exosomal miR-21 is
responsible for generating myeloid- derived suppressor cells (MDSCs) via activating STAT3
signaling [119].

Myeloid-derived Suppressor Cells (MDSCs) are a functionally heterogeneous popu-
lation of immune cells that expand during the pathological condition, including cancers.
They have a crucial role in developing an immunosuppressive niche in the MM tumor
microenvironment by the secretion of suppressor cytokines. MDSCs promote T-cell anergy
and T-reg development in the MM microenvironment [120] and inhibit T-cell function by
releasing arginase and inducing nitric oxide synthase [121]. It has been reported that the
uptake of BMSC-derived exosomes by MDSCs triggers the STAT3 and STAT1 pathways
and promotes myeloid leukemia cell differentiation protein (MCL-1) expression, which
favors the survival and expansion of MDSCs in the myeloma TME [122].

It also has been shown that exosomal miRNAs in the TME of solid cancers significantly
mediate the activity of MDSCs.

In breast cancer, the exosomal miR-9 and miR-181a released by the tumor cells promote
the proliferation and development of MDSC by targeting SOCS3 and the activation of the
JAK/STAT pathway [123]. The miR-21 in TEXs promotes the activation of MDSCs via phos-
phorylation and triggering the STAT3. miR-21 also may reinforce the immunosuppressive
function of MDSCs through targeting the miR-21/PTEN/PD-L1 axis [124].

miR-10a in the glioma hypoxia-stimulated TEXs modulated MDSC activity by target-
ing the miR-10a/Rora/IkBa/NFkB pathways which applied a more aggressive suppression
on CD8+ T cells [125]. Furthermore, the transfer of miR-29a and miR-92a from the TEXs to
MSDCs also showed similar effects via triggering the miR-29a/H.

MGB1 and miR-92a/Prkar1a pathways in glioma cancer cells [126]. Whether this
function also occurs in the BM hematopoietic niche and affects TME immune properties
during myeloma development remains to be elucidated. Next-generation sequencing has
shown that MDSC-derived exosomes are enriched with immune-suppressive miRNAs,
which mainly induce the expression of the suppressive cytokines and also target apoptosis-
related proteins, including Fas and Fas ligands [127]. miR-155 is one of the MDSC-released
exosomal miRNAs, which increases the expression of IL-10 in the TME and promotes the
differentiation of macrophages towards the M2 phenotype [128]. miR-155 directly targets
Jumonji and At-rich interaction domain-containing 2 (JARID2), which is a transcriptional
repressor for inflammatory cytokines and increases IL-10 expression in the regulatory
B-cells (Bregs) [129]. Regulatory B-cells (Bregs) are a small subgroup of B-cells with im-
munosuppressive function. In MM, Bregs suppress the anti-MM activity of NK cells and
promote an immunosuppressive microenvironment [130]. It is reported that the population
and activation of Bregs are increased at the very beginning stage of MM [131] and during
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the transition from MGUS to MM [132]. It also has been observed that the proportion of
Bregs in MM patients is closely correlated with treatment efficacy and prognosis [133,134].

Targeting Jarid2 by miR-155 also regulates T-cell differentiation and cytokine expres-
sion in Th17 cells [135]. TH17 cells have an important role in the TME of myeloma, and it
is reported that the expression of IL-17 by TH17 cells is increased in MM patients, which
attenuates immune function and promotes myeloma cell growth [136,137]. These findings
highlight how changing the exosomal miRNA profile can affect the phenotype and function
of the immune cells within the TME and favor the condition for developing malignancy.

Endothelial cells(EC) are the major components of the BME and regulate this mi-
croenvironment via the production of cytokines and exosomes. Crosstalk between BM-
endothelial cells and the TME via exosomal miRNAs plays a determinant role in the
progression of the disease. The treatment of MM tumor cells with bortezomib changed
the profile of their microvesicles with less angiogenetic factors, which had reduced effects
on tube formation by human-umbilical-vein endothelial cells (HUVEC) [138]. In addition,
serum exosomes obtained from the MM patients induced a stronger nuclear factor kappa B
(NF-kappa B) translocation and proliferation effect in ECs compared with MGUS serum
exosomes. These exosomes contained a higher level of proto-oncogene c-src kinase in MM
patients, which promoted cell proliferation and survival and induced chemoresistance in
MM via NFκB pathways [139].

Furthermore, it was reported that MM exosomes delivered piRNA-823 to the endothe-
lial cells and induced the expression of tumorigenic factors, including VEGF, IL-6, and
ICAM-1, and inhibited apoptosis [27,140]. The synthesis pathway of piRNAs in ECs also
may be induced by TAM-released exosomal miR-21 [140]. piRNA-823, as a member of
the piRNA family, is the main regulator in the pathogenesis of MM and promotes tumor-
cell proliferation in this disease by the regulation of the epigenetic gene silencing. The
increased levels of piRNA-823 were associated with late stages and poor prognosis of the
disease [26,141].

MM exosomes also transfer pro-angiogenic-related miRNAs to ECs, which directly
induced new tube formation via STAT3 phosphorylation. Exosomes produced by the
hypoxia MM cells were enriched with miR-135b that targeted Factor-inhibiting HIF-1
(FIH-1) in the recipient endothelial cells (ECs) and enhanced angiogenesis [142].

Interestingly C6-ceramide treatment inhibited the induction of angiogenesis by MM
exosomes. Ceramide is a type of sphingolipid that plays role in exosomal secretion [143]. In
MM, ceramide pathways have an important role in the modulation of MM survival via exo-
somal miRNA regulated mechanisms. It has been shown that in MM cell lines, C6-ceramid
increased the exosomal level of antitumor miRNAs, including miR-29b, miR-202, and
miR-15a/16 [144], which simultaneously exerted anti-angiogenesis and antitumorigenesis
effects by targeting the Akt pathways [143].

In addition, BMSC-derived exosomes from the healthy and young subjects inhibited
angiogenesis by transferring miR-340 and interfering with the Met signaling pathways in
an in vivo model of MM with hypoxic bone marrow [145]. More understanding of the role
of exosomal miRNAs in mediating the function of ECs could offer new opportunities for
managing angiogenesis and disease progression via targeting these pathways.
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Table 2. The role of exosomal miRNAs and their crosstalk in the development of MM.

Cells Exosomal miRNAs Potential Function

TAM miR-223 [94], miR-365 [83,84], miR-501
[87], miR-29a [97]

Proliferation of tumor cells, apoptosis
inhibition, and drug resistance,

promoting the immunosuppressive TME

CAF miR-20a [107], miR-181 [104], miR-22
[112], miR-21 [117] Tumor growth and drug resistance

MDSCs miR-155 [128] Developing the immunosuppressive niche
Endothelial cells miR-214 [146] Promoting angiogenesis

MSC miR-152 [67], miR-30c [69], miR-182 [70],
miR-181 [78] Tumor growth and drug resistance

CAF: cancer-associated fibroblast; TAM: tumor-associated macrophages; MDSCs: myeloid-derived suppressor
cells; MSCs: mesenchymal stem cells.

4. Potential Therapeutic Strategies Targeting the Exosomes in MM

Drug resistance is the main challenge in management in a broad range of cancers,
especially in MM. In the process of myelomagenesis, the bone marrow microenvironment
provides an intricate network of cellular communication to favor the tumor niche forma-
tion [147]. Targeting this intracellular network provides new opportunities for the therapy
of the disease. Regarding the importance of exosomal miRNAs in the communications
within the BME in developing drug resistance and the progress of the disease, they are
considered as desirable therapeutic targets in MM treatment interventions [147]. Exosome-
based strategies in cancer therapy or diagnosis have currently achieved a high level of
interest, crucially focusing upon (1) inhibiting exosome-mediated crosstalks by reducing
the production of exosomes and/or blocking their uptake, (2) their usage as therapeutic
tools for the delivery of drugs, and (3) their role as potential biomarkers for early diagnosis,
prognosis, or response to therapy.

4.1. Exosome Inhibitors

Regarding the role of exosome crosstalks in cancer progression, the inhibition of
exosome release/uptake has been an attractive target for cancer treatments. In a study
by Zheng et al., pharmacological inhibitors, including heparin, wortmannin, dynasore,
and omeprazole have been used to block different uptake routes of specific exosomes
and inhibit the tumor progression [148]. Furthermore, blocking exosome endocytosis by
chemical inhibitors sensitized MM tumors to bortezomib treatment [149]. Many efforts
have been made so far to design efficient exosome inhibitors. Most of these inhibitors are
derived from synthetic compounds and are currently considered drugs.

SST0001 is a chemically modified heparin with anti-heparinase activity and has shown
the potential to suppress exosome secretion in MM cells [150]. Heparinase activity in tumor
cells enhances exosome secretion and alters the tumor exosomal cargo with tumorigenic
factors which promote tumor progression [150]. The inhibition of the heparinase activity by
SST0001 suppressed MM progression in vivo, even when confronted with an aggressively
growing tumor within the human bone [151].

