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Simple Summary: The field of non-coding RNAs has growing interest in cancer research
since these molecules play a prominent role in the regulation of cancer progression. Further-
more, they are considered to be promising biomarker candidates and therapeutic targets
that might revolutionize cancer diagnostics and therapy in the future. Here, we aimed
to provide an overview of the functions and possible clinical applications of non-coding
RNAs in cancer, including miRNAs, siRNAs, IncRNAs, circRNAs, snRNAs, snoRNAs,
eRNAs, paRNAs, YRNAs, vtRNAs, and piRNAs. We also present molecular methods for
their detection and functional characterization.

Abstract: We are on the brink of a paradigm shift in both theoretical and clinical oncology.
Genomic and transcriptomic profiling, alongside personalized approaches that account for
individual patient variability, are increasingly shaping discourse. Discussions on the future
of personalized cancer medicine are mainly dominated by the potential of non-coding RNAs
(ncRNAs), which play a prominent role in cancer progression and metastasis formation by
regulating the expression of oncogenic or tumor suppressor proteins at transcriptional and
post-transcriptional levels; furthermore, their cell-free counterparts might be involved in
intercellular communication. Non-coding RNAs are considered to be promising biomarker
candidates for early diagnosis of cancer as well as potential therapeutic agents. This review
aims to provide clarity amidst the vast body of literature by focusing on diverse species
of ncRNAs, exploring the structure, origin, function, and potential clinical applications
of miRNAs, siRNAs, IncRNAs, circRNAs, snRNAs, snoRNAs, eRNAs, paRNAs, YRNAs,
vtRNAs, and piRNAs. We discuss molecular methods used for their detection or functional
studies both in vitro and in vivo. We also address the challenges that must be overcome to
enter a new era of cancer diagnosis and therapy that will reshape the future of oncology.

Keywords: cancer; cancer diagnostics; cancer therapy; RNA; RNA detection; miRNA;
IncRNA; circRNA; snRNA; snoRNA

1. Introduction

Sequencing the human genome led to the unexpected recognition that only 1-2% of
the human genome is responsible for coding proteins [1]. The remainder of the genome
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was categorized as “junk”. However, 74% of the human genome is transcribed into RNA
molecules, raising the question of whether these “junk RNAs” have any function in cells.
Nowadays, they are called non-coding RNAs (ncRNA) as they are not translated to proteins,
and it is generally accepted that they play relevant roles in the regulation of cellular
physiology [2]. They are traditionally classified by their size. Some species are longer
than 200 nt (e.g., long non-coding RNAs [IncRNAs]; circular RNAs [circRNAs]), while
small non-coding RNAs (sncRNAs) are 18-200 nt long (e.g., microRNAs [miRNA], PIWI-
interacting RNA [piRNA], small nucleolar RNAs [snoRNAs], small interfering RNAs
[siRNAs], small nuclear RNAs [snRNAs], YRNAs, and vaultRNA [vtRNA]) [3,4]. By
function, they may be classified as housekeeping ncRNAs, which are highly expressed in
every cell type and perform essential functions in various cellular processes. Apart from
well-known RNA species such as rRNAs, tRNAs, snRNAs, and snoRNAs, notable ncRNAs
have regulatory functions and are involved in the initiation of transcription (promoter-
associated RNAs [paRNAs], enhancer RNAs [eRNAs]), RNA degradation (endogenous
siRNAs), the maintenance of genome integrity by silencing transposons (piRNAs), or in
the regulation of gene expression (miRNAs, IncRNAs, circRNAs) [5-11]. In this review, we
discuss the exact contribution of these ncRNAs to cancer progression, and we also present
strategies for their possible clinical application. In addition, we present molecular methods
that can be applied for their detection and functional characterization in vitro and in vivo.

2. The Role of RNA Networks in Cancer

Regulation of gene expression is mediated via the cooperation of several ncRNAs, with
miRNAs considered the central players. The binding of miRNAs to mRNA targets results
in the degradation of the mRNA or a block of translation; thus, miRNAs are considered
negative regulators [6]. Fine-tuning of gene expression is mediated by RNA interactions:
(i) one miRNA targets several mRNAs; (ii) one mRNA might be targeted by several
miRNAs; (iii) IncRNAs and circRNAs might serve as sponges for miRNAs that decrease the
availability of miRNAs in the cells [12]. Their interaction is well explained by the competing
endogenous hypothesis [12,13]. A miRNA response element (MRE) is a target sequence
recognized by a miRNA on a specific mRNA. MicroRNAs typically have a number of
target mRNAs that possess MREs. According to the competing endogenous hypothesis,
mRNAs possessing MREs of the same miRNA compete with each other for the available
miRNAs and influence each other’s translation. This represents a crosstalk through the
language of nucleic acids in cells [13]. Pseudogenes might also compete for miRNAs with
the mRNA transcripts of their ancestral genes. Furthermore, other ncRNAs (e.g., IncRNAs
and circRNAs) possess MREs as well and compete with each other and with mRNAs for
miRNAs, resulting in an extensive regulatory crosstalk in the transcriptome [12,13]. These
functional networks are necessary for the normal physiology of cells. Perturbations might
lead to diseases of the cardiovascular and immune systems, neurological disorders, or
cancer [14-16].

Non-coding RNAs are key players in the development of cancer as they affect the
production of oncogenic and tumor suppressor proteins (Figure 1). MicroRNAs suppressing
the production of tumor suppressor proteins are known as oncomiRs, while those that
inhibit the synthesis of oncogenic proteins are tumor suppressor miRNAs [17]. Long non-
coding RNAs and circRNAs might also have diverse functions in cancer development. They
may promote cancer progression by enhancing the transcription of oncogenes through DNA
interactions, affecting mRNA translation and the stability of oncogenic transcripts, sponging
tumor suppressor miRNAs, or modulating the activity of proteins by serving as scaffolds
or decoys [16]. PIWI-interacting RNA-PIWI complexes might transcriptionally silence
tumor suppressor proteins via aberrant DNA methylation or histone modification [18].
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Furthermore, the inappropriate expression of eRNAs, paRNAs, snoRNAs, and snRNAs
was also associated with cancer development via the dysregulation of gene expression or
RNA modifications (Figure 1) [3,4,10,19].
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Figure 1. The role of various ncRNAs in the development of cancer. Non-coding RNAs influence the
expression of proteins involved in pathways related to tumor progression at both transcriptional and
post-transcriptional levels.

