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Simple Summary: Non-Hodgkin’s lymphoma (NHL) is a very heterogenous class of hematological
cancers, with variable patient outcomes. Therefore, there is an urgent need to develop new and more
effective therapeutic approaches. MiRNAs and IncRNAs have emerged as the central gene expression
regulators, and their deregulation has been reported to be involved in lymphomagenesis. Given their
ability to simultaneously modulate multiple targets, they provide an attractive therapeutic approach
to treat NHL patients. In this review, we discuss the scientific rationale behind miRNA /IncRNA-
based therapies in NHL and the different targeting technologies, such as antisense oligonucleotides,
CRISPR-Cas9, and nanomedicines.

Abstract: Increasing evidence has demonstrated the functional roles of miRNAs and IncRNAs
in lymphoma onset and progression, either by acting as tumor-promoting ncRNAs or as tumor
suppressors, emphasizing their appeal as lymphoma therapeutics. In fact, their intrinsic ability
to modulate multiple dysregulated genes and/or signaling pathways makes them an attractive
therapeutic approach for a multifactorial pathology like lymphoma. Currently, the clinical application
of miRNA- and IncRNA-based therapies still faces obstacles regarding effective delivery systems,
off-target effects, and safety, which can be minimized with the appropriate chemical modifications
and the development of tumor site-specific delivery approaches. Moreover, miRNA- and IncRNA-
based therapeutics are being studied not only as monotherapies but also as complements of standard
treatment regimens to provide a synergic effect, improving the overall treatment efficacy and reducing
the therapeutic resistance. In this review, we summarize the fundamentals of miRNA- and IncRNA-
based therapeutics by discussing the different types of delivery systems, with a focus on those that
have been investigated in lymphoma in vitro and in vivo. Moreover, we described the ongoing
clinical trials of novel miRNA- and IncRNA-based therapeutics in lymphoma.
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1. Introduction

Non-Hodgkin’s lymphoma (NHL) is a very heterogenous group of lymphoid ma-
lignancies originating from different stages of B-cell (~90% of the cases) and T-cell or
NK-cell differentiation [1]. According to the latest GLOBOCAN data, NHL represents
the most common hematological malignancy worldwide, accounting for approximately
3% of cancer diagnoses and deaths [2]. The standard therapy regime for NHL remains
anthracycline-containing chemotherapy (cyclophosphamide, doxorubicin, vincristine, and
prednisone—CHOP), whose efficacy and patient outcome drastically improved after the in-
troduction of the anti-CD20 agent Rituximab (R-CHOP) [3]. However, despite the improved
outcomes, approximately 20-50% of patients are refractory ab initio or ultimately relapse,
with only a 20-40% 2-year overall survival rate [4-6]. Therefore, there is an impending
need for novel therapeutic approaches to replace or complement the current approaches.

For the past few years, the unveiling of the several players and molecular mechanisms
involved in lymphomagenesis has permitted the development of promising new thera-
peutic agents that specifically target the agents and pathways involved in the malignant
process [7,8]. In this instance, noncoding RNAs (ncRNAs) have emerged as important play-
ers in lymphoma pathogenesis, with several found deregulated in lymphoma, highlighting
their role as potential therapeutic strategies [9,10]. Specifically, the most extensively studied
ncRNA class is the microRNAs (miRNAs), characterized as small ncRNAs ~22 nucleotides
in length, which act as post-transcriptional regulators of the gene expression. MiRNAs
have the ability to bind to their target mRNAs, resulting in repression of the translation or
target degradation [11]. Therefore, depending on their target mRNA, miRNAs can act as
oncogenes (oncomiRs) or as tumor suppressor genes. Moreover, each miRNA can bind to
several target mRNAs, giving them a two-faced role, underlining their potential as both
direct therapeutic targets and therapeutic candidates [12]. In fact, some miRNAs have
already reached clinical trials [11].

Most recently, another class of ncRNAs has come into play as an important regulator
of lymphoma development, demonstrating significant clinical relevance, known as long
noncoding RNAs (IncRNAs) [13]. LncRNAs represent >200-nt-long transcripts with no
protein-coding capacity that can be classified as intronic, exonic, intergenic, or overlapping
based on their genomic location; in sense/antisense IncRNAs based on the template
strand from which they are transcribed; and in divergent/convergent IncRNAs when
considering the transcription direction [14]. Contrary to the miRNAs, IncRNAs regulate
gene expressions at multiple levels by interacting not only with RNA but also with DNA
and proteins. LncRNAs have the capacity to modulate the chromatin structure, regulate
the transcription of neighboring and distant genes, and even control RNA splicing and
translation [15]. Given the broad spectrum of action, IncRNAs, with the development of
nucleic acid therapeutics, open the opportunity to target and modulate a range of central
pathways/processes in lymphomagenesis.

In this review, we provide a holistic overview of the current state of miRNA- and
IncRNA-based therapeutics in lymphoma by addressing the different therapeutic strategies
and delivery systems developed to boost their therapeutic efficacy and by reviewing the
results of in vitro and in vivo studies of the therapeutic potential of miRNA and IncRNA
modulation in lymphoma. Finally, we describe the current clinical trials testing the efficacy
and safety of miRNA- and IncRNA-based therapies in lymphoma (Figure 1).



Cancers 2021, 13, 6324

30f16

Lymph node

miRNAs and IncRNAs miRNAs and IncRNAs

Normal B cells B-cell Lymphoma

- :‘-"; ”'.>1
9,2 ¢

miRNA- and o )
IncRNA-based therapies Clinical trials

/ \ Py N =

- ; Preclinical Models
QS o YWG S — «J‘“‘JWZ b
Oncogenic Tumor suppressor
g PP Inhibition or restoration

of miIRNA/INncRNA levels

Figure 1. Decoding ncRNA biology from the bench to bedside in lymphoma. Deregulation of miRNAs and IncRNAs

has been shown to play an important role during the process of B-cell lymphomagenesis. MiRNAs and IncRNAs can

function both as oncogenes and as tumor suppressor genes. The study of altered miRNA /IncRNA expression will permit

the identification of potential candidates to be use as therapeutics (to restore tumor-suppressive miRNAs/IncRNAs) or
as therapeutic targets (to inhibit the levels of oncogenic miRNAs/IncRNAs) to be tested first in preclinical models and in
subsequent clinical trials in lymphoma patients.

2. miRNA-Based Therapies in NHL

Acting as oncogenic or as tumor suppressors, miRNNAs represent a class of master
regulators of malignant transformation and progression and, thus, represent powerful
candidates as therapeutics (in the role of miRNA mimics) or as therapeutic targets (in the
role of antimirs). The first strategy has the rational of targeting tumor-promoting mRNAs
via restoring the tumor-suppressive miRNAs in tumor cells by either using synthetic
double-stranded miRNA mimics, pre-miR, or plasmid-encoded miRNA genes [11]. On
the other hand, the second approach aims to inhibit the levels of oncomiRs, which are
frequently overexpressed in cancer, allowing the restoration of the expression of tumor-
suppressor targets. Different methodologies of oncomiR inhibition are being developed by
using single-stranded antisense, anti-miR oligonucleotides (AMOs), locked nucleic acid
(LNA) anti-miRs, antagomiRs, miRNA sponges, and small molecule inhibitors of miRNAs
(SMIRs) [11,16-20].

While the theory behind miRNA-based therapy is somehow straightforward, the
challenges of this approach reside in its delivery. The presence of multiple ribonucleases
and reticuloendothelial system clearance in the blood make miRNAs unstable in the
circulation. Moreover, unmodified miRNA antagonists and miRNA mimics are unable to
cross the cell membrane or the vascular endothelium due to their negative charges [21]. The
efficacy of miRNA delivery depends also on blood perfusion in tumors and cell-specific
delivery. Not only the tumor microenvironment, tumor-associated immune cells especially
can nonspecifically uptake and capture miRNAs, but also, it is essential to prevent the
disruption of the healthy tissue [21-23]. Therefore, to overcome these obstacles, numerous
miRNA delivery methodologies are being developed, both local and systemic delivery
strategies (Table 1).

Despite the difficulty of getting bench-based microRNAs to the bedside, several
companies are developing miRNA-based drugs, some of which are already being tested
in phase I and phase II clinical trials. In fact, in 2018, the FDA approved the first siRNA
drug, Patisiran, to be employed in the treatment of a rare polyneuropathy caused by
transthyretin-mediated amyloidosis [24-26].
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Table 1. Summary of the miRNA mimics or inhibitors tested in vivo.
Chemical Delivery . Target . .
Modifications Systems miRNAs Strategy Delivery Route Target Disease Ref.
Lipid-based Intratumoral DLBCL [27]
R34 R Tail vein
miR-34a estoration
Lipid-based
P Subcutaneous MM [28,29]
Viral-based
LNA Tail vein Waldenstrom [30]
macroglobulinemia
PNA Peptide-based miR-155 Inhibition Intravenous [31]
B-cell lymphoma
Intravenous ymp
PNA Polymer-based Intratumoral (32]
Viral-based miR-15a/16 Restoration Ir{’ggggreirtlg#esal CLL [33]
Viral-based miR-144 /451 Restoration Subcutaneous B-cell lymphomas [34,35]
Viral-based miR-181a Restoration Subcutaneous DLBCL [36,37]
Viral-based miR-27b Restoration Subcutaneous DLBCL [38]
Upid based miR-28 Restoration Intratumoral BLDLBCL [39]
Lipid-based miR-21 Inhibition Subcutaneous MM [40]
- miR-17~92 o
Viral-based cluster Inhibition Intratumoral DLBCL [41]
2/ O-methyl-group EV-based miR-125 Inhibition Intraperitoneal AML [42]

Abbreviations: LNA: locked nucleic acid, PNA: peptide nucleic acids, DLBCL: diffuse large B-cell lymphoma, MM: multiple myeloma,
CLL: chronic lymphocytic leukemia, BL: Burkitt lymphoma, and AML: acute myeloid leukemia.

