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Abstract: The dysregulation of non-coding RNAs (ncRNAs), specifically microRNAs (miRNAs) and
long non-coding RNAs (IncRNAs), leads to the development and advancement of multiple myeloma
(MM). miRNAs, in particular, are paramount in post-transcriptional gene regulation, promoting
mRNA degradation and translational inhibition. As a result, miRNAs can serve as oncogenes
or tumor suppressors depending on the target genes. In MM, miRNA disruption could result in
abnormal gene expression responsible for cell growth, apoptosis, and other biological processes
pertinent to cancer development. The dysregulated miRNAs inhibit the activity of tumor suppressor
genes, contributing to disease progression. Nonetheless, several miRNAs are downregulated in
MM and have been identified as gene regulators implicated in extracellular matrix remodeling and
cell adhesion. miRNA depletion potentially facilitates the tumor advancement and resistance of
therapeutic drugs. Additionally, IncRNAs are key regulators of numerous cellular processes, such as
gene expression, chromatin remodeling, protein trafficking, and recently linked MM development.
The IncRNAs are uniquely expressed and influence gene expression that supports MM growth, in
addition to facilitating cellular proliferation and viability via multiple molecular pathways. miRNA
and IncRNA alterations potentially result in anomalous gene expression and interfere with the regular
functioning of MM. Thus, this review aims to highlight the dysregulation of these ncRNAs, which
engender novel therapeutic modalities for the treatment of MM.

Keywords: multiple myeloma; pathogenesis; dysregulation; non-coding RNAs; microRNAs; long
non-coding RNAs

1. Introduction
1.1. Clinical Aspects of Multiple Myeloma

Multiple myeloma (MM) is an incurable hematological malignancy caused by the aber-
rant proliferation of plasma cells in the bone marrow [1]. This disease causes bone marrow
failure, which leads to anemia, low immunity, bone pain and fractures, hypercalcemia, and
renal failure. These symptoms manifest from the aggregation of malignant plasma cells and
their corresponding by-products within the bone marrow and other body parts [2]. The
diagnostic evaluation entails hematological and urinary analyses, bone marrow biopsy, and
imaging such as X-rays, magnetic resonance imaging (MRI), and computed tomography
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(CT) scans to assess the extent of bone involvement. Specific MM biomarkers, such as
monoclonal proteins (M-proteins) and free light chains, are often employed in medical
diagnosis and ongoing disease monitoring [3]. The staging of MM patients is determined
based on the International Staging System (ISS) and the Revised International Staging
System (R-ISS) [4]. Notably, MM prognosis exhibits considerable heterogeneity among indi-
viduals as the disease is influenced by a multitude of factors, including genetic aberrations,
advanced age, and co-existing medical conditions. The presence of high-risk cytogenetic
abnormalities, such as the occurrence of t (4;14) or del (17p), has been correlated with a less
favorable prognosis [5].

1.2. Biology of MM

MM is characterized by a multitude of genetic modifications [6], for instance, chro-
mosomal translocations in the immunoglobulin heavy chain (IgH) locus, namely t (11;14),
t (4,14), and t (14;16) [7], and dysregulation of oncogenes such as CCND1, MMSET, and
MATF [8]. Deletions and mutations in the genetic loci that encode tumor suppressor genes,
such as TP53, are correlated with poor patient outcomes [9]. Another crucial area that could
help researchers understand the multifaceted nature of MM is epigenetic modification, such
as DNA methylation, histone modifications, and the involvement of non-coding RNAs,
all of which assume a pivotal role in MM pathogenesis. These dysregulations potentially
induce the silencing of tumor suppressor genes or the activation of oncogenes [10]. The MM
cells exhibit a crucial interplay with the complex microenvironment of the bone marrow,
exerting a profound influence on the disease progression. The presence of MM cells per-
turbs the physiological process of bone remodeling, giving rise to the development of bone
lesions, fractures, and the manifestation of bone pain. The microenvironment additionally
facilitates the sustenance of MM cell viability and the development of resistance against
therapeutic agents [10].

1.3. Therapeutic Challenges in MM

MM exhibits significant heterogeneity in genetic and clinical characteristics, posing
challenges for healthcare providers in making treatment decisions and necessitating per-
sonalized therapeutic strategies [5]. A rapid development in treatment resistance is also
observed in MM cells, resulting in relapse and refractory phases in nearly all patients after
treatment [11]. Resistance mechanisms in MM are derived through various processes, such
as genomic instability, clonal evolution, and tumor microenvironment alterations [12]. This
disease also contributes to bone disease complications among MM patients, adding to the
complexity of addressing bone lesions and fractures [13]. As MM advances, patients also
experience immunosuppression, rendering them vulnerable to infections [14] and posing
challenges in administering immunomodulatory drugs and immunotherapies.

The MM treatment often requires elaborate treatment regimens comprising various
combination therapies. These regimens typically include chemotherapy, immunomodula-
tory drugs, proteasome inhibitors, and monoclonal antibodies. Managing these treatment
plans and the associated adverse effects is a major hurdle clinicians face [15]; thus, it is
almost impossible to standardize the treatments for all MM patients. While it is true that
MM patients may initially respond well to treatment, it is essential to note that at later
stages, they may develop a level of resistance. As a result, MM remains one of the cancers
with higher financial implications [15].

Non-coding RNAs (ncRNAs) are a heterogeneous class of RNA molecules that lack
protein-coding capacity but are essential for numerous cellular and molecular functions,
such as the regulation of genes, processing of RNA, and genome preservation [16]. The
ncRNAs can be effectively categorized based on their respective lengths, which are demon-
strated into two distinct groups: small RNAs, encompassing those with a length of less than
200 nucleotides, and long RNAs, comprising those exceeding the 200-nucleotide threshold.
Alternatively, these non-coding RNAs can also be classified based on their functional roles,
distinguishing between housekeeping RNAs responsible for essential cellular functions
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and regulatory RNAs, which exert control over various biological processes [17]. Most
importantly, ncRNAs in MM exemplify epigenetic modifications.

The elucidation of ncRNAs as prominent constituents of epigenetics has significantly
augmented the existing knowledge concerning the biological processes underlying MM.
Nevertheless, this field of study is still in its infancy and requires further investigation,
specifically in ncRNA dysregulation in MM pathogenesis. Therefore, this review focuses
on the current understanding of ncRNAs dysregulation in MM development, particularly
miRNAs and IncRNAs. This knowledge is essential for the advancement of targeted
therapeutic approaches and, hopefully, a cure for MM in the near future.

1.4. Roles of ncRNAs in MM

The literature has reported that ncRNAs are significantly dysregulated in human
cancer. In MM, the ncRNAs significantly modulate gene expression post-transcriptionally,
influencing diverse cellular mechanisms. Dysregulation of ncRNAs can deregulate critical
genes implicated in MM development [18]. ncRNAs are reportedly involved in cellular
development, physiology, and the pathology of various human diseases, including MM [19].
Consequently, ncRNAs have been recognized as promising biomarkers and therapeutic
targets in various cancers including MM. Profiling and sequencing studies have identi-
fied notable dysregulation of ncRNAs in MM and are frequently attributed to abnormal
mechanisms of ncRNA biogenesis, such as amplification, deletion, and aberrant epigenetic
or transcriptional regulation [20]. Understanding the precise mechanisms underlying the
dysregulation of ncRNAs in MM can offer valuable insights into developing targeted
therapeutic approaches. For instance, IncRNAs regulate gene expression by functioning as
independent transcriptional units or untranslated regions (UTRs) of protein-coding genes,
crucial for regulating mechanisms of gene expression [21]. Raimondi et al. have revealed
that the dysregulation of many subclasses of ncRNAs plays a critical role in regulating key
signaling pathways in the pathogenesis of multiple myeloma bone disease [22]. Further-
more, Butova et al. provided a comprehensive overview of the existing understanding of
ncRNA, with a specific emphasis on IncRNAs, and their involvement in the development
of MM [21]. This review specifically addresses the existing knowledge on the aberrant
regulation of ncRNAs, specifically both on miRNAs and IncRNAs, in the progression of
MM. Acquiring this insight is crucial for the progress of specific therapy strategies and,
optimistically, the development of a therapy for MM in the approaching future.

2. Non-Coding RNAs

The majority of the human genome (98.5%) is non-coding, functioning as a regulator of
cellular physiology systems and pathological molecular change [21]. Breakthroughs in high-
throughput sequencing and bioinformatics have put the spotlight on ncRNAs, which were
traditionally considered trash RNAs. The ncRNAs are a diverse class of RNA molecules
that do not code for proteins and are distinguished by their size, origin, biogenesis, and
biological functions [23]. The ncRNAs participate in various intricate molecular processes,
such as gene expression regulation, epigenetic modifications, and cellular signaling [24].
Highly expressed housekeeping ncRNAs offer new ways to treat cancer [25]. These ncRNAs
have been described as key parts in epigenetic, transcriptional, and post-transcriptional
gene control that dysregulates cellular processes [26-28]. Moreover, most ncRNAs can
regulate gene expression without altering the DNA sequence, making them ideal targets
for disease treatments. Furthermore, ncRNAs can act as tumor suppressors or oncogenic
drivers and have been linked to numerous forms of cancer [29].