GW4869, another inhibitor of exosome release, is a neutral sphingomyelinase and
inhibits exosome release from the plasma membrane and has shown cytotoxic effects on the
MM cells [152] Interestingly, GW4869 reduced osteolysis and led to a reduction in tumor
growth and angiogenesis in 5TGM1 mice [153].

Furthermore, the inhibition of the MM-exosome uptake by BMSCs using the endocyto-
sis inhibitors suppressed exosome-induced changes in these cells and inhibited tumor-cell
survival and proliferation [148].

Interestingly, it has been shown that some of the anticancer and anti-angiogenesis natu-
ral compounds can reduce exosome secretion and alter exosomal miRNA contents [154]. D
Rhamnose β-hederin (DRβ-H), an active component isolated from a natural Chinese plant,
reduced the secretion of exosomes and subsequently inhibited the growth and promoted
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the apoptosis of breast cancer cells by decreasing the level of tumorigenic encapsulated
miRNAs [155,156]. DRβ-H also reversed the chemoresistance of breast cancer cells by
reducing the secretion of exosomes from drug-resistant cells as well as the regulation of
exosomal miRNA expression [157]. In addition, Shikonin (SK) inhibited exosome release
and reduced the exosomal miR-128 level [154].

Regarding the potential of these components in the regulation of exosome release
as well as the exosomal miRNA content, they may be practical in controlling disease
progression or therapy resistance in MM patients. DHA could alter exosome secretion
and exosomal miRNA contents and inhibit tumor growth [140]. In addition, the treatment
of breast cancer cells with Epigallocatechin gallate (EGCG) increased miR-16 exosomal
encapsulation and inhibited macrophage infiltration and M2 polarization [158]. Regarding
the important role of miR-16 in MM tumor cells, it would be worth to evaluate the role of
these neutral components in the inhibition of exosomal crosstalk and MM progression.

4.2. Exosomal miRNA Delivery as Therapeutic Strategy

There is some evidence for using engineered exosomes for the specific targeting of
tumor cells and delivery of synthetic miRNA to inhibit the tumor cell growth. miR-21 is one
of the main exosomal miRNAs in BME during myelomagenesis, and its targeting has been
reported with therapeutic effects [117,159]. Ibrutinib suppresses the expression of miR-21
expression in MM cells by inhibiting nuclear factor-κB and STAT3 signaling pathways and
was suggested as a promising potential treatment for this disease [160]. In addition, the
attenuation of miR-21 with the NL101 drug suppressed the growth of B-cell lymphoma by
targeting the c-Myc/Mxd1 loop [159].

The glioblastoma-targeted delivery of antisense miR-21 using engineered exosomes
was performed by Kim et al. [161]. The intravenous injection of this synthetic drug into
glioblastoma rat models attenuated the expression of miR-21 and promoted the expression
of PDCD4 and PTEN in animals and suppressed tumor growth [161].

In addition, there is a great deal of evidence on the therapeutic effects of the artificial
inhibition/overexpression of the miRNAs in MM to prevent tumor progression (Table 3).

Table 3. The therapeutic effects of artificial inhibition/overexpression of the miRNAs in MM.

Therapeutic Cargo Biological Activities Key Findings Refs

1 miR-29b Targeting the epigenetics
modifiers including DNMTs

Synthetic miR-29b mimics improved the aberrant
expression of DNMTs in MM cells [40]

2 miR-15 and-16
Targeting AKT

serine/threonine-protein-kinase
(AKT3)

Overexpression of miRNA-15a and -16 had showed
anti-MM effects (in vitro and in vivo) [66]

3 miR-324-5p Targeting Hedgehog (Hh)
signaling pathway

Overexpression of miR-324-5p functionally reduced
cell growth and cell survival in MM and improved

resistance to bortezomib in vitro and in vivo
[162]

4 miR338-3p Targeting Cyclin-dependent
kinases

Overexpression of this miRNA suppressed
proliferation and increased the apoptosis of MM cells [163]

5 miR-152 Targeting DKK1
Over expression of miR-152 improved DR, and

inhibited the bone disruption in an intrabone MM
mouse model

[67]

8 miR-125b Targeting IRF4 and
BLIMP-1

miR-125b overexpression had an inhibition effect on
the proliferation and survival of MM cells and also

enhanced apoptosis and cell death in these cells
[164]

9 miR-137/197
synthetic mimics Targeting MCL-1

Increased the apoptosis and exerted an inhibition
effect on the proliferation, colony formation, and

migration ability in MM tumor cells
[165]

10 miR-34a mimics Targeting CDK6, BCL-2, and
NOTCH1

Enhanced the apoptosis of MM cells and inhibited
the proliferation in these cells [166]

11 Anti-miR 221/222 Upregulation of PTEN, PUMA,
p27Kip1, and p57Kip2. Induced the antiproliferative effects in MM cells [167]
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The overexpression of miR-29 in the BME impaired the differentiation and activation of
osteoclasts [168]. In addition, miR-29b modified Th1 differentiation by targeting interferon-
Gand exerted potent antimyeloma activity [169].

Furthermore, the inhibition of IRF4 by synthetic miR-125b-5p induced the antitumor
activity against MM tumors in vitro and in vivo. IRF4 plays a crucial role in the biology
of Treg and Th17 cells [144]. On the other hand, Di Martino et al. reported evidence of a
tumor-suppressor function of miR-34a in MM. They have shown that the synthetic miR-34a
mimics inhibit growth and promote the apoptosis of MM cells by the suppression of CDK6,
BCL-2, and NOTCH1 expression [166].

Although many studies have confirmed the usage of miRNAs as promising therapeutic
agents for MM, no miRNA molecules have been conducted in clinical trials for MM patients.
There are some challenges to be overcome to achieve an efficient and optimized therapy
method, including maintenance of the stability of miRNA molecules or the efficiency of
delivery methods.

For solving these problems, several methods have been tried, for instance, the conjunc-
tion of miRNAs with liposome nanoparticles. A liposomal formulation of miR-34a (MRX34)
is in phase 1 clinical trials for the treatment of patients with solid tumors [170]. MRX34 is a
miRNA drug that contains a double-stranded miR-34a mimic, which is encapsulated in a
liposomal nanoparticle [170]. The antitumor activity of miR-34a is important in hematologic
malignancies, and it is downregulated in MM patients [171,172]. Therefore, the miRNA
drug MRX34 may offer new therapeutic approaches for MM.

In addition, miR-16 mimics are now in a Phase I clinical trial for patients with ma-
lignant pleural mesothelioma. TargomiRs are minicells loaded with miR-16-based mimic
miRNA and targeted to EGFR that are designed to improve the loss of the miR-15 and
miR-16 family miRNAs in tumor cells [173]. Regarding the role of miR-15 and -16 deficiency
in the progression of MM malignancy and drug resistance, this drug may be practical for
this disease.

4.3. Potential of Exosomal miRNAs as Biomarkers

Regarding the importance of monitoring the patients in the primary stage of MM
for developing malignancy plasma cells or end-stage tissue damage, there are no reliable
biomarkers to predict which MGUS patients may develop malignancy and who will
remain stable.

Exosomal miRNAs can be easily isolated from almost all the bio-fluids and are in-
terested as a noninvasive way to obtain information about the status of the disease [174].
On the other hand, the high quantity of exosome production in MM patients and their
differential miRNA contents in the different stages of myelomagenesis potentiate them as
promising biomarkers for early diagnosis, patient prognosis, and monitoring for developing
drug resistance (Figure 3).

In a study by Manier et al. on 156 patients with newly diagnosed MM, two circulating
exosomal miRNAs, let-7b and miR-18a, were associated with improved survival in patients
with MM [175]. Zhang et al. observed that the downregulation of exosomal miRNAs
miR-16-5p, miR-15a-5p, miR-20a-5p, and miR-17-5p was correlated with resistance to
bortezomib [175]. Furthermore, a meta-analysis study reported that the upregulation of
miR-92a and downregulation of miR-16, -25, -744, -15a, let-7e, and -19b are associated with
poor prognosis in MM [176].

Although there are plenty of studies on the role of exosomal miRNAs as potential
biomarkers in the different stages of MM, there is a lack of consistency in the results. This
inconsistency may be attributed to the presence of technical issues in the different array
of methods or using platforms. In addition, miRNA profiling in biofluid samples may be
affected by the sample size or the technical issues in pre-analytical and analytical steps.
Therefore, for confirming the candidate miRNAs as biomarkers for usage in clinical practice,
they require to be further validated in larger cohorts.
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downregulation and orange upward arrow shows upregulation of miRNAs).

5. Conclusions

The dynamic interactions between tumor cells and the BM microenvironment have
a determinant role in the progression of MM. Exosomes regulate bidirectional crosstalks
between the different cellular components within the BME. The miRNA cargo in the
tumor-derived exosomes is able to reprogram the BME by creating an immunosuppressive
environment or enhancement of angiogenesis and by promoting tumor progression. On
the other hand, the other cellular components inside the TME contribute to the disease
phenotype by shuttling specific exosomal miRNAs to MM cells. Regarding the important
role of exosomal miRNAs in the cellular crosstalk during myelomagenesis, improving
our knowledge of their function and mechanisms would be important to design effective
therapeutic strategies to target TME.