2.1. Local Delivery

Intratumoral injection or local administration of miRNA mimics or inhibitors has
shown effective gene silencing and antitumoral effects, with reduced nonspecific uptake by
normal healthy tissue and reduced toxicity and immunogenicity compared with systemic
delivery. However, the local delivery of miRNAs is limited to localized and readily accessi-
ble primary tumors such as melanoma, breast cancer, or cervical cancer. The therapeutic
potential of miR-34a replacement therapy was shown in a xenograft model of DLBCL,
where the intratumoral administration of synthetic miR-34a mimics resulted in tumor
growth inhibition [27]. Trang et al., using an aggressive human non-small cell lung cancer
(NSCLC) xenograft model, showed that the intranasal delivery of a lentiviral vector ex-
pressing let-7a resulted in an increased expression of let-7 in the lungs and the subsequent
growth inhibition of KRAS-dependent lung tumors. Moreover, locally polymer-based de-
livered let-7b led to a 60-70% reduction of the tumor burden [43]. Sureban et al. developed
a nanoparticle-mediated intratumoral delivery of DCAMKL-1-specific siRNA, capable of
inducing let-7a and miR-144 expression, which, in turn, repressed proto-oncogene c-Myc
and Notch-1 in colorectal cancer xenografts, resulting in tumor growth inhibition [44].

Despite the advantages of the local delivery of miRNAs, this type of approach is
primarily limited by the tumors’ location and stage. Therefore, the development of sys-
temic delivery systems is essential to broaden the spectrum to other types of cancers and
metastatic cancers. To improve the binding affinity, stability, and target modulation, two
converging strategies are applied: chemical modifications of miRNAs and the development
of delivery vehicles to encapsulate miRNAs.

2.2. Systemic Delivery

Advances in the chemical modifications of miRNAs, such as the addition of a 2’-O-
methyl group; locked nucleic acid (LNA) oligonucleotides; peptide nucleic acids (PNAs);
phosphorothioate-like groups; and cholesterol-, biotin-, and amino-modified oligonu-
cleotides, are being investigated. The addition of a 2’-O-methyl or 2/-O-methoxyethyl
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group to ribose was shown to enhance the binding affinity and stability of anti-miRNA
while efficiently and specifically silence the targeted endogenous miRNAs in numerous
tissues, such as the bone marrow [19,45]. LNA-mediated anti-miR-155, targeting the seed
region of miR-155, showed a significant inhibition of cell proliferation of low-grade B-
cell lymphomas in vitro and decreased the tumor burden in a xenograft mouse model of
Waldenstrom macroglobulinemia (WM) [30]. Cheng et al. showed that miR-155 oncomiR,
one of the most extensively studied miRNAs for its therapeutic potential, can be silenced by
linking PNA anti-miR-155 to a peptide with a low pH-induced transmembrane structure
(pHLIP). This conjugation efficiently inhibited the tumor growth and increased mouse
survival in a mouse model of lymphoma [31]. LNA anti-mir-122 systemic administration
was shown to downregulate, in a dose-dependent manner, liver-specific miR-122, which
prevents hepatitis C virus (HCV) replication. The promising results of the LNA anti-mir-
122 drug as a preventive therapy for HCV-induced hepatocellular carcinoma (HCC) led to
phase 1II trials for the treatment of HCV infection [46]. Despite the chemical modifications,
modified miRNAs have reduced tumor uptake and biodistribution due to rapid renal
and hepatic clearances, which results in short half-lives [21]. Therefore, several viral and
nonviral vectors are being developed as miRNA delivery systems (Figure 2).

&

Inorganic-based

-

sk
e
—-% \\\:‘ ‘

Microvesicles

T3

7

3

Extracellular vesicle

nanoparticles particles
\
Conjugates
.x,““”f‘}' %  Antibodies
o ¥ " Peptide
e S
{ 5 5\ PEG
Exossome e LPS
) 2

Figure 2. Schematic representation of the commonly used and emerging nanoplatforms for ncRNA delivery. (Abbreviations:
PEG: polyethylene glycol and LPS: lipopolysaccharide).

2.3. Vectors-Based Delivery Systems
2.3.1. Viral Vectors

Viral vectors, such as lentivirus, adenovirus, and adeno-associated virus (AAV), can
carry and deliver miRNA mimics or antagonists to the nuclei of tumor cells. Moreover,
the conjugation of targeting moieties to viral capsid proteins by genetic manipulation
allows specific delivery into the tumors by enhancing the affinity between viral vectors and
cancer-specific receptors [21]. In a study by Kasar et al., the systemic lentiviral delivery of
miR-15a/16 restored the expression of these miRNAs in a New Zealand Black (NZB) mouse
model of CLL [33]. The viral-mediated delivery of miR-144/451 restored their expression,
resulting in the growth inhibition of a B-cell line xenograft in vivo [34,35]. Similarly;,
the viral-mediated restoration of miR-181a (downregulated in human DLBCL) and miR-
27b (downregulated in human DLBCL and splenic marginal zone lymphoma (SMZL))
resulted in the growth inhibition of a human DLBCL-cell line xenograft [36-38]. The
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restoration of miR-28 by both viral vectors or as synthetic, clinically amenable molecules
was shown to inhibit tumor growth in human Burkitt (BL) and DLBCL xenografts and in
a primary BL murine model after intratumor or systemic administration [39]. Lentivirus-
based miR-34a replacement or miR-34a synthetic mimics induced growth inhibition and
apoptosis in multiple myeloma (MM) cells in vitro and exerted a powerful antitumor
activity in MM xenografts in SCID mice and in a SCID-synth-hu model [29]. Su et al.
demonstrated the potential of simultaneous targeting multiple oncomiRs, which are usually
upregulated in DLBCL but not in normal cells, as a therapeutic strategy for B-NHL. In
this study, they used a synthesized interfering long noncoding RNA (i-IncRNA) that
simultaneously inhibited 13 oncomiRs, including five miR-17~92 cluster miRNAs, by
competing with the corresponding target mRNAs for binding oncomiRs. Moreover, the
treatment approach involving adenovirus-mediated i-IncRNA expression was shown to
significantly inhibit human DLBCL xenograft growth [41]. Despite their common use due
to their high efficiency, viral-based miRNA delivery systems are still associated with high
immunogenicity, toxicity, and size limitations, which impose a serious obstacle to clinical
applications. Therefore, nonviral vectors, such as lipid, polymer, inorganic, and extra-
cellular vesicle carrier-based approaches, are rising as preferred alternatives for research
and clinical studies.

2.3.2. Nonviral Vectors

Lipid-based nanoparticles are the most frequently used nanodelivery systems be-
cause of their easy synthesis, high stability, loading efficiency, low immunogenicity, and
versatility of administration routes [47]. To date, there have been several commercially
available cationic liposomes that have been routinely used for miRNA delivery, such as
Lipofectamine® (Invitrogen, Carlsbad, CA, USA), TransIT® 2020 (Mirus Bio LLC, Madison,
WI, USA), SiPORT™ (Invitrogen, Carlsbad, CA, USA), SilentFect™ (Bio-Rad Laboratories,
Inc. Hercules, CA, USA), and Oligofectamine™ (Invitrogen, Carlsbad, CA, USA) [48]. The
main obstacle that limits the clinical application of cationic lipids is their low delivery
efficiency in vivo. To overcome this problem, several new methods for synthesizing lipid
nanocomplexes have been developed. For example, the development of neutral liposomes
and the conjugation of a polyethylene glycol (PEG) functional group to cationic lipids
prevents phagocytosis and prolonged circulation, thus enhancing the overall efficacy [20].
The administration of a lipid-based miR-34a mimic, either intratumorally or systemically
(using a neutral lipid emulsion (NLE)), resulted in a 95% and 76% reduction in tumor
growth, respectively, in a DLBCL mouse model [27]. MiR-28a-5p, whose expression is
frequently reduced in human B-cell neoplasia and associated with the downregulation
of downstream BCR-signaling effectors, such as PI3K and AKT, has shown therapeutic
potential as a replacement therapy for B-NHL. The administration of synthetic miR-28a-5p
mimicked using a liposome delivery approach, impaired proliferation and survival of
lymphoma cells, and abrogated tumor growth in MD901 DLBCL and Ramos human BL
xenograft mouse models and in a A-MYC transgenic mouse BL model [39]. Conversely, the
lipid-based delivery of miR-21 inhibitors significantly inhibited tumor growth in a human
MM xenograft model [40]. More recently, several approaches have emerged to enhance the
targeted liposome-based miRNA delivery to specific cells. For example, Di Martino et al.
synthesized a stable nucleic acid lipid particle (SNALPS) carrying miR-34a, which showed
high-vesicle loading, good transfection efficiency, and stability in the serum. Moreover,
SNALPS-mediated miR-34a delivery efficiently inhibited MM cell growth in vitro and
in vivo, confirming the high potential of this carrier in miRNA-based therapy [28].

Polymer-based delivery methods primarily use polyethylenimine (PEI), which results
from the conjugation of positively charged amine groups with an anionic RNA, preventing
RNA degradation and promoting cellular uptake and intracellular release [49]. However,
the use of PEIs has been limited in the current clinical research due to their low trans-
fection efficiency and cytotoxicity. The use of other polymers, such as PEG, a nonionic
and hydrophilic polymer covalently fused to PEI, can reduce toxicity by improving its
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biocompatibility. Avci et al. proved that PEG/PEI nanocomplex polymeric vectors im-
proved the stability and transfection efficiency of miR-150 in human leukemia cells [50].
Another approach that has been employed is the FDA-approved biomaterial poly(lactide-
co-glycolide) (PLGA), a copolymer of poly lactic acid (PLA) and poly glycolic acid with a
well-documented utility for sustained drug release and clinical use. The systemic delivery
of PNA anti-miR-155 conjugates encapsulated in PLGA polymer nanoparticles efficiently
inhibited miR-155, which, in turn, resulted in reduced tumor growth in vivo, suggesting a
therapeutic potential in B-cell tumor models [32].