2.1. microRNAs (miRNAs)

miRNAs are short, non-coding RNA transcripts, and typically on average, they are
22 nucleotides in length. After transcription, the DNA sequences become pre- and mature
miRNAs. miRNA interacts with target mRNA 3’ UTRs [30], 5’ UTRs, coding sequences,
and gene promoters [31], causing changes in gene expression. This ncRNA is transported
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across subcellular compartments, specifically the cytoplasm and the nucleus, to regulate
translation and transcription rates [30]. The dysregulation of miRNAs is linked to several
complex diseases, such as malignant hematopoiesis, including leukemia, lymphomas,
myeloma [32], and epithelial malignancies, including lung cancers and breast carcino-
mas [33]. Furthermore, these molecules mediate intercellular communication via cell-cell
signaling [34,35]. miRNA biogenesis occurs within the nucleus of the cell (see Figure 1).
First, RNA polymerase II (Pol II) initiates the primary miRNA (pri-miRNA) hairpin tran-
scription. Drosha, an RNA polymerase III family member, then cleaves the pri-mRNA
hairpin to form a 70-100 bp precursor miRNA (pre-miRNA). Subsequently, Exportin 5
transports the pre-miRNA fragment to the cytoplasm, where Dicer (another member of
the RNA polymerase III family) cleaves the molecule into a 20-22 bp miRNA /miRNA
duplex. The RNA helicase separates the miRNA duplex, and the mature miRNA binds to
the Argsonoute protein (Ago2), forming a ribonucleoprotein (RNP) complex. The resulting
miRNA-RNP complex (miRgonaute) allows the mature miRNA strand to attach to the
3’-UTR of the target mRNA. Complexes that enhance deadenylation ultimately slow the
translation process [35].
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Figure 1. The miRNA biogenesis pathway. The miRNA genes are transcribed by RNA polymerase
II to synthesize the pi-miRNAs. The pri-miRNAs are cleaved by Drosha and DGCR8 complex or
microprocessor complex to produce pre-miRNAs which are approximately 65 nucleotides long. The
pri-miRNAs structure consists of a short stem with a two-nucleotide 3’ overhang recognized by
Exportin-5-Ran-GTP, thus inducing nuclear export of this molecule into the cytoplasm. Pre-miRNAs
are then cleaved in the cytoplasm by RNase III Dicer and TRBP (double-stranded RNA-binding
protein) to form miRNA duplexes. Dicer is specifically exploited in humans to help process pre-
miRNAs and build the RISC. The loaded strand’s 5’ end, which includes the miRNA seed sequence,
subsequently binds to miRNA recognition sites in the target gene’s 3’ translated regions. The Ago2
proteins form a complex with the functional strand of the mature miRNA to form the RISC, which
causes silencing effects by translational suppression, mRNA cleavage, and deadenylation. Meanwhile,
the passenger strand will be degraded. pi-miRNAs, primary transcripts; pre-miRNA, precursor
miRNA; DGCRS, Drosha and DiGeorge syndrome critical region gene 8; Ran, Ras-related nuclear
protein; GTP, Guanosine-5'-triphosphate; RISC, RNA-induced silencing complex; Ago2, Argonaute;
MM, multiple myeloma.
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2.2. Long Non-Coding RNAs (IncRNAs)

The IncRNAs represent the largest portion of the mammalian non-coding transcrip-
tome [36]. The human GENCODE revealed more than 16,000 IncRNAs in the human
genome [37] and is estimated to exceed 100,000 with more recent discoveries [37,38]. The
IncRNAs are RNA molecules that are >200 nucleotides in length, which are not translated
into functional proteins [39]. These molecules are aberrantly expressed in several cancers [36],
such as Prostate Cancer-Associated Transcript 1 (PCAT-1) in prostate cancer [40], colorectal
neoplasia differentially expressed (CRNDE) in colorectal cancer [41], and metastasis-associated
lung adenocarcinoma (MALAT1) [42], HOX antisense intergenic RNA (HOTAIR) [43], and
breast cancer anti-estrogen resistance 4 (BCAR4) [44] in breast cancer. The IncRNAs residing
within the nucleus primarily involve epigenetic and transcriptional regulation, whereas their
cytoplasmic counterparts often engage in post-transcriptional regulation [45]. Most IncR-
NAs are discovered inside the nucleus, interacting with various nuclear constituents such
as the nucleoplasm, sub-nuclear domains, and chromatin, impacting the nuclear structure
and function [46]. Nonetheless, several IncRNAs exist in the nucleus and cytoplasm [47,48].
The IncRNAs have four modes of function: signal, decoy, guide, and scaffold. Figure 2
summarizes the mode of action of all IncRNAs discussed in this review. Studies have revealed
that IncRNAs work alone or with transcription factors to enhance gene transcription.

Decoy InsRNAs N
mym Scaffold IncRNAs
RP4-803, RP1-43E13.2, NEAT1
ZFY-AS1, RP11-553 L6.5, MALATI
Linc00515, FEZF1-AS1, PVTI
CCAT1, OIP5-AS1, PCAT-1, STAIRI
PRINS, DLEU2, MEG3, STAIR6
PRAL STAIRI8
Guide IncRNAs STAIR2
PVTI CRNDE
Signal IncRNAs HOTAIR TUGI
(T} HOTAIR

Q.0

! Histone.
!—@ Methylated hsitons
@ Methyle group

Figure 2. The IncRNAs modes of action. Signals from IncRNAs are dynamically translated and expressed
in response to developmental inputs, regulating the simultaneous activities of transcription factors to
govern gene expression. Decoy IncRNAs interact as endogenous competitive RNA molecules that
remove transcription factors or other associated proteins from chromatin to inhibit the transcription
of target mRNAs. The guide IncRNAs direct RNP complexes to target genes, resulting in chromatin
modification. Scaffold IncRNAs assemble a cluster of enzymes to form a chromatin-modifying complex
that either inhibits or activates transcription. LncRNAs, long non-coding RNAs; PVT1, plasmacytoma
variant translocation 1; UCAI, urothelial cancer associated 1, MALAT1, metastasis-associated lung
adenocarcinoma; ZFY-AS1, ZFY Antisense RNA 1; 1inc00515, long intergenic non-protein coding RNA
515; FEZF1-AS1, FEZF1 Antisense RNA 1; CCAT]1, colon cancer associated transcript 1; OIP5-ASI,
Opa interacting protein 5-antisense RNA 1; PCAT-1, Prostate Cancer-Associated Transcript 1; PRINS,
psoriasis susceptibility-related RNA gene induced by stress; DLEU2, deletion in leukemia 2; MEGS3,
maternally expressed gene 3; PRAL, P53 Regulation Associated LncRNA; HOTAIR, HOX antisense
intergenic RNA; NEAT1, nuclear paraspeckle assembly transcript 1; STAIR18, STAT3-induced IncRNAs
18; STAiR1, STAT3-induced IncRNAs 1; STAiR6, STAT3-induced IncRNAs 6; STAiR2, STAT3-induced
IncRNAs 2; CRNDE, colorectal neoplasia differentially expressed; TUG1, taurine upregulated 1. Note:
For more information, please see the text.
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Generally, IncRNAs are decoy molecules that connect to miRNAs to compete with
mRNA and prevent miRNA from inhibiting mRNA molecules. In this framework, IncR-
NAs possess miRNA response elements (MREs), which are complementary sequences
to miRNAs. The MREs facilitate the binding of IncRNAs, enabling these molecules to
sequester miRNAs from the intended mRNA targets. Therefore, IncRNAs prevent the
binding of miRNAs to target mRNAs, thereby inhibiting translation or promoting degrada-
tion that augments the stability and expression levels of the mRNA targets. The IncRNAs
can also function as decoys for proteins or protein complexes. The IncRNAs sequence
contains binding sites that can interact with the target proteins. The interaction between
IncRNA and proteins can potentially separate proteins from the typical binding sites in the
genome, disrupting protein—protein interactions or impeding the protein’s binding capacity
to specific DNA or RNA sequences. Therefore, IncRNAs could impact cellular processes,
including transcriptional control, chromatin remodeling, and signaling pathways [48-51].

3. Dysregulation of miRNA in MM

Studies have found aberrant miRNA expression in MM, suggesting new biomarker
candidates for MM therapy. MiRNAs are significantly involved in MM pathogenesis as
these molecules interfere with the MM bone marrow environment, influencing target genes
and altering signaling molecules and pathways. Some miRNAs function as oncomiRs,
exerting a pro-cancer effect by downregulating tumor suppressor genes. Overexpression of
oncomiRs in MM cells can impair gene function, promoting unrestricted cell proliferation
in the bone marrow.

3.1. miRNA Dysregulation in the Bone Marrow Microenvironment

miR-202 has been extensively investigated and associated with MM pathogenesis,
potentially influencing cellular proliferation and adhesion mechanisms. Interestingly, in
certain cancers, miRNA-202 has been reported as a tumor suppressor, while in others,
it may have oncogenic properties [52]. In MM, miR-220 affects MM cell proliferation
and adhesion by deregulating B cell-activating factors in bone marrow stromal cells (BM-
SCs) [53]. Moreover, miR-202 mimics disrupt the signaling between BMSCs and MM cells
by reducing the B-cell activating factor (BAFF) expression. Plasma cells rely heavily on
BMSCs’ support to ensure the survival of MM cells. In MM-related BMSCs, miR-202 is
substantially downregulated. MiR-202 mimics are utilized in restoring miR-202 levels, thus
reducing growth-promoting activity by downregulating B-cell lymphoma 2 (BCL-2) and
BAFF expressions [53]. In addition, miR-202 expression was upregulated in the blood of
MM patients compared to the control group (p < 0.01). This finding demonstrated the
significant correlation between the concentrations of serum Beta-2 microglobulin (32M)
and k light chain and miR-202 expression (p = 0.0305; r = 0.358, P = 0.0348). The circulating
miR-202 level is possibly an indirect indicator of tumor presence, but further research
is necessary to confirm the association of these miRNAs with the changes that occur in
MM. Nevertheless, there was no correlation between miR-202 expression with the lactate
dehydrogenase (LDH) and A light chain concentration. Therefore, evaluating the relative
expression levels of serum miR-202 in the supplementary diagnosis of MM might be useful
in a clinical setting [54].

MiR-21 is also aberrantly upregulated in MM cells attached to BMSCs, promoting
cell survival and enhancing clonogenic development in stromal-free circumstances [55].
Furthermore, miR-21 significantly affects the development and progression of MM by ex-
plicitly targeting and suppressing the expression of various tumor suppressor genes, such
as phosphatase and tensin homolog (PTEN), responsible for regulating cellular growth and
viability. The downregulation of PTEN by miR-21 potentially results in the uncontrolled
proliferation of MM cells. Moreover, using miR-21 inhibitors in MM treatment upregulated
PTEN and downregulated p-Ak strain transforming (AKT) in the retrieved xenografts [55].
Suppression of miR-21 in U266 MM cells inhibited cellular proliferation and cell cycle arrest
and facilitated cellular death. The protein inhibitor of the activated signal transducer and
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activator of transcription 3 (PIAS3) was also simultaneously inhibited, as this molecule
has been identified as the specific target for miR-21. The identification of PIAS3 within
the miR-21-signal transducer and activator of transcription 3 (STAT3) positive regulatory
loop contributes to the understanding of the molecular underpinnings of miR-21’s biolog-
ical impacts on MM cells, paving the way for the advancement of innovative treatment
approaches aimed at combating MM [56].