However, translating the preliminary basic studies to clinical applications needs to
overcome different challenges. Regarding the complex network of miRNAs and their target
genes, selecting the appropriate miRNAs for a therapeutic aim without unknown long-term
side effects is the critical challenge. In addition, achieving a safe and effective method for
delivering miRNA vectors that ensures their stability is also a problem that needs to be
solved before conducting appropriate clinical trials. However, we still need to improve
our understanding of the complex interactions in the BM microenvironment during MM
development to design the optimal therapeutic/monitoring strategies for MM patients.

Author Contributions: S.D.A. and H.C. performed the research and wrote the paper; H.C. supervised
the study. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported in part by the Leukemia and Lymphoma Society of Canada
(LLSC) and the Cancer Research Society (CRS).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Deepak Iyer for his helpful suggestions and edits. The Study is funded
in part by The Leukemia and Lymphoma Society of Canada, and Cancer Research Society of Canada.

Conflicts of Interest: The authors declare no conflict of interest.



Cells 2023, 12, 1030 14 of 21

References
1. Ferlay, J.; Ervik, M.; Lam, F.; Colombet, M.; Mery, L.; Piñeros, M.; Znaor, A.; Soerjomataram, I.; Bray, F. Global cancer observatory:

Cancer today. Int. Agency Res. Cancer 2018, 3, 2019.
2. Wu, J.; Zhang, M.; Faruq, O.; Zacksenhaus, E.; Chen, W.; Liu, A.; Chang, H. SMAD1 as a biomarker and potential therapeutic

target in drug-resistant multiple myeloma. Biomark. Res. 2021, 9, 48. [CrossRef] [PubMed]
3. Sigurdardottir, E.E.; Turesson, I.; Lund, S.H.; Lindqvist, E.K.; Mailankody, S.; Korde, N.; Björkholm, M.; Landgren, O.; Kristinsson,

S.Y. The role of diagnosis and clinical follow-up of monoclonal gammopathy of undetermined significance on survival in multiple
myeloma. JAMA Oncol. 2015, 1, 168–174. [CrossRef] [PubMed]

4. Robak, P.; Drozdz, I.; Szemraj, J.; Robak, T. Drug resistance in multiple myeloma. Cancer Treat. Rev. 2018, 70, 199–208. [CrossRef]
[PubMed]

5. García-Ortiz, A.; Rodríguez-García, Y.; Encinas, J.; Maroto-Martín, E.; Castellano, E.; Teixidó, J.; Martínez-López, J. The role of
tumor microenvironment in multiple myeloma development and progression. Cancers 2021, 13, 217. [CrossRef]

6. Alipoor, S.D.; Mortaz, E.; Varahram, M.; Movassaghi, M.; Kraneveld, A.D.; Garssen, J.; Adcock, I.M. The potential biomarkers and
immunological effects of tumor-derived exosomes in lung cancer. Front. Immunol. 2018, 9, 819. [CrossRef]

7. Mathivanan, S.; Simpson, R.J. ExoCarta: A compendium of exosomal proteins and RNA. Proteomics 2009, 9, 4997–5000. [CrossRef]
8. Tan, S.; Xia, L.; Yi, P.; Han, Y.; Tang, L.; Pan, Q.; Tian, Y.; Rao, S.; Oyang, L.; Liang, J. Exosomal miRNAs in tumor microenvironment.

J. Exp. Clin. Cancer Res. 2020, 39, 67. [CrossRef]
9. Pichiorri, F.; Suh, S.-S.; Ladetto, M.; Kuehl, M.; Palumbo, T.; Drandi, D.; Taccioli, C.; Zanesi, N.; Alder, H.; Hagan, J.P. MicroRNAs

regulate critical genes associated with multiple myeloma pathogenesis. Proc. Natl. Acad. Sci. USA 2008, 105, 12885–12890.
[CrossRef]

10. Handa, H.; Murakami, Y.; Ishihara, R.; Kimura-Masuda, K.; Masuda, Y. The role and function of microRNA in the pathogenesis of
multiple myeloma. Cancers 2019, 11, 1738. [CrossRef]

11. Chen, D.; Yang, X.; Liu, M.; Zhang, Z.; Xing, E. Roles of miRNA dysregulation in the pathogenesis of multiple myeloma. Cancer
Gene Ther. 2021, 28, 1256–1268. [CrossRef]

12. Allegra, A.; Ettari, R.; Innao, V.; Bitto, A. Potential Role of microRNAs in inducing Drug Resistance in Patients with Multiple
Myeloma. Cells 2021, 10, 448. [CrossRef]

13. Zhang, J.; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and exosomal microRNA: Trafficking, sorting, and function. Genom.
Proteom. Bioinform. 2015, 13, 17–24. [CrossRef]

14. Luo, X.; Jean-Toussaint, R.; Sacan, A.; Ajit, S.K. Differential RNA packaging into small extracellular vesicles by neurons and
astrocytes. Cell Commun. Signal. 2021, 19, 75. [CrossRef] [PubMed]

15. Sancho-Albero, M.; Navascués, N.; Mendoza, G.; Sebastián, V.; Arruebo, M.; Martín-Duque, P.; Santamaría, J. Exosome origin
determines cell targeting and the transfer of therapeutic nanoparticles towards target cells. J. Nanobiotechnol. 2019, 17, 16.
[CrossRef] [PubMed]

16. Das, S.; Juliana, N.; Yazit, N.A.A.; Azmani, S.; Abu, I.F. Multiple Myeloma: Challenges Encountered and Future Options for Better
Treatment. Int. J. Mol. Sci. 2022, 23, 1649. [PubMed]

17. Desantis, V.; Solimando, A.G.; Saltarella, I.; Sacco, A.; Giustini, V.; Bento, M.; Lamanuzzi, A.; Melaccio, A.; Frassanito, M.A.;
Paradiso, A. MicroRNAs as a potential new preventive approach in the transition from asymptomatic to symptomatic multiple
myeloma disease. Cancers 2021, 13, 3650. [CrossRef] [PubMed]

18. Manier, S.; Boswell, E.N.; Sacco, A.; Maiso, P.; Banwait, R.; Aljawai, Y.; Leleu, X.; Roccaro, A.M.; Ghobrial, I.M. Comparative
miRNA Expression Profiling of Circulating Exosomes From MGUS and Smoldering Multiple Myeloma Patients. Blood 2012,
120, 3975. [CrossRef]

19. Wu, L.; Zhang, C.; Chu, M.; Fan, Y.; Wei, L.; Li, Z.; Yao, Y.; Zhuang, W. miR-125a suppresses malignancy of multiple myeloma by
reducing the deubiquitinase USP5. J. Cell. Biochem. 2020, 121, 642–650. [CrossRef] [PubMed]

20. Schneider, C.; Setty, M.; Holmes, A.B.; Maute, R.L.; Leslie, C.S.; Mussolin, L.; Rosolen, A.; Dalla-Favera, R.; Basso, K. MicroRNA 28
controls cell proliferation and is down-regulated in B-cell lymphomas. Proc. Natl. Acad. Sci. USA 2014, 111, 8185–8190. [PubMed]

21. Wang, C.; Wu, C.; Yang, Q.; Ding, M.; Zhong, J.; Zhang, C.-Y.; Ge, J.; Wang, J.; Zhang, C. miR-28-5p acts as a tumor suppressor in
renal cell carcinoma for multiple antitumor effects by targeting RAP1B. Oncotarget 2016, 7, 73888. [CrossRef]

22. Löffler, D.; Brocke-Heidrich, K.; Pfeifer, G.; Stocsits, C.; Hackermüller, J.; Kretzschmar, A.K.; Burger, R.; Gramatzki, M.; Blumert,
C.; Bauer, K. Interleukin-6–dependent survival of multiple myeloma cells involves the Stat3-mediated induction of microRNA-21
through a highly conserved enhancer. Blood J. Am. Soc. Hematol. 2007, 110, 1330–1333. [CrossRef]

23. Saltarella, I.; Lamanuzzi, A.; Apollonio, B.; Desantis, V.; Bartoli, G.; Vacca, A.; Frassanito, M.A. Role of extracellular vesicle-based
cell-to-cell communication in multiple myeloma progression. Cells 2021, 10, 3185. [CrossRef] [PubMed]

24. Bi, C.; Chng, W.J. MicroRNA: Important player in the pathobiology of multiple myeloma. BioMed Res. Int. 2014, 2014, 521586.
[CrossRef]

25. Liu, Y.; Luo, F.; Wang, B.; Li, H.; Xu, Y.; Liu, X.; Shi, L.; Lu, X.; Xu, W.; Lu, L. STAT3-regulated exosomal miR-21 promotes
angiogenesis and is involved in neoplastic processes of transformed human bronchial epithelial cells. Cancer Lett. 2016,
370, 125–135. [CrossRef] [PubMed]