3. Cell-Free Non-Coding RNAs

Non-coding RNAs function not only intracellularly but also extracellularly. Non-
codingRNAs may leave cells and appear in the extracellular matrix or in body fluids (as
cell-free non-coding RNAs [cf-ncRNAs]) (i) via active transport (by vesicles including
exosomes and microvesicles), (ii) in association with RN A-binding proteins (HDL, LDL,
AGQO?2), or (iii) as a result of cell death (cell necrosis/apoptosis) [20-23].

RNAs released actively and packed into exosomes and microvesicles are thought to
play pivotal roles in cell-to-cell communication. Cell-free miRNAs may enter surrounding
cells via endocytosis, membrane fusion, or specific cell-surface receptors and influence their
gene expression [21,22,24]. Exosomal miRNAs may be responsible for the transition of
normal tissue microenvironments into pro-tumorigenic microenvironments [25], an effect
most well-studied in neuroblastoma by co-culture experiments. These showed a transfer of
exosomal miR-21 from neuroblastoma cells to monocytes, upregulating miR-155 via TLR8
and NF-«kB. Monocyte-derived miR-155 is then transferred back to neuroblastoma cells,
where it targets TERF1, impacting telomerase activity and length, which is linked to drug
resistance and poor prognosis [26]. Furthermore, cf-miRNAs might promote the transition
of fibroblasts that support cancer progression by reordering the extracellular matrix and
secreting various molecules (e.g., cytokines, growth factors, chemokines) [21]. Such cancer-
associated fibroblasts may release exosomes (to be taken up by cancer cells) carrying ncRNA
cargo such as miR-21 [27]. Cell-free miRNAs may also modulate the immune response by
supporting the polarization of tumor-associated macrophages as well as angiogenesis by
modulating endothelial cells [21]. Long non-coding RNAs also contribute to cell-to-cell
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communication. Based on the available evidence, IncRNAs are packaged in exosomes
and interact with both neighboring and distant cells through active transport processes.
Once inside, they may affect normal cell functions, inducing tumorigenesis, promoting
angiogenesis, and stimulating tumor growth and drug resistance [23,28].

Extracellular argonaute 2 (AGO2) has been proposed as a key component of extracel-
lular RNA-induced silencing complexes suppressing mRNAs in recipient cells, but there is
still no consensus on whether they are mainly transported inside or outside of extracellular
vesicles [29]. HDLs transport host-derived small RNAs, such as miRNAs, tRNAs, rRNAs,
and snRNAs, and nonhost small RNAs originating from the microbiome, a process often
disturbed in disease, resulting in proinflammatory pathways getting triggered when the
lipoproteins are engulfed by macrophages [30].

Apoptotic bodies and other vesicles from dying cells encapsulate a wide range of con-
tent, including small molecules, DNA fragments, micronuclei, and even entire organelles
such as mitochondria. They have also been reported to carry various cfRNA species such as
rRNAs, U1 RNAs, and YRNAs, some of which may have altered nucleotide compositions
and secondary structures, including a high frequency of U-rich motifs and unstable folding
elements [31]. These immunostimulatory RNAs are believed to function in tandem with
self-antigen fragments to regulate processes such as autoimmunity and even cancer [32].

4. Isolation and Detection of Non-Coding RNA Molecules

The detection of ncRNAs is more challenging than detecting mRNAs due to the fol-
lowing reasons: (i) short ncRNAs are discarded along with RNA fragments in conventional
RINA extraction procedures, (ii) the short size of ncRNAs makes cDNA synthesis and
detection challenging, and (iii) the detection of cf-ncRNAs is further hindered by their low
concentration in body fluids. Despite these difficulties, several methods have been devel-
oped for the reliable detection of ncRNAs [33-35]. Choosing an RNA extraction method
retaining short (<200 bp) RNA sequences is essential. Such RNA extraction kits, as well as
reagents for enhancing RNA stability, are commercially available. An easy-to-use example
is the solid phase spin-column method involving RNase-free silica membranes that are
provided by several vendors. Conventional RNA detection methods such as Northern
blot, RT-qPCR, microarray analysis, and next-generation sequencing (NGS) can be used for
ncRNA detection. Since Northern blotting is a time-consuming, multi-step procedure [36],
RT-qPCR is the generally preferred method. The bias caused by the short sequences of
most ncRNAs can be overcome by either (i) the RNA being reverse transcribed into cDNA
using miRNA-specific stem and loop primers before amplification; (ii) miRNAs being
elongated with a poly-A tail during reverse transcription with a common primer, followed
by amplification using universal and miRNA-specific primer sets [37,38]. Normalization
of miRNA expression levels against a reference is necessary. Selecting proper references
requires thorough consideration and is often a limiting factor in published studies. Using
housekeeping ncRNAs (e.g., RNU6) as references is a common choice, but their expression
might also change in cancer and might show variability among patients. Taking such
changes into account, the optimization of references is a crucial step during study design,
and a combination of references may yield better results than any single reference RNA
on its own [35]. Primer assays for qPCR-based detection of IncRNAs and circRNAs are
also available [39,40]. For the latter, the method relies upon circRNA'’s higher resistance
to degradation by RNases. Purification involves RNAse R treatment to remove linear
RNA molecules. Any remaining linear poly(A)* RNAs are removed by oligo(dT) beads.
Following reverse transcription, circRNAs can be amplified by PCR using circRNA-specific
divergent primers [41]. However, RNAse R might digest high molecular weight circR-
NAs while leaving linear RNAs with stable secondary structures intact. This procedure
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is also not feasible for the detection of cf-circRNAs due to their low concentration levels.
Other alternative methods are also available, including RT-ddPCR, ligation-based PCR
assays, rolling cycle amplification, and stem-loop primer-based systems for eliminating
artifacts and increasing specificity [40]. Droplet digital PCR (ddPCR) is a good choice for
the detection of cf-ncRNAs expected to be found in low concentrations in the samples. This
method is based on partitioning nucleic acids into water-in-oil emulsion microdroplets
that might contain 0, 1, or more template molecules, according to the Poisson distribution.
These droplets also contain reagents and are used as amplification chambers. Fluorescence-
emitting droplets are quantified, resulting in thousands of data points that enhance the
power of statistical analysis [42].