The MM-BMSCs also demonstrated significant overexpression of miR-223, miR-485-5p,
miR-519d, and miR-16. miR-223-3p has been linked to disease progression and may serve as
a potential prognostic indicator in MM. Studies have demonstrated that miR-223-3p down-
regulation is associated with significantly shorter overall survival (OS) phases. However,
more randomized trials are necessary to assess the prognostic significance of miR-223-3p
in large MM cohorts [57]. A recent study has identified the significant regulatory role of
miR-223 in the hematopoietic system involving hematopoietic stem cells, erythroid cells,
and granulocyte-monocyte progenitors at different development stages [58]. Patients with
MM who undergo autologous hematopoietic stem cell transplantation and exhibit elevated
levels of miR-223-3p in their serum will likely achieve a complete response and experience
longer OS [59]. Furthermore, there is a positive correlation between the expression of miR-
223-3p in the blood serum at day +7 after allogeneic hematopoietic stem cell transplantation
(AHSCT) and during engraftment [59]. A study reported decreased co-expression levels of
miR-223 with miRNAs let-7a, miR-15a, miR-20a, miR-21, miR-106b, and miR-361 in the MM
bone marrow microenvironment, peripheral blood, and CD138+ plasmocytes [60]. MiR-223
downregulation is expected as the disease progresses from monoclonal gammopathy of un-
determined significance (MGUS) to symptomatic MM. Additionally, the downregulation of
miR-223-3p has been observed in bortezomib-resistant MM cell lines and patients [59]. MiR-
223 regulates the suppression of circ-CCT3 and inhibits bromodomain containing 4 (BRD4),
thereby enhancing the responsiveness of bortezomib-resistant MM cells to bortezomib [61].

The specific role of miR-485-5p in MM is still under investigation, but the miRNA is
expected to be involved in cellular survival, proliferation, and drug resistance mechanisms.
The inhibition of miR-485-5p in transfected MM-BMMSCs, along with the associated cluster
delta-like homolog 1 gene and the type IIl iodothyronine deiodinase gene (DLK1-DIO3),
resulted in a decrease in cell cycle progression during the S phase and an accumulation
of cells in the G1/G0 phase. The expression of miR-485-5p was downregulated when the
interaction between MM-BMMSCs and MM cells was hindered, indicating that miR-485-5p
may be a promising candidate for regulating senescence in MM-BMMSCs [62].

The miR-519d has been identified in regulating cell cycle progression and proliferation.
MiR-519d together with miR-485-5p are in two imprinted clusters on chromosomes 14
(DLK1-DIO3) and 19 (C19MC), respectively. The overexpression of miR-485-5p and miR-
519d in MM-BMMSCs is predicted to promote cell senescence. Furthermore, cell—cell
interactions exhibit significantly reduced miR-519d expression by 2.72- to 2.85-fold in co-
cultured KMS12-PE myeloma cells (p < 0.02) [62]. The expression miR-16 and miR-15a are
reduced in MM cells and are associated with the MM progression to an advanced stage by
inhibiting angiogenesis. Additionally, vascular endothelial growth factor A (VEGF-A) is
repressed post-transcriptionally by miR-15a, imposing an antiangiogenic effect primarily
through inhibiting VEGF-A expression. The presence of miR-16 and miR-15a also inhibits
the tumor development and the formation of new blood vessels [63].

MiR-29b has been identified as an oncogene in multiple cancers, including MM. In
the MM bone marrow microenvironment, miR-29b inhibits osteoclast differentiation and
suppresses osteoclast activation [64]. The expression of miR-29b was downregulated in
MM cell lines and tissues. In addition, miR-29b expression was significantly reduced in
MM patients at stage III compared to patients at stage I and stage I, suggesting a potential
association between miR-29b and the ISS stages of MM patients. Moreover, miR-29b inhibits
MM cell proliferation by promoting cell cycle arrest and inducing apoptosis in H929 and
U266 cell lines transfected with miR-29b mimics, which specifically target forkhead box
P1 (FOXP1). Therefore, restoring FOXP1 expression suppresses miR-29b and leads to anti-
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proliferative and pro-apoptotic effects in MM cell lines. Furthermore, the inhibitory action
of miR-29b on the growth of MM tumors has been demonstrated in a mice model [65].
Elevated miR-29b in dendritic cells (DCs) suppressed the activation of pro-inflammatory
pathways mediated by STAT3 and Nuclear factor kappa B (NF-«B) and cytokine/chemokine
signaling networks when co-cultured with MM cells. This correlation is associated with
poor patient outcomes and supports the occurrence of bone disease. In addition, miR-29b
inhibits interleukin (IL)-23 in vitro and in the SCID-synth-hu in vivo model. MiR-29b also
acts as an antagonist to counteract T-helper 17 (Th17)-mediated inflammatory responses. In
a different study, miR-29b demonstrates significant anti-proliferative effects and disrupts
the genomic stability of MM cells. This process hindered the DCs’ ability to support the
growth and survival of MM cells and altered their functional phenotype, which is linked to
the inhibition of miR-29b. Therefore, miR-29b is a promising candidate for miRNA-based
immunotherapy for MM [66].

The MM cells rely on the intricate interplay with the bone marrow microenvironment
to sustain their proliferation and longevity. The tumor suppressor miRNA, miR-138,
potentially regulates these interactions by selectively targeting adhesion molecules and
factors pivotal in facilitating communication between MM cells and BMSCs. Resultantly,
this process influences the adhesion and migration of MM cells within the bone marrow.
In contrast, inhibiting miR-138, which was previously elevated in MSCs and MM cells,
improved bone growth in the bone marrow niche [67]. Moreover, another study reported
that miR-138-5p plays a role in the osteogenic differentiation of MM-MSCs by targeting
and reducing three specific genes, namely Rho Associated Coiled-Coil Containing Protein
Kinase 2 (ROCK?2), Transcriptional Repressor GATA Binding 1 (TRPS1), and Sulfatase
(SULF2), which are associated with osteochondrogenesis [68].

Exosomes are responsible for transporting and secreting essential miRNA to intercept
the regulatory systems in a tumor microenvironment. The miRNA expression profile
in exosomes secreted by BMSCs derived from MM bone marrow significantly differed
from healthy individuals. For example, Manier et al. have identified two types of circu-
lating exosomal miRNAs, let-7b and miR-18a, which were significantly associated with
progression-free survival (PFS) and OS in a univariate study. These associations remained
statistically significant even after correcting confounding factors, such as ISS and unfavor-
able cytogenetics in the multivariate analysis. Circulating exosomal miRNAs may be useful
for detecting newly diagnosed MM patients at a higher risk for unfavorable prognoses [69].

The miR-214-3p and miR-27b-3p expressions were detected at the commencement
of MM progression, which is associated with reduced apoptosis and resistance to the
apoptosis mechanism, thus enhancing the proliferation of myeloma fibroblasts. In contrast,
myeloid cell leukemia-1 (MCL1), an antiapoptotic factor, decreases when miR214-3p and
miR-27b-3p are inhibited and induce cellular apoptosis [70]. Upregulation of miR-146a was
observed in human MSCs after exposure to the conditioned medium derived from MM
cells. Subsequently, cytokine and chemokine expressions were upregulated, specifically IL6,
IL-8 secretion and CXC Motif Chemokine Ligand 1 (CXCL1), Interferon gamma-induced
protein 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), and C-C Motif Chemokine
Ligand 5 (CCL-5) expression. This event augmented the viability and migratory capacity
of MM cells [71].

Upregulation of miR-152 expression was reported in the bone marrow microenviron-
ment, which was associated with downregulation of Dickkopf-1 (DKK1) proteins of MM.1S
cells that were exposed to miR-152. The miR-152 expression also increased in MM1.S mice
treated with miR-152, which was associated with elevated bone mineralization through the
activation of DKK1 in MM and ultimately enhanced bone formation [72].

3.2. miRNAs Dysregulation Causes Genomic Instability

A prospective targeted therapy for the treatment of MM could involve miRNAs due to
the ability to dysregulate genomic stability. Qin et al. [73] reported that miR-137 targeting
Aurora kinase A (AURKA) demonstrated a favorable epigenetic connection between miR-
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137 (tumor-suppressive miRNA) and PFS in MM patients. The diminished expression
of miR-137 in MM is caused by significant DNA methylation events occurring in the
promoter region of miR-137, which consequently hinders its transcription and leads to
reduced expression. In MM patients, hypermethylated miR-137 indicates a higher risk
of IgH translocations (4;14). The expression of aberrant miR-137 decreases the frequency
of deletions at chromosomal 121 gains and 1p22.2, 14q, and 17p13. Additionally, the
upregulation of miR-137 enhances the sensitivity towards bortezomib and epirubicin in a
laboratory setting. Furthermore, miR-137 tends to be epigenetically repressed in MM [74].
Interestingly, miR-137 possibly mitigates drug resistance and addresses the chromosomal
instability of MM cells when functionally restored by modulating the apoptosis and DNA
damage pathways [73].

The miR-150 and miR-22 overexpression inhibits alternative nonhomologous end-
joining (ALT-NHE]), repairing DNA double-strand breaks and increasing genomic instabil-
ity [75]. Bong et al. observed that miR-150 regulates two cell cycle-associated genes, RAD54
Like (RAD54L) and Cyclin A2 (CCNA2) [76]. RAD54L is responsible for repairing the
DNA double-strand breaks and modifying chromatin during the G1/S transition through
homologous recombination [77]. When the DNA is wrongly repaired, this event can lead
to various genetic alterations, including mutations, deletions, and oncogenic translocations
in human cells [77,78]. In MM, RAD54L is overexpressed, an abnormality that might be
attributed to miR-150 downregulation. Meanwhile, CCNA2 is a known regulator of cell
cycle pathways, serving as a genetic marker for predicting prognosis and outcomes in MM
and other types of cancer [76].

miR-22 demonstrates tumor-suppressing activity in vitro and in vivo by targeting
DNA ligase III (LIG3) in MM. The ectopic expression of miR-22 significantly inhibited
LIG3-mediated nuclear and mitochondrial DNA (mtDNA) repair, significantly increasing
the unrepaired DNA damage and, ultimately, the apoptosis of MM cells. Furthermore,
the ectopic expression of miR-22 significantly inhibits the Alt-NHE] repair mechanism,
significantly reducing new genetic alterations in MM cells. This outcome suggests that miR-
22 exerts a protective role against genomic instability, promoting the disease progression
and development of drug resistance [79].