26. Lenart, P.; Novak, J.; Bienertova-Vasku, J. PIWI-piRNA pathway: Setting the pace of aging by reducing DNA damage. Mech.
Ageing Dev. 2018, 173, 29–38. [CrossRef] [PubMed]

http://doi.org/10.1186/s40364-021-00296-7
http://www.ncbi.nlm.nih.gov/pubmed/34134766
http://doi.org/10.1001/jamaoncol.2015.23
http://www.ncbi.nlm.nih.gov/pubmed/26181017
http://doi.org/10.1016/j.ctrv.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30245231
http://doi.org/10.3390/cancers13020217
http://doi.org/10.3389/fimmu.2018.00819
http://doi.org/10.1002/pmic.200900351
http://doi.org/10.1186/s13046-020-01570-6
http://doi.org/10.1073/pnas.0806202105
http://doi.org/10.3390/cancers11111738
http://doi.org/10.1038/s41417-020-00291-4
http://doi.org/10.3390/cells10020448
http://doi.org/10.1016/j.gpb.2015.02.001
http://doi.org/10.1186/s12964-021-00757-4
http://www.ncbi.nlm.nih.gov/pubmed/34246289
http://doi.org/10.1186/s12951-018-0437-z
http://www.ncbi.nlm.nih.gov/pubmed/30683120
http://www.ncbi.nlm.nih.gov/pubmed/35163567
http://doi.org/10.3390/cancers13153650
http://www.ncbi.nlm.nih.gov/pubmed/34359551
http://doi.org/10.1182/blood.V120.21.3975.3975
http://doi.org/10.1002/jcb.29309
http://www.ncbi.nlm.nih.gov/pubmed/31452281
http://www.ncbi.nlm.nih.gov/pubmed/24843176
http://doi.org/10.18632/oncotarget.12516
http://doi.org/10.1182/blood-2007-03-081133
http://doi.org/10.3390/cells10113185
http://www.ncbi.nlm.nih.gov/pubmed/34831408
http://doi.org/10.1155/2014/521586
http://doi.org/10.1016/j.canlet.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26525579
http://doi.org/10.1016/j.mad.2018.03.009
http://www.ncbi.nlm.nih.gov/pubmed/29580825


Cells 2023, 12, 1030 15 of 21

27. Das, D.S.; Ray, A.; Das, A.; Song, Y.; Tian, Z.; Oronsky, B.; Richardson, P.; Scicinski, J.; Chauhan, D.; Anderson, K. A novel
hypoxia-selective epigenetic agent RRx-001 triggers apoptosis and overcomes drug resistance in multiple myeloma cells. Leukemia
2016, 30, 2187–2197. [CrossRef] [PubMed]

28. Wang, W.; Corrigan-Cummins, M.; Barber, E.A.; Saleh, L.M.; Zingone, A.; Ghafoor, A.; Costello, R.; Zhang, Y.; Kurlander, R.J.;
Korde, N. Aberrant levels of miRNAs in bone marrow microenvironment and peripheral blood of myeloma patients and disease
progression. J. Mol. Diagn. 2015, 17, 669–678. [CrossRef]

29. Yamakuchi, M. MicroRNA regulation of SIRT1. Front. Physiol. 2012, 3, 68. [CrossRef]
30. Ramaiah, M.J. Functions and epigenetic aspects of miR-15/16: Possible future cancer therapeutics. Gene Rep. 2018, 12, 149–164.

[CrossRef]
31. Abdi, J.; Rastgoo, N.; Li, L.; Chen, W.; Chang, H. Role of tumor suppressor p53 and micro-RNA interplay in multiple myeloma

pathogenesis. J. Hematol. Oncol. 2017, 10, 169. [CrossRef] [PubMed]
32. Zhang, L.; Rastgoo, N.; Wu, J.; Zhang, M.; Pourabdollah, M.; Zacksenhaus, E.; Chen, Y.; Chang, H. MARCKS inhibition cooperates

with autophagy antagonists to potentiate the effect of standard therapy against drug-resistant multiple myeloma. Cancer Lett.
2020, 480, 29–38. [CrossRef] [PubMed]

33. Tremblay-LeMay, R.; Rastgoo, N.; Pourabdollah, M.; Chang, H. EZH2 as a therapeutic target for multiple myeloma and other
haematological malignancies. Biomark. Res. 2018, 6, 34. [CrossRef]

34. Duan, R.; Du, W.; Guo, W. EZH2: A novel target for cancer treatment. J. Hematol. Oncol. 2020, 13, 104. [CrossRef] [PubMed]
35. Agarwal, P.; Alzrigat, M.; Párraga, A.A.; Enroth, S.; Singh, U.; Ungerstedt, J.; Österborg, A.; Brown, P.J.; Ma, A.; Jin, J. Genome-

wide profiling of histone H3 lysine 27 and lysine 4 trimethylation in multiple myeloma reveals the importance of Polycomb gene
targeting and highlights EZH2 as a potential therapeutic target. Oncotarget 2016, 7, 6809. [CrossRef]

36. Kalushkova, A.; Fryknäs, M.; Lemaire, M.; Fristedt, C.; Agarwal, P.; Eriksson, M.; Deleu, S.; Atadja, P.; Österborg, A.; Nilsson, K.
Polycomb target genes are silenced in multiple myeloma. PLoS ONE 2010, 5, e11483. [CrossRef]

37. Zhou, L.; Fu, L.; Lv, N.; Chen, X.; Liu, J.; Li, Y.; Xu, Q.; Huang, S.; Zhang, X.; Dou, L. A minicircuitry comprised of microRNA-9
and SIRT1 contributes to leukemogenesis in t (8; 21) acute myeloid leukemia. Eur. Rev. Med. Pharm. Sci. 2017, 21, 786–794.

38. Amodio, N.; Rossi, M.; Raimondi, L.; Pitari, M.R.; Botta, C.; Tagliaferri, P.; Tassone, P. miR-29s: A family of epi-miRNAs with
therapeutic implications in hematologic malignancies. Oncotarget 2015, 6, 12837. [CrossRef]

39. Amodio, N.; Stamato, M.A.; Gullà, A.M.; Morelli, E.; Romeo, E.; Raimondi, L.; Pitari, M.R.; Ferrandino, I.; Misso, G.; Caraglia, M.
Therapeutic Targeting of miR-29b/HDAC4 Epigenetic Loop in Multiple MyelomamiR-29b/HDAC4 Epigenetic Loop in Multiple
Myeloma. Mol. Cancer Ther. 2016, 15, 1364–1375. [CrossRef]

40. Amodio, N.; Leotta, M.; Bellizzi, D.; Di Martino, M.T.; D’Aquila, P.; Lionetti, M.; Fabiani, F.; Leone, E.; Gullà, A.M.; Passarino,
G. DNA-demethylating and anti-tumor activity of synthetic miR-29b mimics in multiple myeloma. Oncotarget 2012, 3, 1246.
[CrossRef]

41. Mithraprabhu, S.; Kalff, A.; Chow, A.; Khong, T.; Spencer, A. Dysregulated Class I histone deacetylases are indicators of poor
prognosis in multiple myeloma. Epigenetics 2014, 9, 1511–1520. [CrossRef] [PubMed]

42. Panico, A.; Tumolo, M.R.; Leo, C.G.; Donno, A.D.; Grassi, T.; Bagordo, F.; Serio, F.; Idolo, A.; Masi, R.D.; Mincarone, P. The
influence of lifestyle factors on miRNA expression and signal pathways: A review. Epigenomics 2021, 13, 145–164. [CrossRef]
[PubMed]

43. Chang, S.-H.; Luo, S.; Thomas, T.S.; O’Brian, K.K.; Colditz, G.A.; Carlsson, N.P.; Carson, K.R. Obesity and the transformation of
monoclonal gammopathy of undetermined significance to multiple myeloma: A population-based cohort study. JNCI J. Natl.
Cancer Inst. 2016, 109, djw264. [CrossRef] [PubMed]

44. Gensous, N.; Franceschi, C.; Santoro, A.; Milazzo, M.; Garagnani, P.; Bacalini, M.G. The impact of caloric restriction on the
epigenetic signatures of aging. Int. J. Mol. Sci. 2019, 20, 2022. [CrossRef]

45. Ramos-Lopez, O.; Milagro, F.I.; Riezu-Boj, J.I.; Martinez, J.A. Epigenetic signatures underlying inflammation: An interplay of
nutrition, physical activity, metabolic diseases, and environmental factors for personalized nutrition. Inflamm. Res. 2021, 70, 29–49.
[CrossRef] [PubMed]

46. Henning, S.M.; Wang, P.; Carpenter, C.L.; Heber, D. Epigenetic effects of green tea polyphenols in cancer. Epigenomics 2013,
5, 729–741. [CrossRef]

47. Garai, K.; Adam, Z.; Herczeg, R.; Banfai, K.; Gyebrovszki, A.; Gyenesei, A.; Pongracz, J.E.; Wilhelm, M.; Kvell, K. Physical activity
as a preventive lifestyle intervention acts through specific exosomal miRNA species—Evidence from human short-and long-term
pilot studies. Front. Physiol. 2021, 12, 658218. [CrossRef]