The advancements in nanotechnology have led to the development of various inor-
ganic compound-based nanoparticles as excellent nanocarriers for miRNNA delivery both
in vitro and in vivo. Although there is a lack of studies when compared to other types
of vectors previously discussed, the majority of studies have focused mainly on gold,
Fe304-based, and silica-based nanoparticles [51-53]. Inorganic compound-based delivery
systems have received attention specially due to their high bioactivity, biocompatibility, and
chemical stability in vivo [54]. Gold nanoparticles (AuNPs) have shown low cytotoxicity
and immunogenicity, and given their physicochemical, optical, and electronic properties,
they have been considered as an excellent nonviral miRNA delivery system. A study by
Ghosh et al. demonstrated that PEG-conjugated AulNPs are able to successfully deliver
miR-1 to cancer cells, showing a high transfection efficiency and low cytotoxicity [55]. More-
over, a multifunctional AuNP was synthesized to simultaneously deliver three anticancer
agents—AS1411, doxorubicin, and anti-miR221—to drug-resistant leukemia cells. These
nanoparticles were able to induce the miR-221-mediated reduction of cell proliferation and
clonogenic potential, induce apoptosis, and sensitize drug-resistant cells, enhancing the
chemotherapy efficacy [56].

In recent years, since the discovery of extracellular vesicles (EVs) as natural carriers
of biomolecules like miRNAs involved in cell-to-cell communication, the exploitation of
EVs for therapeutic applications has been under study. The intrinsic characteristics of EVs,
including stability in circulation and biocompatibility, as well as low immunogenicity and
toxicity, render them attractive miRNA delivery vehicles. Moreover, the manipulation
of their various membrane ligands allows targeted cargo delivery to specific cells and
tissues [57]. Usman et al. showed that blood cell-derived EVs carrying anti-miR-125b
AMOs efficiently downregulated miR-125 in acute myeloid leukemia (AML) cells in vitro
and effectively suppressed leukemia progression in a mouse model [42].

Despite their efficacy and promising potential as a delivery vehicle in conjunction with
the targeting ligand on their surfaces, the mass production of EVs and effective packaging
methods remain a challenge.

2.4. Targeting of miRNAs via CRISPR/Cas9

In the past few years, the development of a CRISPR-Cas9 system unveiled a world
of new opportunities for the therapeutic targeting of not only coding but also noncoding
genes [58]. The CRISPR/Cas9 system has emerged as an excellent option for miRNA
therapeutic inhibition. This state-of-the-art genome editing tool permits the inhibition
of miRNA expression by targeting their biogenesis sites, resulting in a functional knock-
out [59]. Specifically, the CRISPR-Cas9- mediated inhibition of miRNA can be achieved by
introducing indels (insertions and deletions) in the terminal loop or 5’ region of pre-miRNA,
which disrupts Drosha processing [60,61]. Moreover, Chang et al. also reported miRNA
knockouts by targeting sequences within/adjacent to Drosha and Dicer processing sites in
the secondary stem-loop structures of primary miRNA, which are crucial for processing
miRNA biogenesis [62]. In this study, Chang et al. not only demonstrated efficient and
specific decreases in mature miRNA levels in vitro with the minimized crossing off-target
effects among miRNA members of the same family or those with highly conserved se-
quences but, also, the in vivo long-term stability of CRISPR/Cas9 miRNA knockdown for
up to 30 days [62].
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Interestingly, CRISPR/Cas9 technology permits not only the inhibition of a single
miRNA but also the simultaneous inhibition of multiple miRNAs. Narayanan et al. per-
formed a CRISPR/Cas9 mutagenesis strategy to abrogate the activity of an entire miRNA
family. They screened 45 mutations in 10 miRNA genes both in silico and in vivo and
demonstrated that 99% of CRISPR/Cas9 mutations altered the critical sequences within
each hairpin primary miRNA structure, blocking the recognition by miRNA biogenesis
machinery and thus inhibiting the miRNA family expression in vivo [63].

Despite the recent research regarding the promising utility of CRISPR/Cas gene
editing technology as a cancer therapeutic approach, there is still a lack of information
when it comes to targeting miRNAs compared to targeting coding genes.

3. MicroRNA-Based Combinatorial Cancer Therapy

Although NHL patients may initially respond to treatment, most patients relapse
within the first 2 years after the initial treatment and often develop chemotherapy resis-
tance [64,65]. The acquisition of drug-resistant mutations in tumor cells due to selective
pressure ultimately results in the limited efficacy of cancer therapies [66].

The combination of different therapies, targeting different mechanisms, has been
proposed as an option to overcome therapeutic resistance. Given the ability of miRNAs
to target multiple genes of different resistance-mediating pathways, the modulation of
their levels is attractive as miRNA-based combinatorial cancer therapy. The rationale of
this approach is to use miRNA-based therapy to sensitize cancer cells to other anticancer
therapies. To date, studies have identified in vitro various miRNAs involved in the mod-
ulation of human lymphomas cell sensitivity to chemotherapy [67-71]. Leivonen et al.
demonstrated that the human shMIMIC lentiviral-mediated transduction of miR-370-3p,
miR-381-3p, and miR-409-3p in SU-DHL-4 cells resulted in the downregulation of the
phosphatidylinositol (PI), MAPK, and BCR-signaling pathways, which, in turn, enhanced
the chemosensitivity of DLBCL cells to rituximab or doxorubicin in vitro [71]. Another
study showed that miR-34a-5p is also associated with the chemosensitivity of lymphoma
cells. The lentivirus transduction of miR-34a-5p resulted in the decreased cell viability of
human DLBCL cell lines treated with doxorubicin, which seems to be associated with the
downregulation of FOXP1 [69]. Enhanced drug sensitivity was also observed in human
DLBCL cell lines treated with miRNA mimics of miR-197, miR-199a-3p, miR-497-5p, and
miR-187, exhibiting increased apoptosis and decreased cell viability when combined with
doxorubicin or vincristine treatment [68,70,72]. In the study of Tian et al., the transfection
of a miR-497 mimic into human MM cell lines enhanced the bortezomib treatment efficacy,
shown by the reduction of cell viability in addition to the cell cycle arrest and reduced
colony formation [73]. 2’-O-Methylation-modified hsa-miR-324-5p potentiates the anti-MM
activity of bortezomib in vitro and in vivo by inhibiting MDR proteins and regulating BCL2
family gene expressions [74]. Conversely, the inhibition of miR-21 and miR-155 by miRNA
inhibitors significantly increased the cytotoxic effect of the CHOP regime or doxorubicin
and rituximab, respectively, in human DLBCL or BL cell lines. Moreover, the modulation
of drug resistance by these miRNAs seems to be associated with the downregulation of
MDRI1 in the case of miR-21 and LMP1 for miR-155, both involving the activation of the
PI3K/AKT/mTOR pathway [67,75,76]. A study performed by Sun et al. demonstrated a
miR-148b mimic-induced sensitivity to CHOP using human DLBCL xenografts in mouse
models, and this effect seems to be associated with Ezrin downregulation [77]. Moreover,
miR-148b has been also associated with modulation of the radiation response by NHL cells.
Upregulated miR-148b by miR-148b mimic transfection resulted in significantly enhanced
cell death compared to the controls, which the authors suggested could be due to the
promotion of radiation-induced apoptosis by miR-148b [78]. Following the same line of
thought, both in vitro and in vivo studies by Wu et al. demonstrated that an induced miR-
150 expression by lentiviral-mediated transfection in NK-/T-cell lymphoma cells enhances
the radiosensitivity by inhibiting the AKT pathway [79].
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Even though several studies have proven the potential of miRNA-based combinations
as a way to enhance the current cancer therapy efficacy, further investigations are needed,
especially concerning the selection of miRNAs that are particularly relevant to the specific
cancer type and associated with the therapy-resistant pathways.

4. LncRNA-Targeted Therapeutics

Despite the tissue- and cell-specific expression characteristics of IncRNAs, making
them attractive therapeutic targets, only recently have they become the focus of investi-
gations. Similar to miRNA-targeting approaches, IncRNAs can be targeted by different
methods based on their potential function. The knockdown of oncogenic IncRNAs can be
achieved by using a siRNA strategy that induces a dicer- and argonaute-dependent cleav-
age or by using chemically modified ASOs that target the IncRNAs for RNase H-dependent
degradation. Alternatively, IncRNA transcription can be modulated by steric blocking the
gene promoter or by performing genome-editing techniques, such as CRISPR/Cas9. The
last approach to target IncRNA functions is by steric block IncRNA—protein interactions or
by inhibiting the formation of a secondary structure via ASOs.

The previously mentioned chemical modifications and delivery strategies of miRNA-
based therapeutics are also applied in IncRNA-based therapy in order to increase the
stability and specificity and to increase the intracellular uptake in vivo [80].

4.1. LncRNA-Targeting by Nucleic Acid Therapeutics

Presently, there are two major strategies of nucleic acid therapeutics to target IncRNAs
based on double-stranded RNA-mediated interference (RNAi) and single-stranded ASOs.

An RNAi-targeting strategy is essentially based on the use of small interfering RNAs
(siRNAs), which transiently target the IncRNA of interest, and short hairpin RNAs (shRNAs),
which are stably expressed. The in vitro knockdown of IncRNAs by RNAi has been per-
formed successfully in numerous cell lines, including lymphoma cell lines. For example,
the siRNA-induced knockdown of MALAT1 in mantle cell lymphoma (MCL) cell lines has
resulted in decreased cell viability and colony formation, increased cell apoptosis, and cell
cycle arrest at the S/G1 transition [81]. However, the in vivo inhibition of IncRNA using
siRNA is more challenging, especially due to inefficient delivery systems and a lack of
bioavailability of siRNAs in animals [82]. Guo et al. used BALB/c nude mice to determine
the effect of IncRNA MCMB3AP-AS1 on cell proliferation and tumor growth. The group
observed that MCM3AP-AS]1 knockdown improved lymphoma sensitivity to doxorubicin
by inhibiting cell proliferation and enhancing apoptosis in vitro and resulted in reduced
tumor growth in vivo [83]. Cheng et al. achieved TUG1 knockdown by transfecting lym-
phoma cells with siRNAs using lipid-based delivery, which resulted in decreased DLBCL
cell growth and promoted apoptosis in vitro. Moreover, the subcutaneous injection of
si-TUGT1 cells in nude mice resulted in a dramatic decrease of tumor growth and lung
metastatic nodules [84].