For global transcriptomic profiling, microarray and NGS methods are available. Limi-
tations of microarray-based methods include relatively low sensitivity and specificity, the
need for high RNA input, and unsuitability for identifying novel ncRNAs. Distinguishing
miRNAs with high levels of sequence similarity is also problematic [43]. Bead-array-based
flow cytometric RNA profiling is more cost-effective than the solid-surface array. The
method involves probes ligated to uniquely colored polystyrene beads to which the biotiny-
lated miRNAs are hybridized. This is followed by streptavidin—phycoerythrin staining
and analysis with flow cytometry. Quantification is carried out by determining bead color
and intensity [44]. NGS methods are steadily gaining ground in the expression profiling of
sncRNA species. This method includes cDNA library preparation followed by sequencing.
The short sequence of ncRNAs represents the greatest challenge in sequencing, which may
be addressed by extending these molecules via ligation or polyadenylation to provide bind-
ing sites for primers used in reverse transcription and amplification. However, this step also
introduces additional bias as adaptors might cause artificial changes in ncRNA content due
to their differing affinities for ncRNAs, consequently affecting PCR amplification efficiency.
The method might detect particular miRNAs at varying efficiencies, leading to misleading
results in extreme cases. This is especially challenging in cf-ncRNAs detection due to their
low concentrations. To mitigate such effects, two-adaptor ligation (including ligation of
the polyadenylated 3’ end and 5’ end adaptor) and polyadenylation-based ligation-free
approaches may be considered [45]. The method TGIRT-seq applies a structure-tolerant
reverse transcriptase, allowing sequencing of full-length ncRNAs by avoiding ligation bias
caused by structural differences [46]. Single-cell RNA sequencing methods have also been
optimized for small RNAs, enabling the monitoring of sncRNAs in individual cells rather
than capturing an average of large cell populations, as seen in conventional bulk sequenc-
ing. Such methods of monitoring ncRNA expression are especially useful in the context
of tumor tissues displaying heterogeneity or studies of cells with prominent functions
in cancer progression (e.g., cancer stem cells). Parallel single-cell small RNA sequencing
(PSCSR-seq) provides an optimized method via increased ligation efficiency, improved
ligation adapters, and a nanowell chip [47]. The analysis of RNA sequencing data also
introduces some bias. One significant challenge is the alignment of short sequencing reads
with a high degree of stringency to a reference genome. Furthermore, RNA sequencing
pipelines utilize general databases (such as GENCODE or RefSeq) to assign sequencing
reads to specific genes and are not suitable for aligning reads that map to non-annotated
genes. The use of specialized databases (such as RN Acentral or sSRNA tools) integrating
annotation from multiple sources may facilitate more accurate ncRNA annotations [48,49].
Another problem is the biased distribution of reads, with the majority of reads aligning to a
limited number of loci within the genome and the possibility of a single read mapping to
multiple locations. The presence of isoforms, particularly in the case of miRNAs, introduces
another level of complexity. To account for such biases, a combination of methods (e.g.,
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NGS methods and RT-qPCR) is strongly recommended for ncRNA detection in order to
reduce the occurrence of misleading results.

5. Functional Studies of Non-Coding RNAs
5.1. In Vitro Methods for Studying Non-Coding RNA Function

Due to recent advancements in bioinformatics and molecular biology, understanding
the exact role of ncRNAs in the development of diseases is getting within reach. As a first
step, it requires in vitro studies (Figure 2). Most reports focusing on miRNA function use
miRNA mimics (synthetic, double-stranded oligonucleotides containing a guide and a
passenger strand and capable of incorporating into the RISC complex) as a simple method
for studying the transient expression of miRNAs in cells. Chemical modifications of miRNA
mimics ensure the interaction of the guide strand with the Ago proteins [50,51]. MicroRNA
mimics are available from several manufacturers and are delivered by a simple transfection
method. Small interfering RNAs may also be applied to in vitro gene silencing. They
specifically target a given gene product, binding with full complementarity, resulting in
~80% gene silencing potential via a single cleavage of the mRNA. In contrast, miRNA
mimics require only partial complementarity, which may lead to the degradation of the
target or a block of translation with ~30-60% gene suppression potential [52,53]. For
this reason, siRNAs are the preferred choice when more comprehensive and precise gene
silencing is needed, whether for research purposes or therapeutic applications. MicroRNAs
may act synergistically due to their network-forming ability, leading to a cumulative
impact where individually mild effects add up through the presence of multiple miRNAs
regulating the same targets or several targets involved in the same biological process [52,54].
The drawback is that high cytoplasmic concentrations of miRNA mimics or siRNAs might
have off-target effects that may only be overcome through careful design and optimization
of the transfection procedure. Furthermore, they may become diluted in the cell culture as
a result of cell divisions, making multiple rounds of transfections necessary, hence limiting
their application in long-term experiments [52,54].

Functional studies of ncRNAs

In vitro Target interaction
Xenograft Gain of Loss of In silico Molecular
- PDX function function prediction methods
- seed sequence - reporter system
/ \ / \ complemetarity - HITS-CLIE,
PAR-CLIP
Transient Long term  Transient Long term
expression expression  expression expression
- synthetic miRNA - shRNA - miRNA - genetic knockout
- synthetic siRNA inhibitors - miRNA sponges

Figure 2. Methods for functional characterization of ncRNAs.

Using short hairpin RNAs (shRNAs) enables more efficient long-term expression of
siRNAs and miRNAs and is well-suited for creating stable clones. The main forms of
shRNAs are stem-loop-structured or miRNA-adapted ncRNAs encoded by a DNA vector.
Simple stem-loop shRNAs are akin to endogenous pre-miRNAs and are similarly cleaved
by the Dicer enzyme after their transcription. MicroRNA-adapted shRNAs resemble
pri-miRNAs, processed by both Drosha and Dicer enzymes [55,56]. MicroRNA-adapted
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shRNAs contain miRNA-like mismatches and are less toxic to cells due to their more
efficient processing. The DNA vector can be introduced into target cells by transfection
methods (e.g., electroporation, lipid transfection) or viral transduction (e.g., adenovirus,
lentivirus). Lentiviral shRNA vectors (e.g., SMARTvector shRNA) can be effectively used in
almost any cell type, including non-dividing cells and cells that are difficult to transfect for
other reasons [57]. Viral transduction also promotes reliable integration into the genome,
allowing stable expression even in an inducible knockdown system. Selection markers
enable the identification of successfully transfected or transduced cells, while fluorescent
markers are used to screen cells expressing shRNAs (e.g., the GFP-green fluorescent protein).
However, a high level of sShRNA expression might saturate the endogenous RNAi system
or promote off-target effects. These unintended events can be minimized by the careful
design of the DNA vector (increasing specificity or using inducible promoters) [56-58].
Another popular method is the use of nanoparticle-conjugated shRNAs (nanoconjugates),
which enhance stability and resistance against nucleases. Examples of such systems include
lipid-, gold-, and silica-based nanoparticles and theranostic nanocarriers [55].