3.3. miRNAs Dysregulation Impacts the Immune Response

miRNAs are also a significant modulator of immune response in MM via numerous im-
mune cells and pathways. For instance, miR-125b exhibits anti-MM and tumor-suppressor
activity in vitro and in vivo by significantly downregulating interferon regulatory factor 4
(IRF4) expression. The IRF4 is essential in the maturation and differentiation of regulatory
T cells, Th2, Th9, and Th17 cells [80]. When IRF4 is suppressed, the activities of c-Myc,
caspase-10, and cellular FLICE-like inhibitory protein (cFlip) are subsequently downregu-
lated. These proteins are key IRF4-downstream effectors that improve anti-tumor activities
and enhance survival rates in MM. In addition, miR-29b demonstrates remarkable anti-MM
activity by promoting Interferon (IFN) to regulate the differentiation of Th1 cells [81]. An-
other study found that inhibiting miR-21 in IT cells decreases Th17 differentiation, revoking
"Th17’s ability to promote MM cell proliferation and osteoclast activity [82].

miRNAs could also be implicated in the IL regulation. For instance, the oncogenic
effects of IL-17 suppress miR-192 in MM cells. Moreover, IL-17 activates the oncogenic p65
transcription factor, resulting in miR-192 inhibition by suppressing the miR-192 promoter.
Thus, miR-192 and IL-17 or IL-17RA expressions are inversely correlated in MM patients’
bone marrow [83]. An earlier study revealed that IL-17, IL-21, and IL-27 were upregulated,
and IL-22 was downregulated in the peripheral blood of MM patients compared to the
healthy controls. Therefore, the bone marrow mononuclear cells of MM patients are linked
to higher miR-181a and lower miR-15a/16, miR-34a, and miR-194 expressions [84].

The scope of miRNA regulation has been expanded to the regulation of natural killer
(NK) cell-induced antitumor activity through the modulation of stress-induced major
histocompatibility complex class I polypeptide-related sequence A and B (MICA & MICB),
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UL16-binding proteins (ULBPs), cytotoxic enzyme, and receptors [85]. The overexpression
of miR-10b in MM cells inhibited MICB expression, lowering the chances of cell-mediated
lysis. This outcome was achieved by targeting tumor cells in laboratory settings and living
organisms using NKG2D or KLRK1 (Killer Cell Lectin-Like Receptor K1), an activating
receptor. The NKG2D is a transmembrane protein belonging to the NKG2 family of C-type
lectin-like receptors that acts as a regulatory mechanism for activating NK cells [86].

A regulatory interplay between miRNAs and DCs has received much attention within
the context of MM. The role of DC in bone marrow infiltrations of MM patients perpetuates
the MM cell proliferation and hijacks the apoptotic process following treatment with
melphalan and bortezomib [87]. The DCs are characterized by miR-301a overexpression,
which induces IL-12 and IL-6 and Tumor necrosis factor (TNF) secretion to stimulate the
T-cell responses [88]. In addition, miR-155 and miR-221 stimulate IL-12 activity in DCs,
activating the release of pro-inflammatory cytokines such as IL-6 and TNF [89]. miR-22
exerts an inhibitory effect on p38 protein expression by directly binding to the 3’ UTR region
of the p38 mRNA, disrupting IL-6 synthesis and Th17 cell differentiation driven by DCs. The
miR-22 upregulation in DCs may reduce the suppression of tumor growth. Conversely, miR-
22 downregulation reverses this impact and enhances the therapeutic efficacy of DC-based
immunotherapy [90]. The overexpression of miR-21 and miR-155 in MM generates more
myeloid-derived suppressor cells (MDSCs) as a response to the targeting of SH-2 containing
inositol 5’ polyphosphatase 1 (SHIP-1) and PTEN, respectively [91]. This occurrence is
prevalent in the peripheral blood and the patient’s bone marrow responsible for osteoclast-
like cell development in MM-associated lytic bone presentation [24]. In addition, osteoclast-
like cell development in MM-associated lytic bone presentation can suppress the MDSCs
activity, diminishing and limiting the CD4 and CD8 T-cell responses [92].

Macrophages are critical components of the MM cell biology. In the relapse and refrac-
tory phases of active MM, inflammatory factors such as vascular endothelial growth factor
(VEGF), fibroblast growth factor 2 (FGF-2), and hepatocyte growth factor (HGF) are acti-
vated and recruited, leading to macrophage activation. In the bone marrow, macrophages
shielded MM cells from spontaneous apoptosis elicited by melphalan therapy [80]. miR-155
directly targets the suppressor of cytokine signaling 1 (SOCS1) [93], BCL6 transcription
repressor (BCL6) [94], and interleukin 13 receptor subunit alpha 1 (IL13RA) [95], promoting
macrophage activation to trigger the pro-inflammatory response. Meanwhile, miR125b
stimulates macrophages, substantially downregulating macrophages in response to inflam-
matory stimuli [96]. Furthermore, miR-187 activates macrophages in an IL10-dependent
mode, and an increase in this miRNA expression inhibits LPS-induced TNF-, IL-6, and
IL12p40 transcription, indicating the importance of miR-187 in suppressing the inflamma-
tory response [97].

3.4. miRNAs Dysregulation in Therapy-Resistant

miRNAs potentially enhance MM cells sensitivity to bortezomib, melphalan, and
dexamethasone treatments. For example, miR-29b causes MM cells to become resistant
to bortezomib by activating the feedback loop of the SP1 transcription factor [81]. The
co-treatment of bortezomib and miR-29b induces significant anti-MM and pro-apoptotic
effects in synthetic miR-29b transient or the stable lentivirus-enforced expression due to
the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway. Moreover, MM
xenografts consistently expressing miR-29b reduce the tumorigenic ability, indicating the
regulatory role of miR-29b in the loop and potential pharmacological interventions in the
future [81].

Zhang et al. [98] provided insights into the expression patterns of exosome-associated
miRNAs, which can be utilized as predictive markers for bortezomib resistance in MM
patients. This study discovered 3180 MM-related miRNAs, where 83 were upregulated and
88 were downregulated. The expression levels of miR-513a-5p, miR-20b-3p, and let-7d-3p
were significantly upregulated, while miR-125b-5p, miR-19a-3p, miR-21-5p, miR-20a-5p,
miR-17-5p, miR-15a-5p, and miR-16-5p were downregulated. Notably, most miRNAs
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(>90%) exhibit novel functions that warrant further investigations. The differential expres-
sion patterns of miRNAs suggest the regulatory roles in post-translational pathways and
other transcription factors, such as the MAP kinase pathway and ubiquitin-conjugating
enzyme activity. The gene ontology indicates a synergistic network between miRNA and
RNA, revealing the post-transcriptional regulatory network responsible for bortezomib
resistance in MM patients. This network is primarily governed by miR-17-5p, miR-20a-5p,
miR-15a-5p, and miR-16-5p. miR-15a and miR-16 are located at 13q13.4, while miR-17-92 is
found on chromosome 13q31.3, and all correlated with unfavorable prognosis in approx-
imately 50% of MM patients. Nevertheless, the gene expression remains unaffected by
the loss of chromosome 13. Therefore, additional prospective studies on a bigger cohort
are required to ascertain the expression of exosome-associated miRNA in MM-associated
bortezomib-resistant patients [98].

miR-27a was significantly reduced in bortezomib-resistant MM cells compared to the
normal MM cells. Bortezomib sensitivity can be restored through the ectopic expression of
miR-27a, which effectively inhibits the expression of the cyclin-dependent kinase 5 (CDK5)
oncogene [99]. A different study revealed that the endogenous levels of CDK5 mRNA were
significantly decreased within MM cells that were transfected with miR-27a-5p. However,
no corresponding alteration was observed in the levels of CDK5 protein [99].

Elevated miR-137 and miR-197 levels in MM cell lines and patients” cells act as on-
comiRs by increasing MM cell viability while decreasing its sensitivity to bortezomib [74].
Gutiérrez et al. observed that the expression of miR-137/197 was significantly reduced in a
group of 60 MM patients than plasma cells from healthy donors [100]. Furthermore, the
expression of the myeloid leukemia 1 (MCL-1) gene is dysregulated in intact MM cells. An
increase in MCL-1 expression has been linked to relapse and poor survival [101], besides
intercepting various proapoptotic signals to significantly promote MM cell survival [102].
Meanwhile, Yang et al. reported that activated miR-137 and miR-197 initiate apoptosis and
inhibit tumorigenicity via direct binding to the 3’ UTR of MCL-1 in MM cell lines. The
MCL-1 is significantly downregulated in MM cell lines, resulting in significant antiprolif-
erative and proapoptotic effects. For example, the miR-137/197 complex promoted BH3
proapoptotic proteins (BAD, BAX, and BID) while simultaneously suppressing antiapop-
totic proteins (BCL-2, BCL-XL, and surviving). Additionally, the downregulation of MCL-1
is also evident in couples with a decrease in colony formation and cellular motility [74].

Overexpression of miR-202 alters the Jun amino-terminal kinases/Stress-activated
protein kinases (JNK/SAPK) signaling pathway, improving the sensitivity towards borte-
zomib while decreasing the sensitivity to dexamethasone and thalidomide [103]. In cellular
models resistant to MM-dexamethasone, suppressing miR-221/222 expression prevents
dexamethasone resistance and activates the ATG12/P27-mTOR pathway, which regulates
autophagy [104]. It was also revealed that the levels of miR-193a expression serve as a
direct target for IncRNA nuclear paraspeckle assembly transcript 1 (NEAT1), resulting in an
inverse association with the dexamethasone sensitivity of MM cells [105]. miR-125 exerts
an impact on the p53 tumor suppressor and the expression of the anti-apoptotic protein
SIRT1, which potentially contributes to the development of resistance in MM cells against
cytotoxic effects induced by dexamethasone [106]. Furthermore, MM cells can intercept the
apoptotic pathway induced by dexamethasone due to miR-125b expression, thus reducing
their susceptibility to the drug [106].

On the other hand, miR-137 decreases the expression of protooncogene-encoded c-
Met protein (c-MET) and prevents Akt phosphorylation, enhancing MM cells’” sensitivity
to dexamethasone. The expression of miR-137 is reduced in MM cell lines and in the
CD138+ bone marrow mononuclear cells of MM patients by targeting the melanocyte-
inducing transcription factor (MITF). However, when miR-137 expression was elevated, it
did not exert a significant effect on the expression of serine/threonine protein kinase (AKT).
However, there was a significant decrease in the expression of MITF, c-MET, p-AKT, and its
phosphorylated substrate protein, which is associated with p53 upregulation. Furthermore,
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the overexpression of miR-137 or MITF-shRNA leads to a significant enhancement in the
sensitivity of MM cells to dexamethasone [107].