48. Renthal, W.; Nestler, E.J. Histone acetylation in drug addiction. Semin. Cell Dev. Biol. 2009, 20, 387–394. [CrossRef]
49. Sharavanan, V.J.; Sivaramakrishnan, M.; Sivarajasekar, N.; Senthilrani, N.; Kothandan, R.; Dhakal, N.; Sivamani, S.; Show, P.L.;

Awual, M.R.; Naushad, M. Pollutants inducing epigenetic changes and diseases. Environ. Chem. Lett. 2020, 18, 325–343. [CrossRef]
50. Shukla, A.; Bunkar, N.; Kumar, R.; Bhargava, A.; Tiwari, R.; Chaudhury, K.; Goryacheva, I.Y.; Mishra, P.K. Air pollution

associated epigenetic modifications: Transgenerational inheritance and underlying molecular mechanisms. Sci. Total Environ.
2019, 656, 760–777. [CrossRef]

51. Yamakuchi, M.; Lotterman, C.D.; Bao, C.; Hruban, R.H.; Karim, B.; Mendell, J.T.; Huso, D.; Lowenstein, C.J. P53-induced
microRNA-107 inhibits HIF-1 and tumor angiogenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 6334–6339. [CrossRef] [PubMed]

http://doi.org/10.1038/leu.2016.96
http://www.ncbi.nlm.nih.gov/pubmed/27118403
http://doi.org/10.1016/j.jmoldx.2015.06.006
http://doi.org/10.3389/fphys.2012.00068
http://doi.org/10.1016/j.genrep.2018.06.012
http://doi.org/10.1186/s13045-017-0538-4
http://www.ncbi.nlm.nih.gov/pubmed/29073933
http://doi.org/10.1016/j.canlet.2020.03.020
http://www.ncbi.nlm.nih.gov/pubmed/32220540
http://doi.org/10.1186/s40364-018-0148-5
http://doi.org/10.1186/s13045-020-00937-8
http://www.ncbi.nlm.nih.gov/pubmed/32723346
http://doi.org/10.18632/oncotarget.6843
http://doi.org/10.1371/journal.pone.0011483
http://doi.org/10.18632/oncotarget.3805
http://doi.org/10.1158/1535-7163.MCT-15-0985
http://doi.org/10.18632/oncotarget.675
http://doi.org/10.4161/15592294.2014.983367
http://www.ncbi.nlm.nih.gov/pubmed/25482492
http://doi.org/10.2217/epi-2020-0289
http://www.ncbi.nlm.nih.gov/pubmed/33355508
http://doi.org/10.1093/jnci/djw264
http://www.ncbi.nlm.nih.gov/pubmed/28040690
http://doi.org/10.3390/ijms20082022
http://doi.org/10.1007/s00011-020-01425-y
http://www.ncbi.nlm.nih.gov/pubmed/33231704
http://doi.org/10.2217/epi.13.57
http://doi.org/10.3389/fphys.2021.658218
http://doi.org/10.1016/j.semcdb.2009.01.005
http://doi.org/10.1007/s10311-019-00944-3
http://doi.org/10.1016/j.scitotenv.2018.11.381
http://doi.org/10.1073/pnas.0911082107
http://www.ncbi.nlm.nih.gov/pubmed/20308559


Cells 2023, 12, 1030 16 of 21

52. Suh, S.-S.; Yoo, J.Y.; Nuovo, G.J.; Jeon, Y.-J.; Kim, S.; Lee, T.J.; Kim, T.; Bakàcs, A.; Alder, H.; Kaur, B. MicroRNAs/TP53 feedback
circuitry in glioblastoma multiforme. Proc. Natl. Acad. Sci. USA 2012, 109, 5316–5321. [CrossRef] [PubMed]

53. Berenstein, R.; Nogai, A.; Waechter, M.; Blau, O.; Kuehnel, A.; Schmidt-Hieber, M.; Kunitz, A.; Pezzutto, A.; Dörken, B.; Blau, I.W.
Multiple myeloma cells modify VEGF/IL-6 levels and osteogenic potential of bone marrow stromal cells via Notch/miR-223.
Mol. Carcinog. 2016, 55, 1927–1939. [CrossRef]

54. Jiao, P.; Wang, X.-P.; Luoreng, Z.-M.; Yang, J.; Jia, L.; Ma, Y.; Wei, D.-W. miR-223: An effective regulator of immune cell
differentiation and inflammation. Int. J. Biol. Sci. 2021, 17, 2308. [CrossRef]

55. Mou, T.; Xie, F.; Zhong, P.; Hua, H.; Lai, L.; Yang, Q.; Wang, J. MiR-345-5p functions as a tumor suppressor in pancreatic cancer by
directly targeting CCL8. Biomed. Pharmacother. 2019, 111, 891–900. [CrossRef] [PubMed]

56. Moqadam, F.A.; Lange-Turenhout, E.; Aries, I.; Pieters, R.; Den Boer, M. MiR-125b, miR-100 and miR-99a co-regulate vincristine
resistance in childhood acute lymphoblastic leukemia. Leuk. Res. 2013, 37, 1315–1321. [CrossRef] [PubMed]

57. Xing, B.; Ren, C. Tumor-suppressive miR-99a inhibits cell proliferation via targeting of TNFAIP8 in osteosarcoma cells. Am. J.
Transl. Res. 2016, 8, 1082.

58. Di Marzo, L.; Desantis, V.; Solimando, A.G.; Ruggieri, S.; Annese, T.; Nico, B.; Fumarulo, R.; Vacca, A.; Frassanito, M.A.
Microenvironment drug resistance in multiple myeloma: Emerging new players. Oncotarget 2016, 7, 60698. [CrossRef]

59. Chu, V.T.; Berek, C. The establishment of the plasma cell survival niche in the bone marrow. Immunol. Rev. 2013, 251, 177–188.
[CrossRef]

60. Méndez-Ferrer, S.; Bonnet, D.; Steensma, D.P.; Hasserjian, R.P.; Ghobrial, I.M.; Gribben, J.G.; Andreeff, M.; Krause, D.S. Bone
marrow niches in haematological malignancies. Nat. Rev. Cancer 2020, 20, 285–298. [CrossRef]

61. Condeelis, J.; Pollard, J.W. Macrophages: Obligate partners for tumor cell migration, invasion, and metastasis. Cell 2006,
124, 263–266. [CrossRef]

62. Chen, T.; Moscvin, M.; Bianchi, G. Exosomes in the pathogenesis and treatment of multiple myeloma in the context of the bone
marrow microenvironment. Front. Oncol. 2020, 10, 608815. [CrossRef] [PubMed]

63. Wortzel, I.; Dror, S.; Kenific, C.M.; Lyden, D. Exosome-mediated metastasis: Communication from a distance. Dev. Cell 2019,
49, 347–360. [CrossRef] [PubMed]

64. Liu, Z.; Liu, H.; Li, Y.; Shao, Q.; Chen, J.; Song, J.; Fu, R. Multiple myeloma-derived exosomes inhibit osteoblastic differentiation
and improve IL-6 secretion of BMSCs from multiple myeloma. J. Investig. Med. 2020, 68, 45–51. [CrossRef]

65. Roccaro, A.M.; Sacco, A.; Maiso, P.; Azab, A.K.; Tai, Y.-T.; Reagan, M.; Azab, F.; Flores, L.M.; Campigotto, F.; Weller, E. BM
mesenchymal stromal cell–derived exosomes facilitate multiple myeloma progression. J. Clin. Investig. 2013, 123, 1542–1555.
[CrossRef]

66. Roccaro, A.M.; Sacco, A.; Thompson, B.; Leleu, X.; Azab, A.K.; Azab, F.; Runnels, J.; Jia, X.; Ngo, H.T.; Melhem, M.R. MicroRNAs
15a and 16 regulate tumor proliferation in multiple myeloma. Blood J. Am. Soc. Hematol. 2009, 113, 6669–6680.