The possible effects of miRNA loss can be studied through genetic knockouts, such as
those generated using the CRISPR/Cas9 system [50]. The application of miRNA inhibitors
specifically binding endogenous miRNAs is another simple way of studying these effects.
Such inhibitors include antisense oligonucleotides (ASOs) forming stable heteroduplexes
with miRNAs and preventing their interaction with target mRNAs. Locked nucleic acids
(LNAs) are efficient due to their stability and binding affinity for their targets [50,59].
MicroRNA sponges are also available and well-suited for the creation of stable loss-of-
function clones. These are encoded by DNA plasmids, which might include promoters
for constitutive or tissue-specific expression, as well as fluorescent reporters that allow for
quantitative analysis. Sponges typically contain 10 binding sites and might inhibit a whole
family of miRNAs sharing a common seed sequence [60].

5.2. In Vivo Methods for Studying Non-Coding RNA Function

Although in vitro methods are useful for the functional characterization of ncRNAs,
understanding their actual contribution to cancer development requires in vivo studies
(Figure 2). A number of animal models have been used for this purpose, including C. ele-
gans, D. melanogaster, D. rerio, and M. musculus. For cancer research, the latter (as a mam-
malian model) is generally preferred [61]. Traditional approaches include knockouts for
miRNA-coding loci, constructs for overexpressing miRNAs, and editing miRNA sequences.
Transgenic mouse models can be generated via microinjection, homologous recombination,
Cre-LoxP, Flp-FRT, and inducible systems, or CRISPR/Cas technologies. Microinjection
involves introducing a transgene into a fertilized egg to produce an offspring that expresses
the transgene. In homologous recombination, embryonic stem cells are employed to replace
an endogenous gene with a transgene. The Cre-LoxP and Flp-FRT systems are site-specific
recombination mechanisms useful for controlling gene expression, while inducible systems
like Tet-ON/OFF and Cre-ER(T) allow reversible control of transgene expression. The
CRISPR/Cas system enables precise targeting of specific miRNA sequences, minimizing
unintended effects [61,62]. We need to consider that such animal experiments represent
technical challenges and involve financial investment; thus, the 3R principle (reduce, refine,
replace) may prove invaluable during study design. Additionally, reproducibility might
also be a limiting factor due to biological variability among animal populations [63].

A simpler method for studying the role of ncRNAs in tumor development and/or
invasion in vivo is the use of xenograft mouse models [61]. These involve injecting human
tumor cells into immunodeficient mice, Nude (Foxnl1, Nu/Nu), SCID, NOD/SCID, or
NOD-scid IL2Rcnull (NSG) for later analysis [64]. The injection may be administered
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subcutaneously (SC), intraperitoneally (IP), or to a more specific site, e.g., intrabursally
(IB) in ovarian cancer studies (into the bursa of the mouse ovary). SC models are suitable
for imaging but not for studying metastasis, while IP and IB models perform better in
that respect, even allowing ascite formation [64,65]. However, the technical execution
of such procedures is challenging due to the risks associated with anesthesia, surgical
complications, and infections, which are particularly hazardous for nude mice due to
their immunosuppressed state. Furthermore, breeding such mice requires more care (e.g.,
sterile conditions and aseptic techniques, with minimum handling to avoid infections)
compared to conventional animal models. There are two main types of xenograft models:
(i) cell-line-derived xenograft (CDX), where human tumor cell lines are implanted into the
mouse, and (ii) patient-derived xenograft (PDX), where the tumor tissue is taken directly
from a patient and implanted into the mouse. The PDX model is suitable for studying the
effect of specific mutations or the patterns of ncRNA expression in a patient and may also
help assess treatment options [66]. However, CDX models have many advantages in the
context of ncRNA studies. Cell lines offer a consistent and reproducible source of tumor
cells, enabling comparison across different research settings. Furthermore, they can be
readily implanted into mice, allowing for faster study initiation and lower costs compared
to PDX models. The greatest advantage is the potential for in vitro genetic manipulation
before implantation (e.g., transfection with miRNA mimics, siRNAs, shRNAs, or ASOs),
allowing specific in vivo characterization of ncRNAs. This allows researchers to observe
tumor growth, metastasis, and response to treatments in a more complex environment than
a cell culture. Additionally, the model may be used to test the efficacy of anti-cancer drugs.
Limitations include an inability to fully replicate the human immune response against
cancer and a lack of representation of human tumors’ full complexity. Furthermore, PDX
models might also be hampered by the limited availability of patient tumor samples, by
the variability of tumor engraftment success, and by tumor heterogeneity [67-69].

5.3. Studying MicroRNA-Messenger RNA Interactions

MicroRNA-mRNA interactions can be studied using bioinformatics tools and in vitro
methods (Figure 2). Several databases are available that provide reliable information about
ncRNA sequences, expression in several cancer types, and their interaction with mRNAs
or with other ncRNAs (Table 1). MicroRNA target predictions made by bioinformatic
platforms are mainly based on sequence similarities between the 3’ UTR region of mRNAs
and the seed sequence of miRNAs, incorporating thermodynamic analyses of miRNA—-
mRNA complexes to assess hybridization stability. The number of predicted interactions
can be reduced by ignoring false positives estimated by the accessibility of the binding
sites in both mRNAs and miRNAs, or by taking evolutionary conservation into account,
as advantageous interactions are often conserved. Recently developed machine-learning
methods may also help identify biologically relevant interactions [70]. Although computer
predictions help to interpret results obtained from high-throughput detection methods
and promote study design, they often identify an overwhelming amount of non-relevant
target interactions. As a consequence, interactions considered to be important need to be
confirmed by a reporter system in which the entire 3’ UTR region of the target gene is
cloned downstream of a reporter gene (e.g., GFP or luciferase) in a plasmid that allows
the study of all predicted miRNAs. Cells are transfected with this construct accompa-
nied by miRNA mimics. Interactions with miRNAs lead to decreased expression of the
reporter gene, resulting in lower fluorescence intensity. MicroRNA-controlled suppression
of protein levels can be further validated by Western blot, ELISA, or immunocytochemical
assays [70,71].
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High-throughput methods are also available for the detection and faster validation
of miRNA-mRNA interactions. These are based on the immunoprecipitation of Ago
proteins with highly selective antibodies, followed by the isolation and sequencing of the
RNA incorporated into the RISC complex. This results in two datasets (miRNA-Ago and
mRNA binding site-Ago) that can be further explored using bioinformatic methods [70].
The high-throughput sequencing of RNA isolated by crosslinking immunoprecipitation
(HITS-CLIP) method involves 254 nm UV radiation applied to covalently cross-link the
RNA-protein complexes at their interacting site before immunoprecipitation and often
results in more reproducible results [72]. An alternative method is the photoactivable-
ribonucleoside-enhanced CLIP (PAR-CLIP), in which photoactivatable ribonucleosides such
as 4-thiouridine (4SU) or 6-thioguanine (6SG) are randomly incorporated into RNA during
transcription and are excited by 365 nm UV light that increases crosslinking efficiency.
It also leads to a characteristic mutation at the site of crosslinking (G-to-A for 65G and
T-to-C for 45U) during reverse transcription, which allows more accurate identification of
interaction sites [73].