A positive correlation between miR-221/222 upregulation and melphalan resistance
in MM cells has been reported. In contrast, inhibiting miR-221/222 enhanced melpha-
lan sensitivity and apoptosis in MM cells. This outcome was evident in nonobese di-
abetic/severe combined immunodeficiency (SCID/NOD) mice implanted with human
melphalan-resistant MM xenografts and treated with systemic LNA-i-miR-221 and mel-
phalan. Various biological factors contribute to this outcome, including the upregulation
of the proapoptotic Bcl-2-binding component 3/p53 upregulated modulator of apopto-
sis (BBC3/PUMA), the alteration of drug influx—efflux transporters solute carrier family
7 member 5 (SLC7A5/LAT1), and the presence of the ATP-binding cassette transporter
multidrug resistance-associated protein 1 (ABCC1/MRP1). In summary, miR-221/222 is a
promising drug-sensitizing agent [108].

The downregulation of miR140-5p has been linked to an inferior autophagy mecha-
nism [109]. The regulatory influence of miR-140-5p on MM cell lines, U266 and RPMI 8226,
was observed through the targeting of vascular endothelial growth factor A (VEGFA). The
transfection of miR-140-5p mimic in MM cell lines demonstrates a significant reduction in
cell survival, migration, and invasion, ultimately promoting cell apoptosis. This impact
is achieved through a notable drop in the expression levels of Ki-67, cyclin D1, vimentin,
Snail, matrix metalloproteinase (MMP)-2, and MMP-3 [110].

Meanwhile, the atypical dysregulation of miR-203 is associated with the overexpres-
sion of exogenous RecQ-like helicase 1 (RECQ1), which is responsible for DNA repair
and genomic stability maintenance. The RECQ1 exerts a protective effect on MM cells
by shielding them from the bortezomib- and melphalan-induced cytotoxicity [111]. Du
et al. reported that MM side population (SP) cells exhibit a unique miRNA expression
pattern. The study also highlighted the significant roles of miR-451, miR-144, and miR-150
in the pathological mechanism of cancer stem cells (CSCs). The expression of miR-451
in a constitutive manner interferes with the phosphoinositide 3-kinase/protein kinase
B/mammalian target of rapamycin (PI3K/Akt/mTOR) signaling pathway by targeting the
3'UTR of tuberous sclerosis 1 (TSC1). Consequently, TSC1 is downregulated, leading to
the suppression of ribosomal Protein S6 (S6) and eukaryotic translation initiation factor 4E
(eIF4E)-binding protein 1 (4EBP1) protein phosphorylation. miR-451 inhibitor impaired
the expression of multidrug resistance 1 (MDR1) mRNA in MM SP cells, potentially con-
tributing to the synergistic effect between the miR-451 inhibitor and MDR1 mRNA. The
efficacy of anti-myeloma agents can be modulated by inhibiting the expression of specific
transcription factors involved in suppressing the MDR1 gene activation [112].

miR-152 enhanced the sensitivity of MM cells to melphalan, increasing the rate of
cellular apoptosis when the miR-152 mimic was introduced [72]. The co-existence of miR-
152 mimic and melphalan significantly promoted apoptosis in MM.1S and OP-M2 cells,
suggesting a synergistic pro-apoptotic action through the induction of poly(ADP-ribose)
polymerase (PARP) cleavage [72].

3.5. miRNAs Dysregulation in Disease Prognosis

miRNAs significantly affect the prognosis of MM patients. Wu et al. [113] reported a
significant association between elevated levels of miR-17 and miR-886-5p and decreased
OS in MM patients. The miRNAs that exhibited the highest discriminative power for OS
were also identified as outcome classifiers, thereby dividing the patient cohort (n = 163) into
three distinct risk groups. The first group, classified as high risk, consists of individuals
with elevated expression levels in both categories, accounting for 13.5% of the total patients.
Next, the middle risk includes patients with high expression levels in either one of the
categories, representing 54% of the cases. Lastly, the third group, identified as low risk,
comprises individuals with low expression levels in both categories, making up 32.5% of
the cases. Furthermore, the mir-17 and miR-886-5p molecules were shown to be strongly
correlated with the enhanced predictive capability of the in-situ sequencing/fluorescence in
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Situ Hybridization (ISS/FISH) method (P = 0.0004). This correlation remained statistically
significant even after accounting for prognostic markers generated from gene expression
profiling (P < 0.002) [113]. Furthermore, there is a significant association between the
downregulation of miR-15a, disease progression, and patient survival. The low expression
of miR-15a in newly diagnosed MM patients is a critical prognostic factor. Patients with
low miR-15a expression (<2.35) had significantly shorter PFS and OS compared to pa-
tients with high miR-15a expression (>2.35). Therefore, in multivariate analyses, miR-15a
continues to be identified as an independent prognostic factor for short PFS and OS in
newly diagnosed MM patients [114]. A separate study exhibited an augmentation in the
expression of miR-410 in both newly diagnosed MM patients and in relapsing tissues
and cell lines. Interestingly, the clinical investigation demonstrated a positive correlation
between miR-410 and the advanced ISS stage. Furthermore, it was observed that MM
patients with elevated levels of miR-410 had significantly reduced PFS and OS [115]. Hao
et al. demonstrated the association between miR-19a expression and poor prognosis MM
was not influenced by genetic abnormalities. The study indicates a significant correla-
tion between the downregulation of miR-19a and the advancement of the international
staging system. This correlation is notably observed in cases with del(13q14) and 1921
amplification. Furthermore, the downregulation of miR-19a is associated with a reduction
in both PFS and OS rates. Nevertheless, patients exhibiting decreased levels of miR-19a
demonstrated enhanced responsiveness to bortezomib treatment and exhibited a notable
increase in OS following therapy with bortezomib. Hence, miR-19 serves as a significant
prognostic indicator for the identification of high-risk MM cases [116]. In a different study,
the downregulation of miR-153, miR-296, miR-490, miR-455, miR-500, and miR-642 and
high expression of miR-548d, miR-373, miR-554 and miR-888 were associated (P < 0.05)
with event-free survival in MM patients. On the contrary, the overexpression of miR-373,
miR-548d, miR-554, and miR-888 was predicted to result in poor patient prognosis [117].
Figure 3 summarizes the miRNAs discussed in this review according to their molecular
mechanism in MM. Table 1 summarizes the expression level and functional role of distinct
miRNAs associated with MM.

Table 1. miRNA dysregulation in MM.

Molecular Expression
ojecu’a miRNA Dysregulation/ Functional Role of Dysregulation Type of Models Ref.
Mechanism
Direct Target
Regulatory of . v BAFF MM cell proliferation and adhesion MM cell [53]
BM microenvi- miR-202 A
ronment NA Significant correlation between the MM patients [54]
32M and « light chain

miR-223 A BRD4 Hematopoietic stem cells, erythroid Mice [58]

cells, and granulocyte-monocyte

progenitors development stages
miR-485-5p A DLK1-DIO3 Decrease in cell cycle progression MM cell [59]

during the S phase and an arrest in
the G1/GO0 phase
miR-519d A NA Cell cycle progression and MM cell [62]
proliferation

miR-21 A PTEN, PIAS3 Improve cell survival and enhance MM cell lines and mice [55]

clonogenic development of MM cells
in stromal-free circumstances
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Table 1. Cont.
Molecular Expression
. miRNA Dysregulation/ Functional Role of Dysregulation Type of Models Ref.
Mechanism .
Direct Target
miRNA-29b A FOXP1,STAT3, Inhibit osteoclast differentiation and Osteoclast cell [64]
NF-«B, suppress osteoclast activation
cytokine/
chemokine
signaling
networks
miR-138 A ROCK?2, TRPS1, Inhibit bone growth MM cell [66]
and SULF2
miR-214-3p A MCL1 Reduce apoptosis, develop MM cell [71]
miR-27b-3p resistance to the apoptosis
mechanism,
enhance myeloma fibroblasts
proliferation
miR-146a A CXCL1, IL6, Increase MM cell viability and MM cell [71]
IL-8, IP-10, migration rate
MCP-1, and
CCL-5
miR-152 v DKK1 Reduced bone mineralization MM cell lines and MM [72]
cell
Genomic miR-137 AURKA Higher risk IgH translocations (4;,14). =~ MM patients and MM [73]
instability cell lines
miR-150 RAD54L Suppress nonhomologous Natural killer cells [86]
miR-22 CCNA2, end-joining (ALT-NHE])
LIG3 repairs DNA double-strand breaks
improve genomic instability
Immune miR-125b v IRF4 Downregulate IRF4, c-Myc, MM patients and MM [80]
response caspase-10, and cFlip expression cell lines
miR-29b v IFN Regulate the differentiation of Th1l MM cell lines, MM cell [81]
cells and mice
miR-192 A IL-17 Suppressed by IL-17 signaling MM cell lines and MM [83]
cascade cell
miR-10b A MICB Inhibit MICB expression Natural killer cells [86]
decline cell-mediated lysis
miR-155 A IL-6 and TNF Stimulate IL-12 activity in DC, Myeloid DCs [118]
miR-221 induce pro-inflammatory cytokines
IL-6 and TNF
miR-22 A p38 Suppress IL-6, IL-23, and Th-17 DCs [90]
response
miR-21 A SHIP-1 and Produce a higher number of MDSCs, MM cell, [91]
miR-155 PTEN, SOCS1,  Increase macrophage activation and macrophages [93-95]
BCL6, and trigger the pro-inflammatory
IL13RA