67. Xu, Y.; Chen, B.; George, S.K.; Liu, B. Downregulation of MicroRNA-152 contributes to high expression of DKK1 in multiple
myeloma. RNA Biol. 2015, 12, 1314–1322. [CrossRef]

68. De Veirman, K.; Wang, J.; Xu, S.; Leleu, X.; Himpe, E.; Maes, K.; De Bruyne, E.; Van Valckenborgh, E.; Vanderkerken, K.; Menu, E.
Induction of miR-146a by multiple myeloma cells in mesenchymal stromal cells stimulates their pro-tumoral activity. Cancer Lett.
2016, 377, 17–24. [CrossRef]

69. Zhao, J.-J.; Lin, J.; Zhu, D.; Wang, X.; Brooks, D.; Chen, M.; Chu, Z.-B.; Takada, K.; Ciccarelli, B.; Tao, J. miR-30-5p Functions as a
Tumor Suppressor and Novel Therapeutic Tool by Targeting the Oncogenic Wnt/β-Catenin/BCL9 PathwaymiR-30 as a Novel
Therapeutic Tool for Multiple Myeloma. Cancer Res. 2014, 74, 1801–1813. [CrossRef] [PubMed]

70. Wu, Y.; Zhu, X.; Shen, R.; Huang, J.; Xu, X.; He, S. miR-182 contributes to cell adhesion-mediated drug resistance in multiple
myeloma via targeting PDCD4. Pathol. Res. Pract. 2019, 215, 152603. [CrossRef]

71. Bradburn, M.J.; Clark, T.G.; Love, S.B.; Altman, D.G. Survival analysis Part III: Multivariate data analysis–choosing a model and
assessing its adequacy and fit. Br. J. Cancer 2003, 89, 605–611. [CrossRef] [PubMed]

72. Hazlehurst, L.A.; Dalton, W.S. Mechanisms associated with cell adhesion mediated drug resistance (CAM-DR) in hematopoietic
malignancies. Cancer Metastasis Rev. 2001, 20, 43–50. [CrossRef] [PubMed]

73. Yang, A.; Ma, J.; Wu, M.; Qin, W.; Zhao, B.; Shi, Y.; Jin, Y.; Xie, Y. Aberrant microRNA-182 expression is associated with
glucocorticoid resistance in lymphoblastic malignancies. Leuk. Lymphoma 2012, 53, 2465–2473. [CrossRef] [PubMed]

74. Spitschak, A.; Meier, C.; Kowtharapu, B.; Engelmann, D.; Pützer, B.M. MiR-182 promotes cancer invasion by linking RET oncogene
activated NF-κB to loss of the HES1/Notch1 regulatory circuit. Mol. Cancer 2017, 16, 24. [CrossRef] [PubMed]

75. Zheng, H.; Wang, J.-J.; Zhao, L.-J.; Yang, X.-R.; Yu, Y.-L. Exosomal miR-182 regulates the effect of RECK on gallbladder cancer.
World J. Gastroenterol. 2020, 26, 933. [CrossRef]

76. Qiu, Y.; Luo, X.; Kan, T.; Zhang, Y.; Yu, W.; Wei, Y.; Shen, N.; Yi, B.; Jiang, X. TGF-β upregulates miR-182 expression to promote
gallbladder cancer metastasis by targeting CADM1. Mol. Biosyst. 2014, 10, 679–685. [CrossRef] [PubMed]

77. Papadimitriou, M.-A.; Papanota, A.-M.; Adamopoulos, P.G.; Pilala, K.-M.; Liacos, C.-I.; Malandrakis, P.; Mavrianou-Koutsoukou,
N.; Patseas, D.; Eleutherakis-Papaiakovou, E.; Gavriatopoulou, M. miRNA-seq and clinical evaluation in multiple myeloma:
miR-181a overexpression predicts short-term disease progression and poor post-treatment outcome. Br. J. Cancer 2022, 126, 79–90.
[CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1202465109
http://www.ncbi.nlm.nih.gov/pubmed/22431589
http://doi.org/10.1002/mc.22440
http://doi.org/10.7150/ijbs.59876
http://doi.org/10.1016/j.biopha.2018.12.121
http://www.ncbi.nlm.nih.gov/pubmed/30841468
http://doi.org/10.1016/j.leukres.2013.06.027
http://www.ncbi.nlm.nih.gov/pubmed/23915977
http://doi.org/10.18632/oncotarget.10849
http://doi.org/10.1111/imr.12011
http://doi.org/10.1038/s41568-020-0245-2
http://doi.org/10.1016/j.cell.2006.01.007
http://doi.org/10.3389/fonc.2020.608815
http://www.ncbi.nlm.nih.gov/pubmed/33251153
http://doi.org/10.1016/j.devcel.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31063754
http://doi.org/10.1136/jim-2019-001010
http://doi.org/10.1172/JCI66517
http://doi.org/10.1080/15476286.2015.1094600
http://doi.org/10.1016/j.canlet.2016.04.024
http://doi.org/10.1158/0008-5472.CAN-13-3311-T
http://www.ncbi.nlm.nih.gov/pubmed/24599134
http://doi.org/10.1016/j.prp.2019.152603
http://doi.org/10.1038/sj.bjc.6601120
http://www.ncbi.nlm.nih.gov/pubmed/12915864
http://doi.org/10.1023/A:1013156407224
http://www.ncbi.nlm.nih.gov/pubmed/11831646
http://doi.org/10.3109/10428194.2012.693178
http://www.ncbi.nlm.nih.gov/pubmed/22582938
http://doi.org/10.1186/s12943-016-0563-x
http://www.ncbi.nlm.nih.gov/pubmed/28122586
http://doi.org/10.3748/wjg.v26.i9.933
http://doi.org/10.1039/c3mb70479c
http://www.ncbi.nlm.nih.gov/pubmed/24445397
http://doi.org/10.1038/s41416-021-01602-8
http://www.ncbi.nlm.nih.gov/pubmed/34718359


Cells 2023, 12, 1030 17 of 21

78. Wang, R.; Li, R.; Li, T.; Zhu, L.; Qi, Z.; Yang, X.; Wang, H.; Cao, B.; Zhu, H. Bone Mesenchymal Stem Cell-Derived Exosome-
Enclosed miR-181a Induces CD4+ CD25+ FOXP3+ Regulatory T Cells via SIRT1/Acetylation-Mediated FOXP3 Stabilization.
J. Oncol. 2022, 2022, 8890434. [CrossRef] [PubMed]

79. Sun, J.; Park, C.; Guenthner, N.; Gurley, S.; Zhang, L.; Lubben, B.; Adebayo, O.; Bash, H.; Chen, Y.; Maksimos, M. Tumor-associated
macrophages in multiple myeloma: Advances in biology and therapy. J. Immunother. Cancer 2022, 10, e003975. [CrossRef]

80. Su, T.; Zhang, P.; Zhao, F.; Zhang, S. Exosomal microRNAs mediating crosstalk between cancer cells with cancer-associated
fibroblasts and tumor-associated macrophages in the tumor microenvironment. Front. Oncol. 2021, 11, 631703. [CrossRef]

81. Raskov, H.; Orhan, A.; Gaggar, S.; Gögenur, I. Cancer-associated fibroblasts and tumor-associated macrophages in cancer and
cancer immunotherapy. Front. Oncol. 2021, 11, 668731. [CrossRef] [PubMed]

82. Wang, H.; Hu, W.-m.; Xia, Z.-j.; Liang, Y.; Lu, Y.; Lin, S.-x.; Tang, H. High numbers of CD163+ tumor-associated macrophages
correlate with poor prognosis in multiple myeloma patients receiving bortezomib-based regimens. J. Cancer 2019, 10, 3239.
[CrossRef]

83. Gil, Z. Exosomal transmission between macrophages and cancer cells: New insights to stroma-mediated drug resistance.
Oncotarget 2018, 9, 37282. [CrossRef]

84. Binenbaum, Y.; Fridman, E.; Yaari, Z.; Milman, N.; Schroeder, A.; Ben David, G.; Shlomi, T.; Gil, Z. Transfer of miRNA
in Macrophage-Derived Exosomes Induces Drug Resistance in Pancreatic AdenocarcinomaExosomes Induce Gemcitabine
Resistance in Pancreatic Cancer. Cancer Res. 2018, 78, 5287–5299. [CrossRef] [PubMed]

85. Gao, Y.; Miao, Y.; Zhang, W.; Ru, X.; Hou, L. MicroRNA-365 induces apoptosis and inhibits invasion of human myeloma cells by
targeting homeobox A9 (HOXA9). Environ. Toxicol. Pharmacol. 2021, 85, 103627. [CrossRef]

86. Liu, Y.; Zhang, W.; Liu, S.; Liu, K.; Ji, B.; Wang, Y. miR-365 targets ADAM10 and suppresses the cell growth and metastasis of
hepatocellular carcinoma. Oncol. Rep. 2017, 37, 1857–1864. [CrossRef]

87. Yin, Z.; Ma, T.; Huang, B.; Lin, L.; Zhou, Y.; Yan, J.; Zou, Y.; Chen, S. Macrophage-derived exosomal microRNA-501-3p promotes
progression of pancreatic ductal adenocarcinoma through the TGFBR3-mediated TGF-β signaling pathway. J. Exp. Clin. Cancer
Res. 2019, 38, 310. [CrossRef]

88. Takeuchi, K.; Abe, M.; Oda, A.; Amou, H.; Hiasa, M.; Asano, J.; Kitazoe, K.; Kido, S.; Inoue, D.; Hashimoto, T. Enhancement of
osteoblast differentiation by inhibition of TGF-beta signaling suppresses myeloma cell growth and protects from destructive bone
lesions. J. Bone Miner. Res. 2006, 21, S28.