However, the efficiency of the RNAi approach has been questioned, specifically regard-
ing the susceptibility of nuclear- and enhancer-associated IncRNAs to RNAi machinery,
predominantly located in the cytoplasm. To overcome this obstacle, usually, several siRNA
sequences are screened to determine the more effective path to knock down a specific
IncRNA [85].

Alternatively, ASOs or gapmers, which are synthetic chimeric ASO-containing
LNA/DNA mixmers, use a DNA /RNA hybrid strategy to target RNA by using the base
pairing rules. Compared to RNAi, ASOs were shown to be more efficient in knocking down
nuclear IncRNAs while still efficient for cytoplasmatic IncRNAs, whereas cytoplasmatic
IncRNAs are more efficiently silenced by RNAi [85]. Additionally, the ASO-based approach
has been proven successful in both preclinical studies (animal models) and human clinical
trials, with ASOs being recently approved by the FDA for clinical use in neurodegenerative
diseases [86].
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The LNA-gapmeR-mediated knockdown of NEAT1 in MM cells resulted in the in-
hibition of cell proliferation while triggering apoptosis in vitro and antitumor activity in
in vivo in a murine MM model with optimal tumor uptake and without systemic toxicity.
Moreover, LNA-gapmeR treatment enhanced the drug sensitivity of MM cells to anti-MM
drugs, revealing a synergistic effect [87].

The major drawbacks of both RNAi and ASQO strategies remain the incomplete and
transient knockdown of IncRNAs and unpredictable off-target effects, which represent
critical obstacles for clinical application [80].

4.2. Targeting of IncRNA-Expressing Loci via CRISPR/Cas9

The recent advances in genome editing technology such as CRISPR/Cas9 provide
a powerful alternative method for transcriptional silencing IncRNAs both in vitro and
in vivo.

Loss-of-function of a specific IncRNA can be achieved, for example, by a CRISPR
deletion (CRISPR-del) approach or CRISPR inhibition (CRISPRi). CRISPR-del provides
perhaps the most straightforward approach, in which CRISPR-Cas9 complexes induce
double-stranded breaks at sites lacking IncRNA loci, and by the nonhomologous end-
joining process, the target fragment is removed [88]. The most efficient manner to silence
IncRNAs is by deleting small regions containing the promoter and transcriptional start
site (TSS) [89]. For example, David et al. used CRISPR-mediated deletion of the CRNDE
locus in MM cells and observed a decrease in cell proliferation and adhesion, increased
dexamethasone sensitivity, and reduced tumor growth in vivo [90].

Alternatively, the most preferable method is the transcriptional repression of IncRNA
by CRISPRI. This methodology uses a catalytically inactive Cas9 fused to transcriptional
repressors in which the resulted fusion protein is the target of a specific gene promoter by
an RNA-guided targeting platform [91]. In this instance, Raffeiner et al. used CRISPRi to
target MYC-regulated noncoding genes in human B cells and successfully identified 320
noncoding loci that are involved in cell growth in human lymphoid cell lines. Moreover, the
transcriptional repression of any of the selected IncRNAs diminished cell proliferation [92].

The major disadvantages of CRISPR-Cas9 targeting IncRNAs are the complex ar-
chitecture of the genomic loci bordering different IncRNA genes, which may lead to the
disturbance of neighboring or overlapping genes, leading to false-positive phenotypic
changes. In fact, a study by Goyal et al. showed that only 38% of 15,929 identified IncRNA
loci could be safely manipulated by CRISPR applications [93].

4.3. Small Compounds Targeting IncRNAs

Lastly, IncRNA silencing can be achieved by interfering with secondary and tertiary
structures of specific IncRNAs using small molecules. The premise of this therapeutic
approach is to disrupt the IncRNA spatial structure or block IncRNA-protein interactions.
With this in mind, Pedram Fatemi et al. developed a tool to quantify IncRNA-protein inter-
actions and identified small molecules with the ability to modulate their interactions. Based
on their analysis, they reported that a small compound known as ellipticine could inhibit
the interaction between BDNF-AS-EZH2 and HOTAIR-EZH2 [94]. Another identified
druggable IncRNA was MALAT1, which presented a triple-helix structure at the 3’ end. Ab-
ulwerdi et al. used a small molecule microarray strategy and identified multiple MALAT1
ENE triplex-binding compounds capable of modulating MALAT1 downstream genes [95].
Another interesting example was demonstrated by Mercatelli et al. in their study in which
HULC downregulation, using small-molecule YK-4-279, resulted in a reduction of TWIST1
expression by unleashing miR-186 and permitting its binding to TWIST1 [96].

5. Clinical Trials for miRNA and IncRNA-Based Drug Candidates

Given the promising preclinical results, some miRNA-based drug candidates are
currently in phase I and phase II clinical trials for the treatment of diverse pathologies,
including cancer (Table 2). Mirna Therapeutics, Inc. (Carlsbad, CA, USA) developed the
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first miRNA-based cancer therapy to enter clinical trials, MRX34, a liposome-encapsulated
miR-34 mimic. The clinical trial (NCT01829971 [97]) included patients diagnosed with
primary liver cancer, NSCLC, lymphoma, melanoma, multiple myeloma, or renal cell
carcinoma to evaluate the safety of MRX34. However, due to severe immune-related
adverse responses in five patients, the FDA terminated the phase Ib study. The cause
of the severe adverse effects remains unclear but is now under investigation in preclin-
ical trials [98]. A phase I clinical trial (NCT02369198 [99]) using an epidermal growth
factor receptor (EGFR) antibody-coated bacterial-derived minicell system loaded with
miR-16 mimic (MesomiR-1) showed an effective inhibition of tumor growth. During this
trial, MesomiR-1 was intravenously administered to 26 patients with malignant pleural
mesothelioma or non-small cell lung cancer (NSCLC) refractory to the standard therapy
to determine the maximum tolerated dose, allowing the initiation of a phase II clinical
trial [100]. Based on the results of this trial, additional studies are needed to investigate the
antitumor activity of TargomiRs in combination with chemotherapy or immune checkpoint
inhibitors [101]. MiRagen Therapeutics, Inc. (Boulder, CO, USA) initiated a phase I clinical
trial (NCT02580552 [102]) to determine the efficacy and safety of anticancer LNA anti-miR-
155 (MRG-106 or Cobomarsen) in patients diagnosed with mycosis fungoides, a subtype of
cutaneous T-cell lymphoma (CTCL). Since cobomarsen showed an efficient reduction of
the tumor burden while maintaining an acceptable safety profile during this trial, phase II
clinical trials with CTCL patients (NCT03837457 [103]/NCT03713320 [104]) were initiated
to assess the efficacy of cobomarsen compared to vorinostat, an FDA-approved treatment
for CTCL [26].

Table 2. miRNA and IncRNA-based therapies in clinical trials.

Drug/Therapy ClinicalTrials.Gov Phase/Trial Disease
Agent Identifier Status
MRX34 NCT01829971 Phase | Primary liver cancer, NSCLC, Lymphoma,
(miR-34 mimic) [97] (terminated) Melanoma, MM, Renal cell carcinoma
MesomiR-1 NCT02369198 Phase Malignant pleural mesothelioma,
(miR-16 mimic) [99] (completed) NSCLC
NCT02580552 Phase I CTCL (Mycosis fungoides), CLL,
MRG-106 or Cobomarsen [102] (completed) ABC-DLBCL, ATLL
(anti-miR-155) NCT03837457 Phase II
[103] (terminated) CTCL (Mycosis fungoides)
NCT03713320 Phase II
[104] (terminated)
Andes-1537 NCTSZO%?MAH ( tefrﬁ?r?: tIe d) Advanced unresectable solid tumors
NCT03985072 Phase I Gallblacllder and bilia.ry trac:‘t carcinoma; Celjvical
. carcinoma; Gastric carcinoma; Pancreatic
[106] (recruiting)

carcinoma, Colorectal carcinoma.

Abbreviations: NSCLC: non-small cell lung carcinoma, MM: multiple myeloma, CTCL: cutaneous T-cell lymphoma, CLL: chronic
lymphocytic leukemia, ABC-DLBCL: diffuse large B-cell lymphoma (ABC subtype), and ATLL: adult T-cell leukemia/lymphoma.

Currently, the number of clinical trials involving IncRNA-targeting strategies is increas-
ing; however, they are mainly focused on solid tumors. For example, the FDA approved
a phase I clinical trial of Andes-1537, an ASO that targets mitochondrial IncRNAs for
advanced metastatic cancer (NCT02508441 [105]/ NCT03985072 [106]).

6. Conclusions

Despite the best efforts to uncover the regulatory role of miRNAs and IncRNAs in
lymphoma, additional research is needed to better understand the complex functional
network behind miRNAs/IncRNAs regulatory interactions during lymphomagenesis in
order to translate this knowledge into clinical practice. Especially regarding IncRNA
biology and their function, this is still an area of investigation in its infancy.



Cancers 2021, 13, 6324 12 of 16

Theoretically, given the pleiotropic function of miRNAs and IncRNAs, the target of
these molecules could result in an efficient reversion of malignant phenotypes in mul-
tifactorial pathologies like lymphoma or any other cancer. In fact, the importance of
miRNA /IncRNA-based therapies is highlighted by the increasing number of preclinical
studies and clinical trials, especially after the groundbreaking achievement of mRNA-based
anti-COVID-19 vaccines.

The field of nanomedicine is now focusing their efforts on improving the pharma-
cokinetics and pharmacodynamics of miRNA /IncRNA-based therapeutics. The biggest
challenges in developing miRNA /IncRNA-based therapeutics are not only identifying
the best ncRNA candidate but, also, to optimize the delivery vehicles. The success of this
therapeutic approach depends on the development of highly stable delivery systems with
low cytotoxicity and tissue-specific targeting.

Author Contributions: Conceptualization, M.F.; writing—original draft preparation, M.E,; writing—
review and editing, M.E.,, A.L.T. and H.M.; and supervision, R.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We would like to thank Liga Portuguesa Contra o Cancro—Nrticleo Regional do
Norte—LPCC-NRN (Portuguese League Against Cancer).