response
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Table 1. Cont.
Molecular Expression
. miRNA Dysregulation/ Functional Role of Dysregulation Type of Models Ref.
Mechanism .
Direct Target
Therapy miR-15a-5p v CDK5 Bortezomib-resistant MM patient [98]
resistant miR-17-5p
miR-20a-5p
miR-16-5p
miR-27a
miR-202 A JNK/SAPK Dexamethasone-sensitivity MM cell lines and MM [103]
signaling cell
pathway
miR-221/222 v ATG12/p27- Dexamethasone-sensitivity MM cell lines and MM [104,106]
miR-193a mTOR cell
miR-125b IncRNA NEAT1
p53 and SIRT1
miR-137 A MCL-1 Dexamethasone-sensitivity MM cell lines and MM [107]
miR-197 cell
miR-221/222 A ATG12/p27- Melphalan-resistant MM cell lines and mice [108]
miR-152 mTOR
pathway,
miR140-5p v VEGFA Inferior autophagy mechanism MM cell [109]
miR-203 v RECQ1 Protect MM cells from cytotoxicity MM cell lines and MM [111]
elicited by bortezomib and cell
melphalan
miR-451 v TSC1 Increase sensitivity to bortezomib, MM cell lines and MM [112]
melphalan, and ascorbic acid cell
miR-152 A PARP Promoting apoptosis MM cell lines and MM [72]
cell
Disease miR-17 A NA Shorter OS MM cell [113]
prognosis miR-17 A
miR-886-5p
miR-15a v NA Poor PFS and OS MM cell [114]
miR-410 A NA Reduce survival MM cell lines and MM [115]
cell
miR-19a v NA Poor PFS and OS MM patient [116]
miR-153 v NA Event-f val MM cell lines and MM [117]
miR-296 vent-free surviva cell
miR-490
miR-455
miR-500

miR-642
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Table 1. Cont.
Molecular Expression
. miRNA Dysregulation/ Functional Role of Dysregulation Type of Models Ref.
Mechanism .
Direct Target

miR-373 A NA [117]
miR-548d
miR-554
miR-888

Immune response
* miR-125b

* miR-29b

* miR-192

* miR-10b

¢ miR-155

* miR-221

* miR-21

* miR-187

BAFF, B-cell activating factor; MM, Multiple myeloma; 32M, Beta-2 microglobulin; BRD4, bromodomain containing 4;
DLK1-DIO3, delta-like homolog 1 gene and the type III iodothyronine deiodinase gene; S phase, Synthesis phase; PTEN,
phosphatase and tensin homolog; PIAS3, protein inhibitor of activated signal transducer and activator of transcription 3;
FOXP1, forkhead box P1; STAT3, signal transducer and activator of transcription 3; NF-«B, nuclear factor-kB; ROCK2,
Rho Associated Coiled-Coil Containing Protein Kinase 2; TRPS1, Transcriptional Repressor GATA Binding 1; SULF2,
Sulfatase; MCL1, myeloid cell leukemia-1; CXCL1, CXC Motif Chemokine Ligand 1; IL-6, Interleukin 6; IL-8, Interleukin 8;
IP-10, Interferon gamma-induced protein 10; MCP-1, monocyte chemoattractant protein-1; CCL-5, C-C Motif Chemokine
Ligand 5; DKK1, Dickkopf-1; AURKA, Aurora kinase A; RAD54L, RAD54 Like; CCNA2, Cyclin A2; LIG3, DNA ligase
III; ALT-NHE], alternative nonhomologous end-joining; DNA, Deoxyribonucleic acid; IRF4, Interferon regulatory factor
4; -Myc, cellular Myc; cFlip, cellular FLICE-like inhibitory protein; IFN, Interferon; IL-17, Interleukin 17; MICB, major
histocompatibility complex class I polypeptide-related sequence B; TNF, Tumor necrosis factor; IL-12, Interleukin 12;
DC, dendritic cells; IL-23, Interleukin 23; SHIP-1, SH-2 containing inosi’ol 5" polyphosphatase 1; SOCS1, suppressor
of cytokine signaling 1; BCL6, BCL6 transcription repressor; IL13RA, interleukin 13 receptor subunit alpha 1; MDSCs,
myeloid-derived suppressor cells; CDKS5, cyclin-dependent kinase 5; JNK/SAPK, Jun amino-terminal kinases/Stress-
activated protein kinases; IncRNA, long non coding RNA; NEAT1, nuclear paraspeckle assembly transcript 1; p53, tumor
protein p53; VEGFA, vascular endothelial growth factor A; RECQ1, RecQ-like helicase 1; TSC1, tuberous sclerosis 1; PARP,
poly(ADP-ribose) polymerase; OS, overall survival; PFS, progression-free survival; NA, not applicable.

Genomic instability
* miR-137
miR-150

miR-22

* miR-202

* miR-21

* miR-223

* miR- p
* miR-519d

* miR-16

8 _".g,'_':;-:'O °

* miR-29b
* miR-138
* miR-7b
* miR-

¢ miR-21

* miR-27b-3p
* miR-146a

P

MM prognosis
miR-17
miR-886-5p
miR-194
miR-410
miR-19
miR-153
miR-296
miR-400
miR-455
miR-500
miR-642
miR-373
miR-548d
miR-888

Therapy resistance
miR-296
miR-17-5p
miR-20a-5p
miR-16-5p
miR-15a-5p
miR-27a
miR-137
miR-197
miR-202
miR-221/222
miR-193
miR-125b
miR-137
miR-140-5p
miR-152

.
.
.
.
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Figure 3. miRNAs demonstrated as significant key players in dysregulating multiple molecular
mechanisms in MM, including dysregulation of the bone marrow environment, genomic instability,
immune response, MM prognosis, and therapy resistance. MM; multiple myeloma.
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4. Dysregulation of IncRNAs in MM

In recent years, numerous studies have focused on the role of IncRNAs in MM patho-
genesis. Since then, the role of aberrantly expressed IncRNAs in MM has been reported,
highlighting the potential in clinical applications. For instance, IncRNAs participate in the
differentiation of erythroid, myeloid, and lymphoid cells and the regulation of blood cell
growth and longevity, hence supporting the role of this molecule in hematological disorders
development [119]. The IncRNAs are regulators of gene expression mRNA translation
and are involved in various routes and mechanisms such as epigenetic regulation of gene
expression, governing interaction with RNA-binding proteins, and regulating miRNA.
Furthermore, IncRNAs are tumor-related genes that can function as oncogenes or tumor
suppressors, thus promising biomarkers for novel therapeutic drugs [120].

Xu et al. [121] suggested that CEACAMI1 could potentially function as a tumor sup-
pressor in MM. The observed elevation of CEACAMI1 was shown to be associated with a
notable decrease in the proliferation of MM cells, induction of cell death, and inhibition of
cell invasion and migration. These effects were probably mediated through the activation
of caspase-3 and the downregulation of matrix metalloproteinase-2 (MMP-2) and matrix
metalloproteinase-9 (MMP-9). From the patient’s standpoint, CEACAM1 expression was
higher in Stage I MM patients (61.5%), followed by Stage II (21.1%) and Stage III (22.2%).
Furthermore, MM patients with 32-microglobulin levels equal to or less than 3.5 mg/L ex-
hibit increased expression of CEACAM. This finding suggests that CEACAM may serve as
a potential biomarker for improved prognosis in MM [121]. Meanwhile, Lu et al. [122] dis-
covered two novel IncRNAs that act as MM oncogenes: MSTRG.155519 and MSTRG.13132
are involved in the downstream pathway of targeting carcinoembryonic antigen-related
cell adhesion molecule 1 (CEACAM]1) and terminal nucleotidyltransferase 5C (FAM46C),
respectively. The CEACAM], also known as CD66a, is an aberrantly overexpressed protein
on the surface of plasmacytes MM. CEACAMI exhibits a distinctive attribute wherein it
assumes two distinct functionalities in diverse cancer types. Additionally, FAM46C induces
growth arrest and apoptosis in MM cells and is required for disease onset, progression,
and apoptosis in MM. Overexpression of FAM46C downregulates IRF-4 and MYC, leading
to a decline in MM cell survival [122]. In addition, high IncRNA deletion in leukemia
2 (DLEU2) is significantly linked to miR-15a and miR-16-1 expression in MM patients
with dell3 [123]. At the translational level, DLUE2 displayed tumor suppressor activity
by interacting with G1 cyclins E1 and D1 via miR-15a/miR-16-1, ultimately suppressing
the rapid advancement of the cell cycle mechanism. Furthermore, DLEU2 inhibits cell
proliferation, differentiation, and apoptosis by reducing MM DNA synthesis, cell adhesion,
and cell cycle progression [124].

A significant change in the expression of the IncRNA urothelial cancer associated
1 (UCA1) was observed in MM patients, which correlates with several parameters such
as blood albumin levels, monoclonal immunoglobulin, chromosomal abnormalities, and
survival rates. When UCAL is overexpressed in MM, there is a potential positive regulation
of the cell cycle via cAMP Response Element-Binding Protein (CREB) regulation. The
UCAL1 expression is upregulated in MM patient samples and cell lines and linked to
poor prognosis. Downregulation of UCA1 substantially reduced cell proliferation and
increased apoptosis. Furthermore, it has been observed that UCA1 plays a significant
role in the regulation of transforming growth factor-beta (TGF-f3) in MM. Specifically, the
overexpression of TGF-3 diminished the effects of UCA1 knock-down [125].

Dysregulation of the NEAT1 IncRNAs is characterized by overexpression and linked
to higher resistance to dexamethasone by targeting the miR-193a/MCL1 (myeloid cell
leukemia-1) pathway [105]. Increased NEAT1 expression promotes oncogenic activity in
MM and induces MM cells progression to the aggressive phase via nutrient deprivation
or a hypoxic milieu. Conversely, NEAT1 suppression diminished the impact on the DNA
damage repair (DDR) pathway, reducing the proliferation and lifespan of MM cells in vitro
and in vivo [126].
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The gradual decline in IncRNA KIAA0495 (PDAM/TP73-AS1) distinguishes normal
plasma cells from benign MGUS and symptomatic myeloma [127]. The LP-1 and OCI-MY5
MM cells treated with 5-aza-2'-deoxycytidine (5-azadC) exhibited partial methylation of
the KIAA0495 gene, leading to progressive demethylation of the KIAA0495 promoter [128].
Another study found a negative correlation between KIAA0495 methylation and expression
patterns in MM cell lines, primary oligodendroglial tumor cells, and glioma cell lines [129].
Nonetheless, no KIAA0495 methylation was detected in primary MM patient samples at the
time of diagnosis and relapse, suggesting that the methylation of tumor suppressor miRNAs
or IncRNAs was not acquired in vitro. Therefore, it can be concluded that this methylation
is not pathogenic. The KIAA(0495 gene is found at the chromosomal location 1p36 and is
frequently deleted in patients with newly diagnosed multiple myeloma (NDMM) [128].
Furthermore, KIAA0495 deletion in MM is potentially caused by haploinsufficiency and
chromosome deletion [130].