89. Rana, P.S.; Soler, D.C.; Kort, J.; Driscoll, J.J. Targeting TGF-β signaling in the multiple myeloma microenvironment: Steering CARs
and T cells in the right direction. Front. Cell Dev. Biol. 2022, 10, 1059715. [CrossRef]

90. Xu, Z.; Chen, Y.; Ma, L.; Chen, Y.; Liu, J.; Guo, Y.; Yu, T.; Zhang, L.; Zhu, L.; Shu, Y. Role of exosomal non-coding RNAs from
tumor cells and tumor-associated macrophages in the tumor microenvironment. Mol. Ther. 2022, 30, 3133–3154. [CrossRef]

91. Liu, L.; Zhang, C.; Li, X.; Sun, W.; Qin, S.; Qin, L.; Wang, X. miR-223 promotes colon cancer by directly targeting p120 catenin.
Oncotarget 2017, 8, 63764. [CrossRef] [PubMed]

92. Zhu, X.; Shen, H.; Yin, X.; Yang, M.; Wei, H.; Chen, Q.; Feng, F.; Liu, Y.; Xu, W.; Li, Y. Macrophages derived exosomes deliver
miR-223 to epithelial ovarian cancer cells to elicit a chemoresistant phenotype. J. Exp. Clin. Cancer Res. 2019, 38, 81. [CrossRef]

93. Favero, A.; Segatto, I.; Perin, T.; Belletti, B. The many facets of miR-223 in cancer: Oncosuppressor, oncogenic driver, therapeutic
target, and biomarker of response. Wiley Interdiscip. Rev. RNA 2021, 12, e1659. [CrossRef]

94. Zhang, Y.; Chen, H.; Lu, X.; Ju, S.; Wang, X.; Cong, H. Expression and clinical value of serum exosomal miR-223-3p in multiple
myeloma patients. Chin. J. Lab. Med. 2020, 12, 446–451.

95. Yin, Z.; Zhou, Y.; Ma, T.; Chen, S.; Shi, N.; Zou, Y.; Hou, B.; Zhang, C. Down-regulated lncRNA SBF2-AS1 in M2 macrophage-
derived exosomes elevates miR-122-5p to restrict XIAP, thereby limiting pancreatic cancer development. J. Cell. Mol. Med. 2020,
24, 5028–5038. [CrossRef] [PubMed]

96. Desplanques, G.; Giuliani, N.; Delsignore, R.; Rizzoli, V.; Bataille, R.; Barillé-Nion, S. Impact of XIAP protein levels on the survival
of myeloma cells. Haematologica 2009, 94, 87. [CrossRef] [PubMed]

97. Zhou, Y.; Ren, H.; Dai, B.; Li, J.; Shang, L.; Huang, J.; Shi, X. Hepatocellular carcinoma-derived exosomal miRNA-21 contributes
to tumor progression by converting hepatocyte stellate cells to cancer-associated fibroblasts. J. Exp. Clin. Cancer Res. 2018, 37, 324.
[CrossRef]

98. D’Arcangelo, E.; Wu, N.C.; Cadavid, J.L.; McGuigan, A.P. The life cycle of cancer-associated fibroblasts within the tumour stroma
and its importance in disease outcome. Br. J. Cancer 2020, 122, 931–942. [CrossRef]

99. Sakemura, R.; Hefazi, M.; Siegler, E.L.; Cox, M.J.; Larson, D.P.; Hansen, M.J.; Manriquez Roman, C.; Schick, K.J.; Can, I.; Tapper,
E.E. Targeting cancer-associated fibroblasts in the bone marrow prevents resistance to CART-cell therapy in multiple myeloma.
Blood J. Am. Soc. Hematol. 2022, 139, 3708–3721. [CrossRef]

100. Frassanito, M.A.; Rao, L.; Moschetta, M.; Ria, R.; Di Marzo, L.; De Luisi, A.; Racanelli, V.; Catacchio, I.; Berardi, S.; Basile, A.
Bone marrow fibroblasts parallel multiple myeloma progression in patients and mice: In vitro and in vivo studies. Leukemia 2014,
28, 904–916. [CrossRef]

101. Coller, H.A. MYC sets a tumour-stroma metabolic loop. Nat. Cell Biol. 2018, 20, 506–507. [CrossRef] [PubMed]
102. Fong, M.Y.; Zhou, W.; Liu, L.; Alontaga, A.Y.; Chandra, M.; Ashby, J.; Chow, A.; O’Connor, S.T.F.; Li, S.; Chin, A.R. Breast-cancer-

secreted miR-122 reprograms glucose metabolism in premetastatic niche to promote metastasis. Nat. Cell Biol. 2015, 17, 183–194.
[CrossRef] [PubMed]

http://doi.org/10.1155/2022/8890434
http://www.ncbi.nlm.nih.gov/pubmed/35664563
http://doi.org/10.1136/jitc-2021-003975
http://doi.org/10.3389/fonc.2021.631703
http://doi.org/10.3389/fonc.2021.668731
http://www.ncbi.nlm.nih.gov/pubmed/34094963
http://doi.org/10.7150/jca.30102
http://doi.org/10.18632/oncotarget.26463
http://doi.org/10.1158/0008-5472.CAN-18-0124
http://www.ncbi.nlm.nih.gov/pubmed/30042153
http://doi.org/10.1016/j.etap.2021.103627
http://doi.org/10.3892/or.2017.5423
http://doi.org/10.1186/s13046-019-1313-x
http://doi.org/10.3389/fcell.2022.1059715
http://doi.org/10.1016/j.ymthe.2022.01.046
http://doi.org/10.18632/oncotarget.19541
http://www.ncbi.nlm.nih.gov/pubmed/28969027
http://doi.org/10.1186/s13046-019-1095-1
http://doi.org/10.1002/wrna.1659
http://doi.org/10.1111/jcmm.15125
http://www.ncbi.nlm.nih.gov/pubmed/32301277
http://doi.org/10.3324/haematol.13483
http://www.ncbi.nlm.nih.gov/pubmed/19001278
http://doi.org/10.1186/s13046-018-0965-2
http://doi.org/10.1038/s41416-019-0705-1
http://doi.org/10.1182/blood.2021012811
http://doi.org/10.1038/leu.2013.254
http://doi.org/10.1038/s41556-018-0096-1
http://www.ncbi.nlm.nih.gov/pubmed/29662180
http://doi.org/10.1038/ncb3094
http://www.ncbi.nlm.nih.gov/pubmed/25621950


Cells 2023, 12, 1030 18 of 21

103. Frassanito, M.A.; Desantis, V.; Di Marzo, L.; Craparotta, I.; Beltrame, L.; Marchini, S.; Annese, T.; Visino, F.; Arciuli, M.; Saltarella,
I. Bone marrow fibroblasts overexpress miR-27b and miR-214 in step with multiple myeloma progression, dependent on tumour
cell-derived exosomes. J. Pathol. 2019, 247, 241–253. [CrossRef] [PubMed]

104. Wang, H.; Wei, H.; Wang, J.; Li, L.; Chen, A.; Li, Z. MicroRNA-181d-5p-containing exosomes derived from CAFs promote EMT by
regulating CDX2/HOXA5 in breast cancer. Mol. Ther. Nucleic Acids 2020, 19, 654–667. [CrossRef]

105. Leotta, M.; Biamonte, L.; Raimondi, L.; Ronchetti, D.; Di Martino, M.T.; Botta, C.; Leone, E.; Pitari, M.R.; Neri, A.; Giordano, A.
A p53-dependent tumor suppressor network is induced by selective miR-125a-5p inhibition in multiple myeloma cells. J. Cell.
Physiol. 2014, 229, 2106–2116. [CrossRef]

106. Rossi, M.; Tagliaferri, P.; Tassone, P. MicroRNAs in multiple myeloma and related bone disease. Ann. Transl. Med. 2015, 3, 334.
[CrossRef]

107. Jiang, Y.; Chang, H.; Chen, G. Effects of microRNA-20a on the proliferation, migration and apoptosis of multiple myeloma via the
PTEN/PI3K/AKT signaling pathway. Oncol. Lett. 2018, 15, 10001–10007. [CrossRef]

108. Baroni, S.; Romero-Cordoba, S.; Plantamura, I.; Dugo, M.; D’ippolito, E.; Cataldo, A.; Cosentino, G.; Angeloni, V.; Rossini, A.;
Daidone, M. Exosome-mediated delivery of miR-9 induces cancer-associated fibroblast-like properties in human breast fibroblasts.
Cell Death Dis. 2016, 7, e2312. [CrossRef]

109. Shi, L.; Zhu, W.; Huang, Y.; Zhuo, L.; Wang, S.; Chen, S.; Zhang, B.; Ke, B. Cancer-associated fibroblast-derived exosomal
microRNA-20a suppresses the PTEN/PI3K-AKT pathway to promote the progression and chemoresistance of non-small cell lung
cancer. Clin. Transl. Med. 2022, 12, e989. [CrossRef]

110. Richards, K.E.; Zeleniak, A.E.; Fishel, M.L.; Wu, J.; Littlepage, L.E.; Hill, R. Cancer-associated fibroblast exosomes regulate
survival and proliferation of pancreatic cancer cells. Oncogene 2017, 36, 1770–1778. [CrossRef]

111. Huang, Z.; Liang, X.; Wu, W.; Chen, X.; Zeng, Q.; Yang, M.; Ge, J.; Xia, R. Mechanisms underlying the increased chemosensitivity of
bortezomib-resistant multiple myeloma by silencing nuclear transcription factor Snail1. Oncol. Rep. 2019, 41, 415–426. [CrossRef]