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

References

1.  Nogai, H.; Dorken, B.; Lenz, G. Pathogenesis of Non-Hodgkin’s Lymphoma. J. Clin. Oncol. 2011, 29, 1803-1811. [CrossRef]

2. Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 2018, 68, 394—424. [CrossRef]

3. Armitage, ].O.; Gascoyne, R.D.; Lunning, M.A.; Cavalli, F. Non-Hodgkin lymphoma. Lancet 2017, 390, 298-310. [CrossRef]

4. Klener, P; Klanova, M. Drug Resistance in Non-Hodgkin Lymphomas. Int. J. Mol. Sci. 2020, 21, 2081. [CrossRef]

5. Rovira, ].; Valera, A.; Colomo, L.; Setoain, X.; Rodriguez, S.; Martinez-Trillos, A.; Giné, E.; Dlouhy, I.; Magnano, L.; Gaya, A.
Prognosis of patients with diffuse large B cell lymphoma not reaching complete response or relapsing after frontline chemotherapy
or immunochemotherapy. Ann. Hematol. 2015, 94, 803-812. [CrossRef]

6. Crump, M.; Neelapu, S.S.; Farooq, U.; Van Den Neste, E.; Kuruvilla, J.; Westin, J.; Link, B.K.; Hay, A.; Cerhan, J.R.; Zhu, L.
Outcomes in refractory diffuse large B-cell lymphoma: Results from the international SCHOLAR-1 study. Blood 2017, 130,
1800-1808. [CrossRef] [PubMed]

7. Ayyappan, S.; Maddocks, K. Novel and emerging therapies for B cell lymphoma. J. Hematol. Oncol. 2019, 12, 82. [CrossRef]

8.  Chaudhari, K.; Rizvi, S.; Syed, B.A. Non-Hodgkin lymphoma therapy landscape. Nat. Rev. Drug Discov. 2019, 18, 663-664.
[CrossRef]

9. Anastasiadou, E.; Jacob, L.S.; Slack, EJ. Non-coding RNA networks in cancer. Nat. Rev. Cancer 2018, 18, 5-18. [CrossRef] [PubMed]

10. Fernandes, M.; Teixeira, A.L.; Medeiros, R. The opportunistic effect of exosomes on Non-Hodgkin Lymphoma microenvironment
modulation. Crit. Rev. Oncol. Hematol. 2019, 144, 102825. [CrossRef]

11.  Rupaimoole, R.; Slack, EJ. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat.
Rev. Drug Discov. 2017, 16, 203-222. [CrossRef]

12.  Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef] [PubMed]

13. Karstensen, K.T.; Schein, A.; Petri, A.; Bogsted, M.; Dybkeer, K.; Uchida, S.; Kauppinen, S. Long Non-Coding RNAs in Diffuse
Large B-Cell Lymphoma. Non-Coding RNA 2021, 7, 1. [CrossRef]

14. Kopp, E; Mendell, ].T. Functional Classification and Experimental Dissection of Long Noncoding RNAs. Cell 2018, 172, 393-407.
[CrossRef]

15.  Statello, L.; Guo, C.-J.; Chen, L.-L.; Huarte, M. Gene regulation by long non-coding RNAs and its biological functions. Nat. Rev.
Mol. Cell Biol. 2021, 22, 96-118. [CrossRef]

16. Shah, M.Y,; Ferrajoli, A.; Sood, A.K.; Lopez-Berestein, G.; Calin, G.A. microRNA Therapeutics in Cancer—An Emerging Concept.
EBioMedicine 2016, 12, 34—42. [CrossRef] [PubMed]

17.  Elmén, J.; Lindow, M.; Schiitz, S.; Lawrence, M.; Petri, A.; Obad, S.; Lindholm, M.; Hedtjarn, M.; Hansen, H.E,; Berger, U.; et al.
LNA-mediated microRNA silencing in non-human primates. Nature 2008, 452, 896-899. [CrossRef] [PubMed]

18.  Monroig, P.D.C.; Chen, L.; Zhang, S.; Calin, G.A. Small molecule compounds targeting miRNAs for cancer therapy. Adv. Drug
Deliv. Rev. 2015, 81, 104-116. [CrossRef]

19. Kriitzfeldt, J.; Rajewsky, N.; Braich, R.; Rajeev, K.G.; Tuschl, T.; Manoharan, M.; Stoffel, M. Silencing of microRNAs in vivo with

‘antagomirs’. Nature 2005, 438, 685-689. [CrossRef]


http://doi.org/10.1200/JCO.2010.33.3252
http://doi.org/10.3322/caac.21492
http://doi.org/10.1016/S0140-6736(16)32407-2
http://doi.org/10.3390/ijms21062081
http://doi.org/10.1007/s00277-014-2271-1
http://doi.org/10.1182/blood-2017-03-769620
http://www.ncbi.nlm.nih.gov/pubmed/28774879
http://doi.org/10.1186/s13045-019-0752-3
http://doi.org/10.1038/d41573-019-00051-6
http://doi.org/10.1038/nrc.2017.99
http://www.ncbi.nlm.nih.gov/pubmed/29170536
http://doi.org/10.1016/j.critrevonc.2019.102825
http://doi.org/10.1038/nrd.2016.246
http://doi.org/10.1038/sigtrans.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/29263891
http://doi.org/10.3390/ncrna7010001
http://doi.org/10.1016/j.cell.2018.01.011
http://doi.org/10.1038/s41580-020-00315-9
http://doi.org/10.1016/j.ebiom.2016.09.017
http://www.ncbi.nlm.nih.gov/pubmed/27720213
http://doi.org/10.1038/nature06783
http://www.ncbi.nlm.nih.gov/pubmed/18368051
http://doi.org/10.1016/j.addr.2014.09.002
http://doi.org/10.1038/nature04303

Cancers 2021, 13, 6324 13 of 16

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Fu, Y;; Chen, J.; Huang, Z. Recent progress in microRNA-based delivery systems for the treatment of human disease. ExXRNA
2019, 1, 24. [CrossRef]

Chen, Y.; Gao, D.Y,; Huang, L. In vivo delivery of miRNAs for cancer therapy: Challenges and strategies. Adv. Drug Deliv. Rev.
2015, 81, 128-141. [CrossRef] [PubMed]

Kota, J.; Chivukula, RR.; O’'Donnell, K.A.; Wentzel, E.A.; Montgomery, C.L.; Hwang, HW.; Chang, T.C.; Vivekanandan, P.;
Torbenson, M.; Clark, K.R; et al. Therapeutic microRNA delivery suppresses tumorigenesis in a murine liver cancer model. Cell
2009, 137, 1005-1017. [CrossRef]

Castelli, D.D.; Terreno, E.; Cabella, C.; Chaabane, L.; Lanzardo, S.; Tei, L.; Visigalli, M.; Aime, S. Evidence for in vivo macrophage
mediated tumor uptake of paramagnetic/fluorescent liposomes. NMR Biomed. 2009, 22, 1084-1092. [CrossRef] [PubMed]
Kristen, A.V.; Ajroud-Driss, S.; Conceigao, I.; Gorevic, P.; Kyriakides, T.; Obici, L. Patisiran, an RNAi therapeutic for the treatment
of hereditary transthyretin-mediated amyloidosis. Neurodegener. Dis. Manag. 2019, 9, 5-23. [CrossRef]

Adams, D.; Gonzalez-Duarte, A.; O'Riordan, W.D.; Yang, C.C.; Ueda, M.; Kristen, A.V.; Tournev, I.; Schmidt, H.H.; Coelho, T.;
Berk, J.L; et al. Patisiran, an RNAi Therapeutic, for Hereditary Transthyretin Amyloidosis. N. Engl. ]. Med. 2018, 379, 11-21.
[CrossRef]

Witten, L.; Slack, F.J. miR-155 as a novel clinical target for hematological malignancies. Carcinogenesis 2019, 41, 2—7. [CrossRef]
[PubMed]

Craig, V.J.; Tzankov, A.; Flori, M.; Schmid, C.A.; Bader, A.G.; Miiller, A. Systemic microRNA-34a delivery induces apoptosis and
abrogates growth of diffuse large B-cell lymphoma in vivo. Leukemia 2012, 26, 2421-2424. [CrossRef]

Di Martino, M.T.; Campani, V.; Misso, G.; Gallo Cantafio, M.E.; Gulla, A.; Foresta, U.; Guzzi, PH.; Castellano, M.; Grimaldi, A.;
Gigantino, V.; et al. In vivo activity of miR-34a mimics delivered by stable nucleic acid lipid particles (SNALPs) against multiple
myeloma. PLoS ONE 2014, 9, €90005. [CrossRef]

Di Martino, M.T.; Leone, E.; Amodio, N.; Foresta, U.; Lionetti, M.; Pitari, M.R.; Cantafio, M.E.; Gulla, A.; Conforti, F.; Morelli, E.;
et al. Synthetic miR-34a mimics as a novel therapeutic agent for multiple myeloma: In vitro and in vivo evidence. Clin. Cancer
Res. 2012, 18, 6260-6270. [CrossRef]

Zhang, Y.; Roccaro, A.M.; Rombaoa, C.; Flores, L.; Obad, S.; Fernandes, S.M.; Sacco, A.; Liu, Y,; Ngo, H.; Quang, P, et al.
LNA-mediated anti-miR-155 silencing in low-grade B-cell lymphomas. Blood 2012, 120, 1678-1686. [CrossRef]

Cheng, C.J.; Bahal, R.; Babar, I.A.; Pincus, Z.; Barrera, F; Liu, C.; Svoronos, A.; Braddock, D.T.; Glazer, PM.; Engelman, D.M.; et al.
MicroRNA silencing for cancer therapy targeted to the tumour microenvironment. Nature 2015, 518, 107-110. [CrossRef]