The overexpression of MALAT1 IncRNA is another factor that mediates the transfor-
mation of normal plasma cells into MM. However, MALAT1 dysregulation was not signifi-
cantly related to the treatment outcomes of MM patients. Downregulation of MALATT1 is
related to the downregulation of genes involved in the proteasome pathway, indicating that
this IncRNA may be a feasible biomarker in MM [131]. The overexpression of MALAT1
in the bone marrow microenvironment possibly provides favorable conditions for the
proliferation of myeloma cells. Moreover, MALAT1 expression experiences a shift at each
stage throughout the disease. The MM patients with low MALAT1 expression have an
increased risk of early disease progression. MALAT1 also elevated miR-291/b-1, which is
negatively linked with the mRNA expression of enhancer of zest homolog 2 (EZH?2) [132].

In most human cancers, including MM, IncRNA plasmacytoma variant translocation 1
(PVT1) corresponds with c-Myc. The transcription of PVT1 is augmented by the c-Myc pro-
tein, and this IncRNAs was elevated in breast cancer patients, characterized by accelerated
cellular advancement and unfavorable survival outcomes [133]. In addition, the upregula-
tion of PVT1 and c-Myc is observed in several MM cell lines. The PVT1 rearrangements are
also linked to MM with 8q24 rearrangements, indicating tumor progression. PVT1 has been
coined as a target responsible for MM rearrangement, as earlier research demonstrated
breakpoints within a region centromeric to PVT [134].

Other IncRNA, such as RP4-803, RP1-43E13.2, ZFY Antisense RNA 1 (ZFY-AS1),
and RP11-553 L6.5, have been linked to the onset and progression of MM. These ncRNAs
participate in genetic and epigenetic modifications in MM, including chromatin remodeling,
DNA replication and repair, and RNA processing. Furthermore, these IncRNAs are used
to classify MM patients into high-risk and low-risk categories based on OS [135]. Another
study has found a negative correlation between PVT1 and miR-203a expression in MM
samples, indicating a statistically significant relationship (p < 0.05). Additionally, it has
been observed that inhibiting PVT in an in vitro setting leads to a decrease in MM cell
proliferation and an increase in apoptosis (p < 0.05). These findings suggest that miR-203a
may play a role in the regulation of PVT1 and its impact on MM progression [136].

The STAT3-dependent carcinogenesis is aided by IncRNAs in MM [135]. In INA-6
MM cells, IL-6 stimulation by STAT3 resulted in five STAT3-induced IncRNAs (STAiRs)
including STAiR1, STAiR2, STAiR6, STAiR15, and STAiR18. STAiR1, 2, and 6 exhibited
myeloma-specific expressions and possibly have a myeloma-specific role in sustaining
MM’s integrity [137]. STRAiR2 inhibits deleted in colorectal cancer (DCC’s) activity as a
tumor suppressor gene [137], whereas increased STAiR18 expression promotes chromatin
silencing by engaging with epigenetic modification to the DNA packaging protein Histone
H3 (H3K27me3) [138]. Likewise, STAiR18 engages with HOTAIR to switch off transcription,
regulate heterochromatin, and modulate other epigenetic aberrations [138]. Meanwhile,
STAiR15 expression is upregulated in the nucleus of MM cells, but more research is required
to determine the function of this IncRNA [138].

The maternally expressed gene 3 (MEG3) IncRNA is often deleted in most MM pa-
tients [139]. The loss of this tumor suppressor leads to the suppression of the p53 protein,
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which in turn interferes with the mechanism for osteogenic differentiation of MSCs in
patients with MM [140]. The MEG3, an endogenous competitive RNA, could compete with
miR-181a to prevent tumor growth. In addition, the homeobox gene A11 (HOXA11), a
target mRNA of miR-181a, has the potential to be favorably regulated by MEG3 through the
sponging miR-181a competitively in vitro [139]. Other findings indicated that miR-140-5p
inhibition causes the IncRNA coding RNA 515 (1linc00515) to stimulate the expression of
the protein-coding gene Autophagy Related 14 (ATG14), resulting in melphalan-resistance
in MM cells. Conversely, the decrease in linc00515 inhibits ATG14 expression and reduces
autophagy in MM cells [109].

The expression of the FEZF1-AS1 IncRNA is associated with a poor prognosis in
MM patients. This IncRNA is an example of conflicting endogenous RNA in MM cells
that disrupts the miR-610/Akt3 axis and stimulates MM cell proliferation. In contrast,
FEZF1-AS] inhibition causes cell cycle arrest at gap 0/1 (G0/G1) in MM cells, preventing
cell proliferation and increasing apoptosis [141]. Meanwhile, the P53 Regulation Associated
LncRNA (PRAL) IncRNA, which targets miR210, increases the sensitivity of MM cells to
bortezomib, suppresses cell proliferation, and increases apoptotic rates. PRAL/mir-210
also inhibits bone morphogenetic protein 2 expression (BMP2). As a result, the PRAL/miR-
210/BMP2 axis has become a crucial component in MM pathogenesis and is defined in the
MM ISS and the Durie-Salmon stage in MM patients [142].

The CCAT1 also plays a role in MM progression. The oncogenic activities of these IncR-
NAs are characterized by the increasing expression of HOXA1 through the sequestration
of miR-181a-5p. These molecular interactions are associated with lower OS rates in MM
patients. Nevertheless, inhibiting CCAT1 inhibited cell proliferation, increased the apopto-
sis rate, and decreased tumor growth in vivo [143]. Meanwhile, Opa interacting protein
5-antisense RNA 1 (OIP5-AS1) (tumor suppressive IncRNA) binds with miR-410 to prevent
its expression, thus boosting cell proliferation and cellular activities by Kriippel-like factor
10 (KLF10)/PTEN/ Akt axis in MM. The OIP5-AS1 functions as a sponge or decoy for miR-
410 by binding to the miRNA, impeding the interaction with the intended mRNA targets.
miR-410 in the unsequestered state can target mRNAs specific to the KLF10/PTEN/AKT
signaling pathway [115].

The overexpression of the oncogenic IncRNA Colorectal Neoplasia Differentially
Expressed (CRNDE) in MM cells reflects the disease progression and the short survival rate
of MM patients. The CRNDE functions as a competitive endogenous RNA and behaves
antagonistically to the expression of miR-451 [144]. The CRISPR-mediated deletion of
the CRNDE locus in MM cells results in notable reductions in proliferation and adhesion
properties. Consequently, this intervention enhanced the sensitivity to dexamethasone
and effectively suppressed tumor growth in an in vivo xenograft model. The findings
indicate that the deletion of CRNDE in MM cells could activate various genes associated
with MM development, such as IL6R. Moreover, the deletion of the CRNDE locus results in
a reduction of IL6 signaling and the growth outcomes observed in MM cells [145].

Zhang et al. [146] discovered that the overexpression of IncRNA taurine upregulated
1 (TUG1) in MM patients is critical in modulating disease development. The MM pa-
tients who exhibit elevated TUG1 expression suffer from a poor prognosis [146], possibly
due to the interference by tumor-suppressive miR-34a-5p that disrupts cell proliferation,
apoptosis, and cell cycle pathways [147]. Additionally, Guan et al. revealed that the
elevated expression of the IncRNA HOTAIR promotes MM chemoresistance to dexam-
ethasone by targeting the Janus kinase 2/signal transducer and activator of transcription 3
(JAK2/STAT3) signaling pathway, thus increasing cell survival and the apoptotic rate [148].

Shen et al. [149] reported that the expression of the IncRNA PCAT-1 was significantly
dysregulated in MM patients compared to the healthy control, with high sensitivity (71.7%)
and specificity (93.8%). PCAT-1 exhibited the capacity to prevent miR-129 activity, leading
to the downregulation of miR-129. Meanwhile, PCAT-1 knockdown prevented the tumor
progression when miR-129 was inhibited, potentially achieved by suppressing Mitogen-
activated protein kinase kinase kinase 7 (MAP3K7) expression and activating Nuclear
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factor-kappa B (NF-kB) [150]. In addition, PCAT-1 overexpression in MM leads to tumor
cell survival by stimulating the JNK/MAPK pathways, prolonging MM cell survival [151].
PCAT-1 is essential in MM cell proliferation, rescuing the cell cycle at the S phase and
inducing the apoptotic mechanism. Interestingly, the combination of PCAT-1 inhibitors
and bortezomib demonstrated a robust inhibitory effect on MM cells compared with the
negative control or treatment with bortezomib alone [151].

The IncRNA H19 was also positively correlated with MM and potentially linked
to the disease advancement. The overexpression of IncRNA H19 has been found in the
development of resistance to the drug bortezomib in MM patients via interaction with
miR-29b-3p to target MCL-1 [152]. H19 is significantly upregulated in the bone marrow of
MM patients, whereas lower H19 levels are observed in samples obtained from MGUS or
smoldering multiple myeloma (SMM) patients. Furthermore, several MM cell lines (OPM-2,
U266, KM3, XG1, JJN3, RPMI, U1996, H929, and MM1S) exhibited significantly higher H19
expression than the peripheral blood mononuclear cells (PBMCs) obtained from a pool of
three healthy individuals serving as the normal reference group [153].

Aberrant overexpression of H19 was observed in both MM cell lines and sorted
CD138+ MM bone marrow tissues. Suppression of H19 expression by short hairpin RNA
(shRNA) in MM1S and RPMI cells results in a substantial decrease in cell proliferation and
viability, as well as a reduction in colony formation in MM cells. The dysregulation also
impacted the activation of NF-«B signaling by decreasing the levels of p-IkBx, nuclear P65,
and the production of cytokines IL-8 and IL-6 [153].

Sedlarikova et al. [154] demonstrated a significant dysregulation (p < 0.05) of exo-
somal IncRNA psoriasis susceptibility-related RNA gene induced by stress (PRINS) in
individuals with MM but not in MGUS when compared to a healthy control group. The
expression of PRINS as a regulatory RNA is correlated with chromosomal aberrations
commonly observed in MM, including gain (1) (q21), del (13) (q14), del (17) (p13), t (4;14),
and hyperdiploidy [154]. Nevertheless, the analysis did not reveal any statistically signif-
icant correlation between the expression levels of PRINS and OS [154]. The expression
dysregulation and functional role of various IncRNAs identified in MM are summarized in
Table 2.

Table 2. IncRNA transcriptional dysregulation in MM.