Table 1. Examples of databases for ncRNA studies in cancer. “Disease association” refers to databases
providing ncRNA expression patterns in diseases, including cancer. “Expression” refers to databases
containing expression data of ncRNAs in various samples/sources.” Gene, genome, annotation”
refers to databases providing sequence or genomic location data. “Interaction” refers to databases
providing information on interactions between RNAs.

Database

Data

Database

Found

Name Full Name Type Category Source Year Reference
Human MicroRNA Disease . Disease https:/ /www.cuilab.cn/hmdd .
HMDD Database miRNA association accessed on 5 November 2024 2008 [74]
. . http:/ /bioinformatics.mdanderson.
TANRIC The atlas of noncoding RNAs - pnia Disease org/main/TANRIC:Overview 2015 [75]
in cancer association
accessed on 5 November 2024
Database of Differentially Disease https:/ /www.biosino.org/
dbDEMC Expressed MiRNAs in human miRNA . dbDEMC/index 2010 [76]
association
Cancers accessed on 5 November 2024
. microRNA Cancer Association . Disease http:/ /mircancer.ecu.edu/
miRCancer Database miRNA association accessed on 5 November 2024 2013 1771
Database of . . http:/ /bio-bigdata.hrbmu.edu.cn/
LncACTdb IncRNA-associated competing miRNA, Dlsgas'e LncACTdb/ 2015 [78]
. IncRNA association
triplets accessed on 5 November 2024
IncRNAfunc A knowledgebase of IncRNA IncRNA Dls(.eas.e https:/ /ccsm.uth.edu/IncRNAfunc/ 2021 [79]
function in human cancer association accessed on 5 November 2024
. https:/ /Incanet.bioinfo-minzhao.org/
InCaNet lncRNA—.cancer gene IncRNA Dls?as.e web/IncRNACancer_v1/index.html 2016 [80]
co-expression networks association accessed on 5 November 2024
plARNA’ . http:/ /www.ncdtcdb.cn:
. miRNA, Disease
NoncoRNA non-coding RNAs L 8080/NoncoRNA / 2020 [81]
IncRNA, association
. accessed on 5 November 2024
circRNA
http:/ /www.picb.ac.cn/rnomics/
CIRCpedia A database of circular RNAs circRNA Expression circpedia 2016 [82]
accessed on 5 November 2024
exoRBase ci?cI;T\Iiss/ iﬁciifcsell‘laﬂlir IncRNA, Expression http:/ /www.exorbase.org/ 2018 [83]
. circRNA p accessed on 5 November 2024 )
vesicles
EVAtlas Extracellular Vesicles Atlas miRNA Expression https:/ /guolab.wchscu.cn/EVAtlas/#/ 2019 [84]
accessed on 5 November 2024
Expression atlas and miRNA https:/ /rna.sysu.edu.cn/deepbase3
deepBase interactive analysis of ncRNAs circRN A, Expression /index.html 2010 [85]

from deep-sequencing data

accessed on 5 November 2024
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Table 1. Cont.
Database Full Name Data Database Source Found Reference
Name Type Category Year
Spliceosome A source of information for . http:/ /spliceosomedb.ucsc.edu/
Database the SPLICEOSOME snRNA Expression accessed on 5 November 2024 2013 [8e]
. https:/ /www.Incar.renlab.org/
InCAR IncRNAs from cancer arrays IncRNA Expression accessed on 5 November 2024 2019 [87]
. . http:/ /njmu-edu.cn:
piRNA-eQTL ~ [TWTinteracting RNA €QTL  ipnyp Expression 3838/piRNA-eQTL/ 2021 [88]
Database
accessed on 5 November 2024
miRNA target prediction and ) .
miRDB functional annotations miRNA Gene, genome, https:/ /mirdb.org/ 2008 [89]
and annotation accessed on 5 November 2024
database
A comprehensive Gene, genome http:/ /www.Incipedia.org
LNCipedia compendium of human long IncRNA s senome, p: (hetpedia-org 2013 [90]
R and annotation accessed on 5 November 2024
non-coding RNAs
miRNA,
. The non-coding RNA IncRNA,  Gene, genome, https:/ /rnacentral.org/
Unicentral sequences database snoRNA, and annotation accessed on 5 November 2024 2011 1]
snRNA
. The curated microRNA gene . Gene, genome,  https://master.cloud.mirgenedb.org/
MirGeneDB database miRNA and annotation accessed on 5 November 2024 2015 (921
circRNADDb Circular RNA database circRNA Gene, genome, http://reprod.njmu.edu.cn/circrnadb 2016 [93]
and annotation accessed on 5 November 2024
Cancer-specific circRNA . Gene, genome, http://gb.whu.edu.cn/CSCD/
CSCD database circRNA and annotation accessed on 5 November 2024 2018 [94]
Gene. genome https:/ /www.smallrnagroup.uni-
piRNAclusterDB ~ piRNA cluster database piRNA s senome, mainz.de/piRNAclusterDB/ 2012 [95]
and annotation
accessed on 5 November 2024
A small nucleolar RNA Gene, genome,  http://snoopy.med.miyazaki-u.ac.jp/
snOPY orthological gene database snoRNA and annotation accessed on 5 November 2024 2013 [96]
piRNA,
miRNA, Gene, genome,  https:/ /www.genecards.org/genecarna
GeneCaRNA The human ncRNA database IncRNA, and annotation accessed on 5 November 2024 2021 1971
snoRNA
. Database supporting piRNA . Gene, genome, http:/ /bigdata.ibp.ac.cn/piRBase/
piRBase functional studies PIRNA and annotation accessed on 5 November 2024 2022 98]
. . . Gene genome https:/ /mirbase.org/
miRBase microRNA database miRNA and annotation accessed on 5 November 2024 2004 1991
. miRNA, . o .
ENCORI/ Encylclopedla of RNA CircRNA, Interaction https:/ /rnasysu.com/encori/ 2011 [100]
starBase interactomes accessed on 5 November 2024
IncRNA
DIANA- Database for miRNA-IncRNA  miRNA, Interaction https:/ /diana.e-ce.uth.gr/Incbasev3 2013 [101]
LncBase interactions IncRNA eractio accessed on 5 November 2024
miRNA,
. IncRNA, T Thie . .
NPInter An 1ntegrat.ed database of CircRNA, Interaction http:/ /bigdata.ibp.ac.cn/npinter5 2006 [102]
ncRNA interactions accessed on 5 November 2024
snoRNA,
snRNA
. Circular RNA regulatory miRNA, . https:/ /avvl.cuhk.edu.cn/~C1rcNet/
CircNet . . Interaction php/index.php 2016 [103]
networks in cancers circRNA
accessed on 5 November 2024
miRNet A visual miRNA-centric miRNA Interaction https:/ /www.mirnet.ca/ 2016 [104]