Babar, .A.; Cheng, C.J.; Booth, C.J; Liang, X.; Weidhaas, ].B.; Saltzman, W.M.; Slack, EJ. Nanoparticle-based therapy in an in vivo
microRNA-155 (miR-155)-dependent mouse model of lymphoma. Proc. Natl. Acad. Sci. USA 2012, 109, E1695. [CrossRef]
Kasar, S.; Salerno, E.; Yuan, Y.; Underbayev, C.; Vollenweider, D.; Laurindo, M.E; Fernandes, H.; Bonci, D.; Addario, A.; Mazzella,
F; et al. Systemic in vivo lentiviral delivery of miR-15a/16 reduces malignancy in the NZB de novo mouse model of chronic
lymphocytic leukemia. Genes Immun. 2012, 13, 109-119. [CrossRef]

Wang, H.; Wang, A.; Hu, Z.; Xu, X,; Liu, Z.; Wang, Z. A Critical Role of miR-144 in Diffuse Large B-cell Lymphoma Proliferation
and Invasion. Cancer Immunol. Res. 2016, 4, 337-344. [CrossRef] [PubMed]

Ding, L.; Zhang, Y.; Han, L.; Fu, L.; Mei, X.; Wang, J.; Itkow, J.; Elabid, A.E.L; Pang, L.; Yu, D. Activating and sustaining c-Myc by
depletion of miR-144/451 gene locus contributes to B-lymphomagenesis. Oncogene 2018, 37, 1293-1307. [CrossRef] [PubMed]
Zhu, D.; Fang, C.; He, W,; Wu, C.; Li, X.; Wu, J. MicroRNA-181a Inhibits Activated B-Cell-Like Diffuse Large B-Cell Lymphoma
Progression by Repressing CARD11. ]. Oncol. 2019, 2019, 9832956. [CrossRef]

Kozloski, G.A.; Jiang, X.; Bhatt, S.; Ruiz, J.; Vega, F; Shaknovich, R.; Melnick, A.; Lossos, 1.S. miR-181a negatively regulates NF-«xB
signaling and affects activated B-cell-like diffuse large B-cell lymphoma pathogenesis. Blood 2016, 127, 2856-2866. [CrossRef]
Jia, YJ.; Liu, Z.B.; Wang, W.G.; Sun, C.B.; Wei, P; Yang, Y.L.; You, M.].; Yu, B.H.; Li, X.Q.; Zhou, X.Y. HDAC6 regulates microRNA-
27b that suppresses proliferation, promotes apoptosis and target MET in diffuse large B-cell lymphoma. Leukemia 2018, 32,
703-711. [CrossRef]

Bartolomé-Izquierdo, N.; de Yébenes, V.G.; Alvarez-Prado, A.F.; Mur, S.M.; Lopez del Olmo, J.A.; Roa, S.; Vazquez, J.; Ramiro,
A.R. miR-28 regulates the germinal center reaction and blocks tumor growth in preclinical models of non-Hodgkin lymphoma.
Blood 2017, 129, 2408-2419. [CrossRef]

Leone, E.; Morelli, E.; Di Martino, M.T.; Amodio, N.; Foresta, U.; Gulla, A.; Rossi, M.; Neri, A.; Giordano, A.; Munshi, N.C.; et al.
Targeting miR-21 inhibits in vitro and in vivo multiple myeloma cell growth. Clin. Cancer Res. 2013, 19, 2096-2106. [CrossRef]
Su, Y,; Sun, B.; Lin, X.; Zhao, X; Ji, W.; He, M.; Qian, H.; Song, X.; Yang, J.; Wang, J.; et al. Therapeutic strategy with artificially-
designed i-IncRNA targeting multiple oncogenic microRNAs exhibits effective antitumor activity in diffuse large B-cell lymphoma.
Oncotarget 2016, 7, 49143-49155. [CrossRef]

Usman, W.M.; Pham, T.C.; Kwok, Y.Y.;; Vu, L.T.; Ma, V.; Peng, B.; Chan, Y.S.; Wei, L.; Chin, S.M.; Azad, A.; et al. Efficient RNA
drug delivery using red blood cell extracellular vesicles. Nat. Commun. 2018, 9, 2359. [CrossRef] [PubMed]

Trang, P; Medina, PP; Wiggins, ].E; Ruffino, L.; Kelnar, K.; Omotola, M.; Homer, R.; Brown, D.; Bader, A.G.; Weidhaas, ].B.; et al.
Regression of murine lung tumors by the let-7 microRNA. Oncogene 2010, 29, 1580-1587. [CrossRef]

Sureban, S.M.; May, R.; Mondalek, EG.; Qu, D.; Ponnurangam, S.; Pantazis, P.; Anant, S.; Ramanujam, R.P.; Houchen, C.W.
Nanoparticle-based delivery of siDCAMKL-1 increases microRNA-144 and inhibits colorectal cancer tumor growth via a Notch-1
dependent mechanism. J. Nanobiotechnol. 2011, 9, 40. [CrossRef] [PubMed]


http://doi.org/10.1186/s41544-019-0024-y
http://doi.org/10.1016/j.addr.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24859533
http://doi.org/10.1016/j.cell.2009.04.021
http://doi.org/10.1002/nbm.1416
http://www.ncbi.nlm.nih.gov/pubmed/19569084
http://doi.org/10.2217/nmt-2018-0033
http://doi.org/10.1056/NEJMoa1716153
http://doi.org/10.1093/carcin/bgz183
http://www.ncbi.nlm.nih.gov/pubmed/31711135
http://doi.org/10.1038/leu.2012.110
http://doi.org/10.1371/journal.pone.0090005
http://doi.org/10.1158/1078-0432.CCR-12-1708
http://doi.org/10.1182/blood-2012-02-410647
http://doi.org/10.1038/nature13905
http://doi.org/10.1073/pnas.1201516109
http://doi.org/10.1038/gene.2011.58
http://doi.org/10.1158/2326-6066.CIR-15-0161
http://www.ncbi.nlm.nih.gov/pubmed/26865454
http://doi.org/10.1038/s41388-017-0055-5
http://www.ncbi.nlm.nih.gov/pubmed/29284789
http://doi.org/10.1155/2019/9832956
http://doi.org/10.1182/blood-2015-11-680462
http://doi.org/10.1038/leu.2017.299
http://doi.org/10.1182/blood-2016-08-731166
http://doi.org/10.1158/1078-0432.CCR-12-3325
http://doi.org/10.18632/oncotarget.9237
http://doi.org/10.1038/s41467-018-04791-8
http://www.ncbi.nlm.nih.gov/pubmed/29907766
http://doi.org/10.1038/onc.2009.445
http://doi.org/10.1186/1477-3155-9-40
http://www.ncbi.nlm.nih.gov/pubmed/21929751

Cancers 2021, 13, 6324 14 of 16

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Davis, S.; Lollo, B.; Freier, S.; Esau, C. Improved targeting of miRNA with antisense oligonucleotides. Nucleic Acids Res. 2006, 34,
2294-2304. [CrossRef]

Janssen, H.L.A.; Reesink, HW.; Lawitz, E.].; Zeuzem, S.; Rodriguez-Torres, M.; Patel, K.; van der Meer, A ].; Patick, AK.; Chen, A ;
Zhou, Y.; et al. Treatment of HCV Infection by Targeting MicroRNA. N. Engl. |. Med. 2013, 368, 1685-1694. [CrossRef] [PubMed]
Wang, H.; Jiang, Y.; Peng, H.; Chen, Y.; Zhu, P.; Huang, Y. Recent progress in microRNA delivery for cancer therapy by non-viral
synthetic vectors. Adv. Drug Deliv. Rev. 2015, 81, 142-160. [CrossRef]

Dasgupta, I.; Chatterjee, A. Recent Advances in miRNA Delivery Systems. Methods Protoc. 2021, 4, 10. [CrossRef]

Hobel, S.; Aigner, A. Polyethylenimines for siRNA and miRNA delivery in vivo. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.
2013, 5, 484-501. [CrossRef]

Biray Avc, C.; Ozcan, I; Balcy, T.; Ozer, O.; Giindiiz, C. Design of polyethylene glycol-polyethylenimine nanocomplexes as
non-viral carriers: Mir-150 delivery to chronic myeloid leukemia cells. Cell Biol. Int. 2013, 37, 1205-1214. [CrossRef]

Chen, Y,; Xianyu, Y.; Jiang, X. Surface Modification of Gold Nanoparticles with Small Molecules for Biochemical Analysis. Acc.
Chem. Res. 2017, 50, 310-319. [CrossRef] [PubMed]

Schade, A.; Delyagina, E.; Scharfenberg, D.; Skorska, A.; Lux, C.; David, R.; Steinhoff, G. Innovative strategy for microRNA
delivery in human mesenchymal stem cells via magnetic nanoparticles. Int. J. Mol. Sci. 2013, 14, 10710-10726. [CrossRef]
[PubMed]

Yang, Y.; Zhang, M.; Song, H.; Yu, C. Silica-Based Nanoparticles for Biomedical Applications: From Nanocarriers to Biomodulators.
Acc. Chem. Res. 2020, 53, 1545-1556. [CrossRef]

Patra, J.K,; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;
Swamy, M.K,; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future prospects. J. Nanobiotechnol.
2018, 16, 71. [CrossRef]

Ghosh, R;; Singh, L.C.; Shohet, ].M.; Gunaratne, PH. A gold nanoparticle platform for the delivery of functional microRNAs into
cancer cells. Biomaterials 2013, 34, 807-816. [CrossRef] [PubMed]

Deng, R.; Ji, B.;; Yu, H.; Bao, W,; Yang, Z.; Yu, Y.; Cui, Y;; Du, Y.; Song, M.; Liu, S.; et al. Multifunctional Gold Nanoparticles
Overcome MicroRNA Regulatory Network Mediated-Multidrug Resistant Leukemia. Sci. Rep. 2019, 9, 5348. [CrossRef]

Sil, S.; Dagur, R.S.; Liao, K.; Peeples, E.S.; Hu, G.; Periyasamy, P.; Buch, S. Strategies for the use of Extracellular Vesicles for the
Delivery of Therapeutics. . Neuroimmune Pharmacol. 2020, 15, 422—442. [CrossRef]