112. Gao, Y.; Li, X.; Zeng, C.; Liu, C.; Hao, Q.; Li, W.; Zhang, K.; Zhang, W.; Wang, S.; Zhao, H. CD63+ Cancer-Associated Fibroblasts
Confer Tamoxifen Resistance to Breast Cancer Cells through Exosomal miR-22. Adv. Sci. 2020, 7, 2002518. [CrossRef]

113. Zhang, X.; Li, Y.; Wang, D.; Wei, X. miR-22 suppresses tumorigenesis and improves radiosensitivity of breast cancer cells by
targeting Sirt1. Biol. Res. 2017, 50, 27. [CrossRef] [PubMed]

114. Caracciolo, D.; Riillo, C.; Juli, G.; Scionti, F.; Todoerti, K.; Polerà, N.; Grillone, K.; Fiorillo, L.; Arbitrio, M.; Di Martino, M.T. miR-22
modulates lenalidomide activity by counteracting MYC addiction in multiple myeloma. Cancers 2021, 13, 4365. [CrossRef]

115. Caracciolo, D.; Di Martino, M.T.; Amodio, N.; Morelli, E.; Montesano, M.; Botta, C.; Scionti, F.; Talarico, D.; Altomare, E.; Gallo
Cantafio, M.E. miR-22 suppresses DNA ligase III addiction in multiple myeloma. Leukemia 2019, 33, 487–498. [CrossRef] [PubMed]

116. Xu, Y.-F.; Xu, X.; Gin, A.; Nshimiyimana, J.D.; Mooers, B.H.; Caputi, M.; Hannafon, B.N.; Ding, W.-Q. SRSF1 regulates exosome
microRNA enrichment in human cancer cells. Cell Commun. Signal. 2020, 18, 130. [CrossRef]

117. Leone, E.; Morelli, E.; Di Martino, M.T.; Amodio, N.; Foresta, U.; Gullà, A.; Rossi, M.; Neri, A.; Giordano, A.; Munshi, N.C.
Targeting miR-21 Inhibits In Vitro and In Vivo Multiple Myeloma Cell GrowthAntitumor Activity of miR-21 Inhibitors in Multiple
Myeloma. Clin. Cancer Res. 2013, 19, 2096–2106. [CrossRef]

118. Donnarumma, E.; Fiore, D.; Nappa, M.; Roscigno, G.; Adamo, A.; Iaboni, M.; Russo, V.; Affinito, A.; Puoti, I.; Quintavalle, C.
Cancer-associated fibroblasts release exosomal microRNAs that dictate an aggressive phenotype in breast cancer. Oncotarget 2017,
8, 19592–19608. [CrossRef] [PubMed]

119. Zhao, Q.; Huang, L.; Qin, G.; Qiao, Y.; Ren, F.; Shen, C.; Wang, S.; Liu, S.; Lian, J.; Wang, D. Cancer-associated fibroblasts induce
monocytic myeloid-derived suppressor cell generation via IL-6/exosomal miR-21-activated STAT3 signaling to promote cisplatin
resistance in esophageal squamous cell carcinoma. Cancer Lett. 2021, 518, 35–48. [CrossRef]

120. Malek, E.; de Lima, M.; Letterio, J.J.; Kim, B.-G.; Finke, J.H.; Driscoll, J.J.; Giralt, S.A. Myeloid-derived suppressor cells: The green
light for myeloma immune escape. Blood Rev. 2016, 30, 341–348. [CrossRef]

121. Solimando, A.G.; Malerba, E.; Leone, P.; Prete, M.; Terragna, C.; Cavo, M.; Racanelli, V. Drug resistance in multiple myeloma:
Soldiers and weapons in the bone marrow niche. Front. Oncol. 2022, 12, 973836. [CrossRef] [PubMed]

122. Wang, J.; De Veirman, K.; De Beule, N.; Maes, K.; De Bruyne, E.; Van Valckenborgh, E.; Vanderkerken, K.; Menu, E. The
bone marrow microenvironment enhances multiple myeloma progression by exosome-mediated activation of myeloid-derived
suppressor cells. Oncotarget 2015, 6, 43992. [CrossRef] [PubMed]

123. Jiang, M.; Zhang, W.; Zhang, R.; Liu, P.; Ye, Y.; Yu, W.; Guo, X.; Yu, J. Cancer exosome-derived miR-9 and miR-181a promote
the development of early-stage MDSCs via interfering with SOCS3 and PIAS3 respectively in breast cancer. Oncogene 2020, 39,
4681–4694. [CrossRef] [PubMed]

124. Li, L.; Cao, B.; Liang, X.; Lu, S.; Luo, H.; Wang, Z.; Wang, S.; Jiang, J.; Lang, J.; Zhu, G. Microenvironmental oxygen pressure
orchestrates an anti-and pro-tumoral γδ T cell equilibrium via tumor-derived exosomes. Oncogene 2019, 38, 2830–2843. [CrossRef]
[PubMed]

125. Guo, X.; Qiu, W.; Liu, Q.; Qian, M.; Wang, S.; Zhang, Z.; Gao, X.; Chen, Z.; Xue, H.; Li, G. Immunosuppressive effects of
hypoxia-induced glioma exosomes through myeloid-derived suppressor cells via the miR-10a/Rora and miR-21/Pten Pathways.
Oncogene 2018, 37, 4239–4259. [CrossRef]

http://doi.org/10.1002/path.5187
http://www.ncbi.nlm.nih.gov/pubmed/30357841
http://doi.org/10.1016/j.omtn.2019.11.024
http://doi.org/10.1002/jcp.24669
http://doi.org/10.3978/j.issn.2305-5839.2015.12.13
http://doi.org/10.3892/ol.2018.8555
http://doi.org/10.1038/cddis.2016.224
http://doi.org/10.1002/ctm2.989
http://doi.org/10.1038/onc.2016.353
http://doi.org/10.3892/or.2018.6797
http://doi.org/10.1002/advs.202002518
http://doi.org/10.1186/s40659-017-0133-8
http://www.ncbi.nlm.nih.gov/pubmed/28882183
http://doi.org/10.3390/cancers13174365
http://doi.org/10.1038/s41375-018-0238-2
http://www.ncbi.nlm.nih.gov/pubmed/30120376
http://doi.org/10.1186/s12964-020-00615-9
http://doi.org/10.1158/1078-0432.CCR-12-3325
http://doi.org/10.18632/oncotarget.14752
http://www.ncbi.nlm.nih.gov/pubmed/28121625
http://doi.org/10.1016/j.canlet.2021.06.009
http://doi.org/10.1016/j.blre.2016.04.002
http://doi.org/10.3389/fonc.2022.973836
http://www.ncbi.nlm.nih.gov/pubmed/36212502
http://doi.org/10.18632/oncotarget.6083
http://www.ncbi.nlm.nih.gov/pubmed/26556857
http://doi.org/10.1038/s41388-020-1322-4
http://www.ncbi.nlm.nih.gov/pubmed/32398867
http://doi.org/10.1038/s41388-018-0627-z
http://www.ncbi.nlm.nih.gov/pubmed/30546089
http://doi.org/10.1038/s41388-018-0261-9


Cells 2023, 12, 1030 19 of 21

126. Guo, X.; Qiu, W.; Wang, J.; Liu, Q.; Qian, M.; Wang, S.; Zhang, Z.; Gao, X.; Chen, Z.; Guo, Q. Glioma exosomes mediate
the expansion and function of myeloid-derived suppressor cells through microRNA-29a/Hbp1 and microRNA-92a/Prkar1a
pathways. Int. J. Cancer 2019, 144, 3111–3126. [CrossRef]

127. Geis-Asteggiante, L.; Belew, A.T.; Clements, V.K.; Edwards, N.J.; Ostrand-Rosenberg, S.; El-Sayed, N.M.; Fenselau, C. Differential
content of proteins, mRNAs, and miRNAs suggests that MDSC and their exosomes may mediate distinct immune suppressive
functions. J. Proteome Res. 2018, 17, 486–498. [CrossRef]

128. Makita, N.; Hizukuri, Y.; Yamashiro, K.; Murakawa, M.; Hayashi, Y. IL-10 enhances the phenotype of M2 macrophages induced
by IL-4 and confers the ability to increase eosinophil migration. Int. Immunol. 2015, 27, 131–141. [CrossRef] [PubMed]

129. Zheng, Y.; Ge, W.; Ma, Y.; Xie, G.; Wang, W.; Han, L.; Bian, B.; Li, L.; Shen, L. miR-155 regulates IL-10-producing CD24hiCD27+ B
cells and impairs their function in patients with Crohn’s disease. Front. Immunol. 2017, 8, 914. [CrossRef]

130. Zhang, L.; Tai, Y.; Ho, M.; Xing, L.; Chauhan, D.; Gang, A.; Qiu, L.; Anderson, K. Regulatory B cell-myeloma cell interaction
confers immunosuppression and promotes their survival in the bone marrow milieu. Blood Cancer J. 2017, 7, e547. [CrossRef]

131. Zou, Z.; Guo, T.; Cui, J.; Zhang, L.; Pan, L. Onset of regulatory B cells occurs at initial stage of B cell dysfunction in multiple
myeloma. Blood 2019, 134, 1780. [CrossRef]
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