Functional Role of

IncRNA Mode of Action Direct Target Dysregulation Types of Model Ref.
Oncogenes
MSTRG.155519 CEACAMI) and .
MSTRG.13132 NA FAMA46C Novel IncRNA MM patients [122]
CREB Increase regulation Primary MM cells
UCAl Decoys regulation of cell cycle and cell lines [125]
. Increase resistance to
NEAT1 Scaffolds mlR_iiXi\/[CLl dexamethasone; MM cell lines [105]
P y aggressive disease phase
Mediates normal plasma .
MALAT1 Scaffolds, decoys miR-291/b-1 cells transformation MM cell l%nes and [123,132]
to MM murine
Scaffolds, decoys, . Increase proliferation Primary MM cells
PVT1 guides, or signal miR-203a and reduce apoptosis and MM cells
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Table 2. Cont.

IncRNA

Mode of Action

Direct Target

Functional Role of
Dysregulation

Types of Model

Ref.

RP4-803
RP1-43E13.2
ZFY-AS1
RP11-553 L6.5

Decoy

unknown

MM onset and
progression,
genetic and epigenetic
modifications in MM,
classify MM patients
into high-risk and
low-risk categories OS

MM patients

[135]

STAiR1
STAiR6
STAiR18

Scaffolds

JAK-STATS,
PI3K/Akt/mTOR,
and NF-kB
pathways

Promotes chromatin
silencing by engaging
with H3K27me3,
suppress transcription,
regulate
heterochromatin, and
epigenetic aberrations

MM cell lines

[138]

Linc00515

Decoy

ATG14

Resistance to the
melphalan, MM cell
autophagy

MM cell lines

[109]

FEZF1-AS1

Decoy

miR-610/Akt3

Cell proliferation, poor
prognosis

Primary MM cells
and MM cell lines

[141]

CCAT1

Decoy

miR-181a-5p

MM progression and
development,
reduce OS rate

Primary MM cells
and MM cell lines

OIP5-AS1

Decoy

miR-410

Cell proliferation,
cellular activities

Primary MM cells
and MM cell lines

[115]

CRNDE

Scaffolds

miR-451

Disease progression,
short OS

MM patients and
MM cell lines

[144]

TUG1

Scaffolds, decoys

miR-34a-5p

Poor prognosis,
disrupts cell
proliferation, apoptosis,
and cell cycle pathways

MM patients and
MM cell lines

[146,147]

HOTAIR

Guide, scaffolds

JAK2/STAT3
signaling pathway

Promote
chemoresistance to
dexamethasone, increase
cell survival and
apoptotic rate

MM patients and
MM cell lines

[148]

PCAT-1

Decoys

miR-129

Prolong MM cell
survival
cell proliferation,
rescuing the cell cycle at
the S phase, and
apoptotic

MM patients and
MM cell lines

[149,155,156]

H19

Decoy

miR-29b-3p

Early diagnosis, clinical
staging, defining the
patient’s severity,
bortezomib resistance

MM patients and
MM cell lines

[149,152]

PRINS

Decoys

GI1P3

Chromosomal
aberrations
gain(1)(q21),
del(13)(q14),
del(17)(p13), t(4;14), and
hyperdiploidy

MM patients

[154]
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Table 2. Cont.

IncRNA

Mode of Action

Direct Target

Functional Role of
Dysregulation

Types of Model

Ref.

Tumor suppressor

DLEU2

Decoys

G1 cyclins E1 and
D1

Inhibits cell
proliferation,
differentiation, and
apoptosis

MM patients

[124]

KIAA0495

NA

NA

Distinguish normal
plasma cell from benign
MGUS to symptomatic
myeloma,
haploinsufficiency and
chromosome deletion in
MM

MM patients and
MM cells

[130]

STAiR2

Scaffold

Unknown novel
transcripts

Inhibits DCC’s activity
by alternative splicing

MM cell lines

[46,138]

MEG3

Decoy

Suppress p53 and
osteogenic
differentiation of
mesenchymal stem cells
(MSC),
compete with miR-181a
to prevent the growth of
tumors

miR-181a,
homeobox gene
A1l (HOXA11),

MM cell lines [123,139]

PRAL

Decoy

Increase sensitivity to
bortezomib,
suppress cell

proliferation, and
increase apoptotic rates,
inhibit BMP2

Primary MM cells

miR210 and cell lines

[142]

Unknown

STAiR15

Elevate expression in

NA NA nucleus MM cell disease

[46,138]

TLRs, LncRNAs, long non-coding RNAs; PVT1, plasmacytoma variant translocation 1; UCA1, urothelial cancer
associated 1; MALAT1, metastasis-associated lung adenocarcinoma; ZFY-AS1, ZFY Antisense RNA 1; linc00515,
long intergenic non-protein coding RNA 515; FEZF1-AS1, FEZF1 Antisense RNA 1; CCAT1, colon cancer asso-
ciated transcript 1; OIP5-AS1, Opa interacting protein 5-antisense RNA 1; PCAT-1, Prostate Cancer-Associated
Transcript 1; PRINS, psoriasis susceptibility-related RNA gene induced by stress; DLEU2, deletion in leukemia 2;
MEGS3, maternally expressed gene 3; PRAL, P53 Regulation Associated LncRNA; HOTAIR, HOX antisense inter-
genic RNA; NEAT1, nuclear paraspeckle assembly transcript 1; STAIR18, STAT3-induced IncRNAs 18; STAiR1,
STAT3-induced IncRNAs 1; STAiR6, STAT3-induced IncRNAs 6; STAiR2, STAT3-induced IncRNAs 2; STAiR15,
STAT3-induced IncRNAs 15; CRNDE, colorectal neoplasia differentially expressed; TUGI, taurine upregulated
1. CEACAM], carcinoembryonic antigen-related cell adhesion molecule 1; FAM46C, terminal nucleotidyltrans-
ferase 5C; IncRNA, long-non coding RNA; CREB, cAMP Response Element-Binding Protein; MCL1, myeloid
cell leukemia-1; MM, Multiple myeloma; OS, overall survival; JAK-STAT3, Janus kinase 2/signal transducer and
activator of transcription 3; PI3K/Akt/mTOR, phosphoinositide 3-kinase/protein kinase B/mammalian target of
rapamycin; NF-«B, Nuclear factor kappa B; H3K27me3, epigenetic modification to the DNA packaging protein
Histone H3; ATG14, Autophagy Related 14; S phase, Synthesis Phase; G1P3, interferon inducible gene 6-16; NA,
not applicable; DCC, deleted in colorectal cancer; HOXA11, homeobox gene All; p53, tumor protein p53; MSC,
mesenchymal stem cells; BMP2, bone morphogenetic protein 2 expression; MM, multiple myeloma. Note: for
more information, please see the text.

5. Challenges in the Delivery of ncRNA-Based Therapies in MM

The ncRNAs are emerging therapeutic tools in MM, but several challenges hamper
the translation into clinical practice. The primary concern revolves around target specificity,
effective delivery, and stability while avoiding “on-target” and “off-target” side effects.
Currently, the focus of ncRNA application in MM is the precise targeting of MM cells while
preserving healthy cells. The literature has since confirmed the regulatory roles of ncRNAs,
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but the off-target effects may result in undesirable outcomes [157]. Furthermore, ncRNAs
undergo rapid degradation in the human body [158]. Successful treatment delivery and
optimal efficacy would entail chemical modifications or encapsulation within delivery
vehicles, such as nanoparticles, to improve ncRNA stability and prolong the half-life. The
vehicles must effectively navigate through the bloodstream, penetrate tumor tissues, and
accurately deliver the cargo exclusively within MM cells [159].

Another key measure is to ensure minimal toxicity and immunogenicity. The ncRNAs
are known to elicit immune responses within the human body, which may compromise
efficacy and cause adverse effects. Clinicians are now facing challenges in determining the
optimal dose, frequency, and route of administration for ncRNA-based therapies. These
factors can potentially influence the effectiveness and safety of the therapy greatly. Fur-
thermore, MM cells can potentially acquire resistance towards ncRNA-based therapies as
the treatment progresses, similar to other cancers. Therefore, understanding the resistance
mechanisms is crucial in devising effective strategies that benefit MM patients [160]. Ad-
ditionally, designing robust clinical trials for ncRNA-based therapies in MM is a major
hurdle, as clinicians are required to identify suitable endpoints, patient populations, and
controls to ensure the safety and efficacy of the intervention [161].

One of the highest priorities before administrating ncRNA-based treatments is iden-
tifying dependable biomarkers for patient selection, monitoring treatment response, and
predicting treatment outcomes. Given the complexity and heterogeneity of MM, a thor-
ough screening and selection process is vital in identifying suitable patients for these
therapeutic interventions to improve the chances of a positive outcome. Moreover, MM is
often managed using combination therapies such as chemotherapy, immunotherapy, and
targeted therapies; thus, integrating ncRNA-based therapies into the treatment regimen
and assessing potential synergistic or antagonistic effects is challenging.

It is imperative to strictly adhere to ethical and consent guidelines when delivering
ncRNA-based therapies in MM. The field of genetic therapies presents ethical considera-
tions, encompassing matters such as informed consent, privacy, and the potential unantici-
pated consequences associated with altering gene expression by ncRNAs. It is critical to
foster collaboration among researchers, clinicians, regulatory agencies, and pharmaceutical
companies to address these hurdles. Ongoing progress in RNA biology, delivery tech-
nologies, and the comprehension of MM are keys to developing and integrating effective
ncRNA-based therapies for MM.

6. Conclusions

Over the past decade, advances in therapeutics have offered a glimmer of hope for
MM patients, but the condition remains largely incurable in most cases. Earlier studies
have highlighted that ncRNA dysregulation is comparable to protein-coding genes in the
development and progression of malignant tumors in humans, including MM. Evidence
concerning the roles of ncRNAs in the onset and progression of MM implies clinical
importance in the disease’s early diagnosis, prognosis, and potential therapeutic targeting.
The presence of ncRNAs in the plasma of MM patients has been linked to patient prognosis,
while several ncRNAs modulate important signaling pathways in MM cells, indicating the
potential of becoming diagnostic and prognostic biomarkers for this disease. Nonetheless,
no ncRNA has been clinically proven as a predictive indicator of MM. Therefore, further
investigation should strive to understand the extent of dysregulation of these ncRNAs to
enhance RNA-based therapeutics, which could either restore or suppress the expression of
abnormally expressed ncRNAs. These efforts will benefit MM patients by utilizing secure,
effective, and tailored ncRNAs therapy:.
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