Zhang, H.; Qin, C.; An, C.; Zheng, X.; Wen, S.; Chen, W,; Liu, X,; Lv, Z; Yang, P.; Xu, W.; et al. Application of the CRISPR/Cas9-
based gene editing technique in basic research, diagnosis, and therapy of cancer. Mol. Cancer 2021, 20, 126. [CrossRef]

Nguyen, D.-D.; Chang, S. Development of Novel Therapeutic Agents by Inhibition of Oncogenic MicroRNAs. Int. J. Mol. Sci.
2017, 19, 65. [CrossRef]

Jiang, Q.; Meng, X.; Meng, L.; Chang, N.; Xiong, J.; Cao, H.; Liang, Z. Small indels induced by CRISPR/Cas9 in the 5/ region of
microRNA lead to its depletion and Drosha processing retardance. RNA Biol. 2014, 11, 1243-1249. [CrossRef]

Zhao, Y,; Dai, Z; Liang, Y.; Yin, M.; Ma, K.; He, M.; Ouyang, H.; Teng, C.-B. Sequence-specific inhibition of microRNA via
CRISPR/CRISPRI system. Sci. Rep. 2014, 4, 3943. [CrossRef] [PubMed]

Chang, H.; Yi, B.; Ma, R.; Zhang, X.; Zhao, H.; Xi, Y. CRISPR/cas9, a novel genomic tool to knock down microRNA in vitro and
in vivo. Sci. Rep. 2016, 6, 22312. [CrossRef]

Narayanan, A.; Hill-Teran, G.; Moro, A.; Ristori, E.; Kasper, D.M.; A Roden, C.; Lu, ]J.; Nicoli, S. In vivo mutagenesis of miRNA
gene families using a scalable multiplexed CRISPR/Cas9 nuclease system. Sci. Rep. 2016, 6, 32386. [CrossRef]

Chao, M.P. Treatment challenges in the management of relapsed or refractory non-Hodgkin’s lymphoma—Novel and emerging
therapies. Cancer Manag. Res. 2013, 5, 251-269. [CrossRef] [PubMed]

Broseus, J.; Chen, G.; Hergalant, S.; Ramstein, G.; Mounier, N.; Gueant, ].L.; Feugier, P.; Gisselbrecht, C.; Thieblemont, C.;
Houlgatte, R. Relapsed diffuse large B-cell lymphoma present different genomic profiles between early and late relapses.
Oncotarget 2016, 7, 83987. [CrossRef]

Maxwell, S.A.; Mousavi-Fard, S. Non-Hodgkin’s B-cell lymphoma: Advances in molecular strategies targeting drug resistance.
Exp. Biol. Med. 2013, 238, 971-990. [CrossRef]

Bai, H.; Wei, J.; Deng, C.; Yang, X.; Wang, C.; Xu, R. MicroRNA-21 regulates the sensitivity of diffuse large B-cell lymphoma cells
to the CHOP chemotherapy regimen. Int. |. Hematol. 2013, 97, 223-231. [CrossRef]

Troppan, K.; Wenzl, K.; Pichler, M.; Pursche, B.; Schwarzenbacher, D.; Feichtinger, J.; Thallinger, G.G.; Beham-Schmid, C.;
Neumeister, P.; Deutsch, A. miR-199a and miR-497 are Associated with Better Overall Survival due to Increased Chemosensitivity
in Diffuse Large B-Cell Lymphoma Patients. Int. . Mol. Sci. 2015, 16, 18077-18095. [CrossRef]

Marques, S.C.; Ranjbar, B.; Laursen, M.B.; Falgreen, S.; Bilgrau, A.E.; Badker, ].S.; Jorgensen, L.K.; Primo, M.N.; Schmitz, A.;
Ettrup, M.S; et al. High miR-34a expression improves response to doxorubicin in diffuse large B-cell lymphoma. Exp. Hematol.
2016, 44, 238-246. [CrossRef]

Huang, F; Jin, Y.; Wei, Y. MicroRNA-187 induces diffuse large B-cell lymphoma cell apoptosis via targeting BCL6. Oncol. Lett.
2016, 11, 2845-2850. [CrossRef]

Leivonen, S.-K.; Icay, K.; Jantti, K.; Siren, I.; Liu, C.; Alkodsi, A.; Cervera, A.; Ludvigsen, M.; Hamilton-Dutoit, S.J.; d’Amore, F.;
et al. MicroRNAs regulate key cell survival pathways and mediate chemosensitivity during progression of diffuse large B-cell
lymphoma. Blood Cancer J. 2017, 7, 654. [CrossRef]


http://doi.org/10.1093/nar/gkl183
http://doi.org/10.1056/NEJMoa1209026
http://www.ncbi.nlm.nih.gov/pubmed/23534542
http://doi.org/10.1016/j.addr.2014.10.031
http://doi.org/10.3390/mps4010010
http://doi.org/10.1002/wnan.1228
http://doi.org/10.1002/cbin.10157
http://doi.org/10.1021/acs.accounts.6b00506
http://www.ncbi.nlm.nih.gov/pubmed/28068053
http://doi.org/10.3390/ijms140610710
http://www.ncbi.nlm.nih.gov/pubmed/23702843
http://doi.org/10.1021/acs.accounts.0c00280
http://doi.org/10.1186/s12951-018-0392-8
http://doi.org/10.1016/j.biomaterials.2012.10.023
http://www.ncbi.nlm.nih.gov/pubmed/23111335
http://doi.org/10.1038/s41598-019-41866-y
http://doi.org/10.1007/s11481-019-09873-y
http://doi.org/10.1186/s12943-021-01431-6
http://doi.org/10.3390/ijms19010065
http://doi.org/10.1080/15476286.2014.996067
http://doi.org/10.1038/srep03943
http://www.ncbi.nlm.nih.gov/pubmed/24487629
http://doi.org/10.1038/srep22312
http://doi.org/10.1038/srep32386
http://doi.org/10.2147/CMAR.S34273
http://www.ncbi.nlm.nih.gov/pubmed/24049458
http://doi.org/10.18632/oncotarget.9793
http://doi.org/10.1177/1535370213498985
http://doi.org/10.1007/s12185-012-1256-x
http://doi.org/10.3390/ijms160818077
http://doi.org/10.1016/j.exphem.2015.12.007
http://doi.org/10.3892/ol.2016.4313
http://doi.org/10.1038/s41408-017-0033-8

Cancers 2021, 13, 6324 15 of 16

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Yang, ].M.; Jang, J.-Y.; Jeon, Y.K,; Paik, J.H. Clinicopathologic implication of microRNA-197 in diffuse large B cell lymphoma.
J. Transl. Med. 2018, 16, 162. [CrossRef]

Tian, F; Zhan, Y.; Zhu, W.; Li, ].; Tang, M.; Chen, X.; Jiang, J. MicroRNA-497 inhibits multiple myeloma growth and increases
susceptibility to bortezomib by targeting Bcl-2. Int. J. Mol. Med. 2019, 43, 1058-1066. [CrossRef]

Tang, B.; Xu, A.; Xu, ].; Huang, H.; Chen, L.; Su, Y.; Zhang, L.; Li, ].; Fan, E; Deng, ].; et al. MicroRNA-324-5p regulates stemness,
pathogenesis and sensitivity to bortezomib in multiple myeloma cells by targeting hedgehog signaling. Int. |. Cancer 2018, 142,
109-120. [CrossRef]

Go, H,; Jang, ].-Y;; Kim, P-J.; Kim, Y.-G.; Nam, S.J.; Paik, ].H.; Kim, T.M.; Heo, D.S.; Kim, C.-W.; Jeon, Y.K. MicroRNA-21 plays an
oncogenic role by targeting FOXO1 and activating the PI3K/AKT pathway in diffuse large B-cell lymphoma. Oncotarget 2015, 6,
15035-15049. [CrossRef]

Kim, J.H.; Kim, W.S; Park, C. Epstein—Barr virus latent membrane protein-1 protects B-cell lymphoma from rituximab-induced
apoptosis through miR-155-mediated Akt activation and up-regulation of Mcl-1. Leuk. Lymphoma. 2012, 53, 1586-1591. [CrossRef]
Sun, N.; Wang, C.Y.; Sun, Y.Q.; Ruan, Y.J.; Huang, Y.Y.; Su, T.; Zhou, X. H.; Huang, H.; Guo, W.J.; He, M.Q.; et al. Down-regulated
miR-148b increases resistance to CHOP in diffuse large B-cell lymphoma cells by rescuing Ezrin. Biomed. Pharmacother. 2018, 106,
267-274. [CrossRef]

Wu, Y,; Liu, G.-L.; Liu, S.-H.; Wang, C.-X,; Xu, Y.-L.; Ying, Y.; Mao, P. MicroRNA-148b enhances the radiosensitivity of non-
Hodgkin’s Lymphoma cells by promoting radiation-induced apoptosis. J. Radiat. Res. 2012, 53, 516-525. [CrossRef]

Wu, SJ.; Chen, J.; Wu, B.; Wang, Y.J.; Guo, K.Y. MicroRNA-150 enhances radiosensitivity by inhibiting the AKT pathway in NK/T
cell lymphoma. J. Exp. Clin. Cancer Res. 2018, 37, 18. [CrossRef]

Chen, Y.; Li, Z.; Chen, X.; Zhang, S. Long non-coding RNAs: From disease code to drug role. Acta. Pharm. Sin. B. 2021, 11,
340-354. [CrossRef]

Wang, Q.M; Lian, G.Y,; Song, Y.; Huang, Y.F; Gong, Y. LncRNA MALAT1 promotes tumorigenesis and immune escape of diffuse
large B cell lymphoma by sponging miR-195. Life Sci. 2019, 231, 116335. [CrossRef]

Dowdy, S.F. Overcoming cellular barriers for RNA therapeutics. Nat. Biotechnol. 2017, 35, 222-229. [CrossRef]

Guo, C.; Gong, M.; Li, Z. Knockdown of IncRNA MCM3AP-AS1 Attenuates Chemoresistance of Burkitt Lymphoma to Doxoru-
bicin Treatment via Targeting the miR-15a/EIF4E Axis. Cancer Manag. Res. 2020, 12, 5845-5855. [CrossRef]