network analytics platform

accessed on 5 November 2024

6. Clinical Potential of Non-Coding RNAs
6.1. Non-Coding RNAs in Cancer Diagnostics

A variety of molecular methods allow ncRNA detection, supporting their use as

biomarkers (Figure 3). This is based on observations that the ncRNA signatures of healthy


http://spliceosomedb.ucsc.edu/
https://www.lncar.renlab.org/
http://njmu-edu.cn:3838/piRNA-eQTL/
http://njmu-edu.cn:3838/piRNA-eQTL/
https://mirdb.org/
http://www.lncipedia.org
https://rnacentral.org/
https://master.cloud.mirgenedb.org/
http://reprod.njmu.edu.cn/circrnadb
http://gb.whu.edu.cn/CSCD/
https://www.smallrnagroup.uni-mainz.de/piRNAclusterDB/
https://www.smallrnagroup.uni-mainz.de/piRNAclusterDB/
http://snoopy.med.miyazaki-u.ac.jp/
https://www.genecards.org/genecarna
http://bigdata.ibp.ac.cn/piRBase/
https://mirbase.org/
https://rnasysu.com/encori/
https://diana.e-ce.uth.gr/lncbasev3
http://bigdata.ibp.ac.cn/npinter5
https://awi.cuhk.edu.cn/~CircNet/php/index.php
https://awi.cuhk.edu.cn/~CircNet/php/index.php
https://www.mirnet.ca/

Cancers 2025, 17, 579

11 of 41

cells differ from those of tumor cells. A large number of ncRNAs have been shown to be
associated with various pathophysiological properties of tumors, such as stage, genome
instability, metastatic status, or chemotherapeutic resistance. Non-coding RNAs are demon-
strating their efficiency as prognostic markers as well. Most reports focus on the diagnostic
potential of miRNAs [105-107], but IncRNAs [108], circRNAs [109], snoRNAs [110], snR-
NAs [111], piRNAs [18], YRNAs [112], and vtRNAs [113] are steadily gaining ground. The
detectability of cf-ncRNAs in body fluids makes them promising candidates for minimally
invasive liquid biopsy [20,23]. Liquid biopsy has several advantages over traditional in-
vasive diagnostic methods: (i) the sampling procedure is simpler, cheaper, and easier to
perform; (ii) it is useful in the early detection or screening of a disease; (iii) its repeatability
makes it suitable for treatment follow-up, allowing for quick detection of possible drug
resistance or recurrence of the disease; (iv) it provides information about the entire tumor,
overcoming the issue of genetic heterogeneity, which limits the reliability of tissue biop-
sies [23,114,115]. Biomarkers can be proteins, circulating tumor cells, or cell-free nucleic
acids. The latter group comprises DNA fragments (genomic or mitochondprial) from tu-
mors and ncRNAs discussed above. Cell-free ncRNAs may provide information on the
progress of the disease and the localization of the tumor, as well as about the physiology
of tumor cells, their sensitivity to chemotherapeutic agents, and the expected prognosis
of the disease [20,23]. It is also important to note that ncRNAs have high stability, as they
are resistant to degradation by RNases and can survive repeated freeze—thaw cycles. This
supports their use as biomarkers in routine diagnostics [20,23].
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Figure 3. Summary of the clinical potential of ncRNAs. Some ncRNAs are promising biomarker
candidates in cancer diagnostics in both tissue and liquid biopsy samples. Their application is also
considered to be an effective tool in the personalized therapy of cancer by influencing the expression
of proteins involved in cancer progression.

6.2. Non-Coding RNAs in Cancer Therapy

To alleviate or negate the adverse effects of traditional cancer treatment, vivid research
is being conducted to develop new drugs and strategies for the targeted elimination of
tumor cells while sparing healthy cells [116]. One approach is to increase the expression of
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tumor suppressor genes or to inactivate oncogenes by ncRNAs (Figure 3). Modifying their
expression levels by artificial mimics or inhibitors may meaningfully influence regulatory
networks involving a large number of target genes [16,117]. However, there are some
limiting factors: (i) degradation by RNases; (ii) inducing the natural immune response
through Toll-like receptors (TLR); and (iii) the non-specific “off-target effect”, which means
altered translation of an mRNA other than the target mRNA. According to certain stud-
ies, some unwanted effects may be reduced by the chemical modification of synthetic
ncRNAs [54,106]. For instance, the 2’-OH group of the ribose molecule is an attack point
of many nucleases but changing it to a 2’-O-methyl group reduces the extent of miRNA
degradation. In addition, replacing phosphodiester bonds with phosphothionate bonds
may increase the stability of the molecule and alleviate natural immune responses against it.
On another note, the off-target effect caused by the miRNA mimic’s accompanying strand
may be reduced if the accompanying strand is composed of two or three smaller strands.
This makes the miRNA pieces too short to interact with complementary mRNAs [118,119].

Several different delivery systems are under development or clinical testing. It should
be highlighted that miRNAs and IncRNAs are still among the most extensively studied
ncRNAs; thus, the bulk of the currently available evidence is related to them [50]. A
notable proposed delivery method is the use of adeno-associated viruses. The advantage
is that viruses are able to deliver genetic material to the target with high efficiency by
infecting mammalian cells; however, certain safety concerns limit their possible clinical
application [50,120]. Another approach is the non-viral vector-based RNA delivery method,
which includes lipid- and polymer-based systems. Their advantage over viral vectors
is that they do not trigger a relevant immune response, but this comes with a lower
efficiency of transfection [121]. Exosome-based delivery systems are also known, as some
ncRNAs, due to their size, may be artificially introduced into exosomes using standard
transfection methods and then delivered to target sites by genetic modification of the
surface ligands [50,54]. So far, the most effective delivery systems for miRNA therapy seem
to be poly(lactone-glycolic acid) particle (PLGA), natural lipid emulsion (NLE), synthetic
polyethyleneimine (PEI), dendrimers, cyclodextrin-based carrier systems, poly(ethylene
glycol) (PEG), cytosans, and N-acetyl-D-galactosamine (GalNAc) [117].