Cheng, H.; Yan, Z.; Wang, X.; Cao, J.; Chen, W.; Qi, K; Zhou, D.; Xia, J.; Qi, N.; Li, Z.; et al. Downregulation of long non-coding
RNA TUGT1 suppresses tumor growth by promoting ubiquitination of MET in diffuse large B-cell lymphoma. Mol. Cell. Biochem.
2019, 461, 47-56. [CrossRef]

Lennox, K.A.; Behlke, M.A. Cellular localization of long non-coding RNAs affects silencing by RNAi more than by antisense
oligonucleotides. Nucleic Acids Res. 2016, 44, 863-877. [CrossRef]

Schoch, K.M.; Miller, T.M. Antisense Oligonucleotides: Translation from Mouse Models to Human Neurodegenerative Diseases.
Neuron 2017, 94, 1056-1070. [CrossRef]

Taiana, E.; Favasuli, V.; Ronchetti, D.; Todoerti, K.; Pelizzoni, F.; Manzoni, M.; Barbieri, M.; Fabris, S.; Silvestris, I.; Gallo Cantafio,
M.E,; et al. Long non-coding RNA NEAT1 targeting impairs the DNA repair machinery and triggers anti-tumor activity in
multiple myeloma. Leukemia 2020, 34, 234-244. [CrossRef]

Ho, T.-T.; Zhou, N.; Huang, J.; Koirala, P.; Xu, M.; Fung, R.; Wu, E; Mo, Y.-Y. Targeting non-coding RNAs with the CRISPR/Cas9
system in human cell lines. Nucleic Acids Res. 2014, 43, e17. [CrossRef]

Zhu, S.; Li, W,; Liu, J.; Chen, C.-H.; Liao, Q.; Xu, P; Xu, H,; Xiao, T.; Cao, Z.; Peng, ].; et al. Genome-scale deletion screening of
human long non-coding RNAs using a paired-guide RNA CRISPR-Cas9 library. Nat. Biotechnol. 2016, 34, 1279-1286. [CrossRef]
David, A.; Zocchi, S.; Talbot, A.; Choisy, C.; Ohnona, A.; Lion, J.; Cuccuini, W.; Soulier, J.; Arnulf, B.; Bories, J.-C.; et al. The
long non-coding RNA CRNDE regulates growth of multiple myeloma cells via an effect on IL6 signalling. Leukemia 2021, 35,
1710-1721. [CrossRef]

Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, ].S.; Arkin, A.P.; Lim, W.A. Repurposing CRISPR as an RNA-Guided
Platform for Sequence-Specific Control of Gene Expression. Cell 2013, 152, 1173-1183. [CrossRef]

Raffeiner, P; Hart, J.R.; Garcia-Caballero, D.; Bar-Peled, L.; Weinberg, M.S.; Vogt, PK. An MXD1-derived repressor peptide
identifies noncoding mediators of MYC-driven cell proliferation. Proc. Natl. Acad. Sci. USA 2020, 117, 6571-6579. [CrossRef]
Goyal, A.; Myacheva, K.; Grof3, M.; Klingenberg, M.; Duran Arqué, B.; Diederichs, S. Challenges of CRISPR/Cas9 applications for
long non-coding RNA genes. Nucleic Acids Res. 2017, 45, e12. [CrossRef]

Pedram Fatemi, R.; Salah-Uddin, S.; Modarresi, F.; Khoury, N.; Wahlestedt, C.; Faghihi, M.A. Screening for Small-Molecule
Modulators of Long Noncoding RNA-Protein Interactions Using AlphaScreen. . Biomol. Screen. 2015, 20, 1132-1141. [CrossRef]
Abulwerdi, EA.; Xu, W.; Ageeli, A.A.; Yonkunas, M.].; Arun, G.; Nam, H.; Schneekloth, J.S., Jr.; Dayie, T.K.; Spector, D.; Baird, N;
et al. Selective Small-Molecule Targeting of a Triple Helix Encoded by the Long Noncoding RNA, MALAT1. ACS Chem. Biol.
2019, 14, 223-235. [CrossRef]

Merecatelli, N.; Fortini, D.; Palombo, R.; Paronetto, M.P. Small molecule inhibition of Ewing sarcoma cell growth via targeting the
long non coding RNA HULC. Cancer Lett. 2020, 469, 111-123. [CrossRef]

A Multicenter Phase I Study of MRX34, MicroRNA miR-RX34 Liposomal Injection. Available online: https://clinicaltrials.gov/
ct2/show /NCT01829971 (accessed on 3 June 2021).


http://doi.org/10.1186/s12967-018-1537-0
http://doi.org/10.3892/ijmm.2019.4297
http://doi.org/10.1002/ijc.31041
http://doi.org/10.18632/oncotarget.3729
http://doi.org/10.3109/10428194.2012.659736
http://doi.org/10.1016/j.biopha.2018.06.093
http://doi.org/10.1093/jrr/rrs002
http://doi.org/10.1186/s13046-017-0639-5
http://doi.org/10.1016/j.apsb.2020.10.001
http://doi.org/10.1016/j.lfs.2019.03.040
http://doi.org/10.1038/nbt.3802
http://doi.org/10.2147/CMAR.S248698
http://doi.org/10.1007/s11010-019-03588-7
http://doi.org/10.1093/nar/gkv1206
http://doi.org/10.1016/j.neuron.2017.04.010
http://doi.org/10.1038/s41375-019-0542-5
http://doi.org/10.1093/nar/gku1198
http://doi.org/10.1038/nbt.3715
http://doi.org/10.1038/s41375-020-01034-y
http://doi.org/10.1016/j.cell.2013.02.022
http://doi.org/10.1073/pnas.1921786117
http://doi.org/10.1093/nar/gkw883
http://doi.org/10.1177/1087057115594187
http://doi.org/10.1021/acschembio.8b00807
http://doi.org/10.1016/j.canlet.2019.10.026
https://clinicaltrials.gov/ct2/show/NCT01829971
https://clinicaltrials.gov/ct2/show/NCT01829971

Cancers 2021, 13, 6324 16 of 16

98.

99.

100.

101.

102.

103.

104.

105.

106.

Hong, D.S,; Kang, Y.-K.; Borad, M.; Sachdev, J.; Ejadi, S.; Lim, H.Y.; Brenner, A.J.; Park, K.; Lee, J.-L.; Kim, T.-Y.; et al. Phase 1 study
of MRX34, a liposomal miR-34a mimic, in patients with advanced solid tumours. Br. J. Cancer 2020, 122, 1630-1637. [CrossRef]
MesomiR 1: A Phase I Study of TargomiRs as 2nd or 3rd Line Treatment for Patients With Recurrent MPM and NSCLC. Available
online: https://clinicaltrials.gov/ct2/show /NCT02369198 (accessed on 3 June 2021).

Reid, G.; Kao, S.C.; Pavlakis, N.; Brahmbhatt, H.; MacDiarmid, ].; Clarke, S.; Boyer, M.; van Zandwijk, N. Clinical development
of TargomiRs, a miRNA mimic-based treatment for patients with recurrent thoracic cancer. Epigenomics 2016, 8, 1079-1085.
[CrossRef] [PubMed]

van Zandwijk, N.; Pavlakis, N.; Kao, S.C.; Linton, A.; Boyer, M.].; Clarke, S.; Huynh, Y.; Chrzanowska, A.; Fulham, M.].;
Bailey, D.L.; et al. Safety and activity of microRNA-loaded minicells in patients with recurrent malignant pleural mesothelioma:
A first-in-man, phase 1, open-label, dose-escalation study. Lancet Oncol. 2017, 18, 1386-1396. [CrossRef]

Safety, Tolerability and Pharmacokinetics of MRG-106 in Patients With Mycosis Fungoides (MF), CLL, DLBCL or ATLL. Available
online: https://clinicaltrials.gov/ct2/show /NCT02580552 (accessed on 3 June 2021).

PRISM: Efficacy and Safety of Cobomarsen (MRG-106) in Subjects With Mycosis Fungoides Who Have Completed the SOLAR
Study. Available online: https://clinicaltrials.gov/ct2/show /NCT03837457 (accessed on 3 June 2021).

SOLAR: Efficacy and Safety of Cobomarsen (MRG-106) vs. Active Comparator in Subjects With Mycosis Fungoides. Available
online: https://clinicaltrials.gov/ct2/show /NCT03713320 (accessed on 3 June 2021).

Phase 1 Safety and Tolerability Study of Andes-1537 for Injection in Patients With Advanced Unresectable Solid Tumors. Available
online: https://clinicaltrials.gov/ct2/show /NCT02508441 (accessed on 3 June 2021).

Study With Andes-1537 in Patients With Specific Types of Advanced Solid Tumor. Available online: https:/ /clinicaltrials.gov/ct2
/show /NCT03985072 (accessed on 3 June 2021).


http://doi.org/10.1038/s41416-020-0802-1
https://clinicaltrials.gov/ct2/show/NCT02369198
http://doi.org/10.2217/epi-2016-0035
http://www.ncbi.nlm.nih.gov/pubmed/27185582
http://doi.org/10.1016/S1470-2045(17)30621-6
https://clinicaltrials.gov/ct2/show/NCT02580552
https://clinicaltrials.gov/ct2/show/NCT03837457
https://clinicaltrials.gov/ct2/show/NCT03713320
https://clinicaltrials.gov/ct2/show/NCT02508441
https://clinicaltrials.gov/ct2/show/NCT03985072
https://clinicaltrials.gov/ct2/show/NCT03985072

	Introduction 
	miRNA-Based Therapies in NHL 
	Local Delivery 
	Systemic Delivery 
	Vectors-Based Delivery Systems 
	Viral Vectors 
	Nonviral Vectors 

	Targeting of miRNAs via CRISPR/Cas9 

	MicroRNA-Based Combinatorial Cancer Therapy 
	LncRNA-Targeted Therapeutics 
	LncRNA-Targeting by Nucleic Acid Therapeutics 
	Targeting of lncRNA-Expressing Loci via CRISPR/Cas9 
	Small Compounds Targeting lncRNAs 

	Clinical Trials for miRNA and lncRNA-Based Drug Candidates 
	Conclusions 
	References