7. Structure, Biogenesis, and Function of Non-Coding RNAs

While publications on ncRNAs started to increase in the early 2000s, this is now a
rapidly developing field with more candidates being identified. According to the most
widely used databases, the majority of available publications focus on miRNAs, followed
by siRNAs and IncRNAs. These molecules have the potential for therapeutic applications,
and there has been active research conducted on the use of miRNAs and/or IncRNAs
as biomarkers in routine diagnostics. Fewer studies are available on circRNAs, snRNAs,
snoRNAs, piRNAs, vtRNAs, and YRNAs. However, the dysregulation of these molecules
in cancer suggests their potential as additional biomarkers for diagnostic applications. Fur-
thermore, understanding the functional details of eRNA- and paRNA-mediated regulation
of gene expression might open new avenues in cancer diagnostics in the near future. In
this section, we present details on the above-mentioned ncRNAs, including their functions
in cancer development and their clinical potential.

7.1. MicroRNAs
7.1.1. Biogenesis and Regulatory Functions of MicroRNAs

The biogenesis and regulatory role of miRNAs is well described. As a result of their
multistep biogenesis, a mature, single-stranded ~18-23 nt molecule is formed from a double-
stranded precursor. MicroRNA coding genes are mainly transcribed by RNA polymerase
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II or occasionally by RNA polymerase III. Most of the miRNA genes are intergenic and
have their own promoters; hence, they are transcribed as independent units, while intronic
miRNA genes are usually transcribed together with their host genes and cleaved out of the
pre-mRNA by the splicosome. Some miRNAs are organized into clusters and transcribed
into one long transcript. During transcription, an approximately 1 kb long hairpin-like
structure, the primary miRNA (pri-miRNA), is produced, which consists of the 5’ cap
structure and the 3’ poly-A tail and might also contain introns [6,122]. In the nucleus, the
Drosha endonuclease cleaves the pri-miRNA molecule to create the ~70 nucleotide-long
loop-shaped precursor miRNA (pre-miRNA), which has a single-stranded structure at the
3’ end. The Drosha enzyme complex (microprocessor complex) comprises the ribonuclease
III enzyme (Drosha) and the DiGeorge Syndrome Critical Region 8 (DGCR8) RNA binding
protein. The pre-miRNA is transported from the nucleus into the cytoplasm by Exportin-
5 (Exp5), after which, as a result of a second cleavage mediated by the Dicer enzyme,
an approximately 22 nucleotide-long, double-stranded miRNA duplex is produced by
removing the terminal loop. Although both strands of the duplex may act as functional
miRNAs, only one, the so-called leading strand, is incorporated into the RNA-induced
silencing complex (RISC) by binding to the AGO2. The other (“passenger”) strand is broken
down. The leading strand is determined by the orientation of the miRNA strand. The
strand originating from the 5'-end of the pre-miRNA hairpin is referred to as 5p, while
the 3p miRNA originates from the 3’-end. This type of biogenesis is called the canonical
pathway [6,122,123]. Some pre-miRNAs dubbed “mirtrons” are excised directly from a
shorter intronic region, thus bypassing Drosha-mediated processing [123]. Mature miRNAs
integrated into the RISC complex exert their effect by binding to the 3’ UTR of target mRNAs
based on the extent of complementarity. High complementarity leads to the degradation of
the target mRNA, while lower complementarity leads to inhibition of translation [6,124].
As miRNAs do not require perfect complementarity, as mentioned before, one mRNA
molecule may become the target of many miRNAs, and one miRNA may have several
different targets. This fact is the basis of the extremely complex regulatory networks
enabling post-transcriptional fine-tuning of gene expression [28,125]. Recent studies have
revealed that some miRNAs may bind to other regions of mRNAs, including the coding
sequence or the 5 UTR region, which might lead to mRNA degradation, translational
repression, or even increased translation, while other miRNAs are thought to interact
with non-AGO proteins, enhancing or reducing the efficiency of miRNAs on their mRNA
targets. Interestingly, some pri-miRNAs may even encode peptides that have an influence
on miRNA expression [6,16].

7.1.2. Role of MicroRNAs in the Regulation of Cancer Progression

Through their effect on gene expression, miRNAs are involved in the regulation of
many biological processes such as cell proliferation, differentiation, migration, apoptosis,
cell cycle, and various stress response mechanisms [17]. Abnormal miRNA patterns are
observed in many diseases, including cancer. Both intracellular and cell-free forms of
miRNAs play a prominent role in the formation and growth of tumors by influencing
factors essential for malignant changes. These include the independence from growth
signals (e.g., the let-7 family), insensitivity to anti-growth signals (e.g., the miR-17-92
cluster), avoidance of apoptosis (e.g., miR-34a), unlimited replication capacity (e.g., miR-
373/373 cluster), promotion of angiogenesis (e.g., miR-210), and tumor invasion and
metastasis (e.g., miR-10b) [17]. They may also suppress the immune response directed
against tumors by inhibiting the cytotoxicity of T cells or promoting the production of
immunosuppressive cytokines [126-128]. Based on these findings, miRNAs may act as
oncogenes (oncomiRs), tumor suppressors (TS-miR), metastasis-promoters or suppressors
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(metasta-miR), angiogenesis-promoters (angio-miR), or immunomodulators (immuno-
miR) [129,130]. The exact function of several miRNAs has been characterized in various
cancer types, including their interacting IncRNA or mRNA partners (Table 2). MiR-21
and miR-200 are two of the most studied miRNAs in cancer. MiR-21 has an oncogenic
function that is exerted by targeting PTEN. This leads to upregulation of the PI3K/AKT
pathway, which supports cell survival and tumor growth (Figure 4A) [131]. MiR-200
family members are well-known tumor suppressors that are involved in the inhibition of
epithelial-mesenchymal transition (EMT)-mediated tumor invasion by targeting ZEB1/2
(Figure 4B) [132].

Oncogenic miRNA Tumor supressor miRNA
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. ! \mr_ . o M
PTEN ZEBI
* mRNA * mRNA

G
L L

PI3K/AKT @
pathway

Cell proliferation EMT

l

Tumeor invasion

Figure 4. Molecular mechanisms of action of oncogenic and tumor suppressor miRNAs. (A) miR-21
has an oncogenic function by targeting PTEN, which supports cell proliferation [131]. (B) miR-
200 family members are known tumor suppressors that inhibit epithelial-mesenchymal transition
(EMT)-mediated tumor invasion by targeting ZEB1/2 [132].

7.1.3. Possible Clinical Application of MicroRNAs

MicroRNAs are considered promising biomarker candidates in cancer diagnostics,
both in tissue samples and liquid biopsies, supported by the observation that miRINA
expression patterns are highly different between healthy and cancerous cells [16,23,119].
Due to their cell- and tissue-specific expression, they may provide insight into the origin
and type of tumors, the stage of the disease, expected sensitivity to chemotherapy, and,
ultimately, prognosis [105-107]. They might also be applicable markers for liquid biop-
sies [20,119,129]. There are several ongoing clinical trials aiming to develop miRNA-based
diagnostic tests for various types of cancer [133].

Modifying intracellular expression levels of miRNAs is considered a promising thera-
peutic approach, typically involving one of two main strategies: (i) miRNA replacement
therapy with miRNA mimics with the aim of increasing the level of tumor suppressor
miRNAs in the cell or (ii) the use of miRNA inhibitors (antimirs, antagomirs, or sponges)
that possess several target sites for miRNAs so they reduce the presence of oncomiRs in
the cell [16,119,122]. Another recent approach is to apply small-molecule inhibitors to
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disrupt the biogenesis of miRNAs [134]. Clinical trials to assess miRNA-based therapeutic
strategies are also in progress [134]. MiR-16 is a tumor suppressor showing reduced ex-
pression in many tumor types. To replace this molecule, “MesomiR-1" was developed (by
EnGenelC). Its intravenous administration showed promising results in phase 1 clinical
trials, and preparations for phase 2 trials are currently underway [135,136]. Some trials
(currently undergoing preliminary assessment to enter the clinical stage) focus on strategies
against the oncogenic miR-10b [134,135,137]. An miR-155 tumor suppressor antagonist is
also in clinical phase 2 clinical trials [16,138]. The application of miR-193a-3p mimic in solid
tumors (INT-1B3), miR-16 mimic in non-small lung cancer, miR-34a mimic (MRX34) and
anti-miR against miR-155 (Cobomarsen/MRG 106) in various cancer types are also in phase
I clinical trials [134]. A modified version of miR-34a with increased stability and activity
is also available, and so are delivery strategies allowing ligand targeting and endosomal
escape [139,140]. A combination of miRNAs with traditional chemotherapy or radiotherapy
may provide additional opportunities for the development of more personalized tumor
therapies [119,135].

Table 2. The most studied miRNAs in cancer. MicroRNAs might interact with IncRNAs in the regula-
tion of genes involved in cancer progression. In the table, we present examples of experimentally
validated miRNA-IncRNA-mRNA interactions.

Interacting

MiRNA IncRNA Gene Cancer Type Reference
let-7a H19 CXCR4,1L-6 Cholangiocarcinoma [141]
let-7b H19 CXCR4,IL-6 Cholangiocarcinoma [141]
miR-1 HOTAIR CCND1 Esophageal Squamous Cell Carcinoma [142]
miR-7 CCAT1 HOXB13, SPRY4 Esophageal Squamous Cell Carcinoma [143]
miR-9 Linc00176 Myc Hepatocellular Carcinoma [144]

miR-17 circ-ITCH p21 Bladder Cancer [145]
miR-21 MEG3 PTEN Non-Small Cell Lung Cancer [146]
miR-22-3p MALAT1 AKT, CXCR2 Kidney Carcinoma [147]

miR-101 CASC2c CPEB1 Astrocytoma [148]

miR-122 SNHG7 FOXK2 Hepatocellular Carcinoma (HCC) [149]

miR-124 MALAT1 SIRT1 Cervical Cancer [150]

miR-126 HOTAIR EGFL7 Renal Cell Carcinoma [151]

miR-140-5p Unigene56159 Slug Hepatocellular Carcinoma [152]

miR-142 TTN-AS1 CDKb5 Lung Adenocarcinoma [153]

miR-143 UCA1 FOSL2 Ovarian Cancer [154]

miR-145 UCA1 FSCN1, ZEB1, ZEB2 Bladder Cancer [155]

miR-150 ZFAS1 MMP14, MMP16, ZEB1 Hepatocellular Carcinoma [156]

miR-155 MALAT1 FBXW7 Glioma [157]

miR-195 PVT1 EZH? Cervical Cancer [158]

miR-200a TP73-AS1 HMGB1, RAGE Hepatocellular Carcinoma [159]
miR-200b H19 MET Breast Cancer [160]

miR-200c MALAT1 TGF-beta Endometrioid Endometrial Carcinoma [161]

miR-204 UCA1 ATF2 Prostate Cancer [162]

miR-205 ROR ZEB2 Breast Cancer [163]

miR-206 RMRP FMNL2, KRAS, SOX9 Lung Cancer [164]
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. Interacting
MiRNA IncRNA Gene Cancer Type Reference
miR-210 XIST NME1 Colorectal Cancer [165]
miR-214 DANCR CTNNB1 Hepatocellular Carcinoma [166]
miR-221 GAS5 DKK?2 Breast Cancer [167]
miR-223 PITPNA-AS1 PTN Lung Squamous Cell Carcinoma [168]
miR-375 UCA1 SOX12 Breast Cancer [169]

7.2. Small Interfering RNAs
7.2.1. Biogenesis and Regulatory Functions of Small Interfering RNAs

Small interfering RNAs are double-stranded ncRNAs with a length of 20-23 nu-
cleotides. Their main mechanism of action is shared with miRNAs, namely, post-
transcriptional gene silencing [170,171]. They originate from sh-RNAs or long dsRNAs.
The latter case is explained by their sense and antisense strands being transcribed from the
same locus of the DNA template, resulting in complementary sequences that eventually
form a double-stranded dsRNA. The dsRNAs are then exported through the nuclear pore
into the cytosol, where Dicer cleaves them and forms the siRNA duplex consisting of a
passenger strand (sense strand) and a leader strand (antisense strand). Then, the siRNA is
incorporated into the RISC complex and interacts with the AGO2 component, which results
in the unwinding of the duplex and the degradation of the passenger strand. The leading
strand, based on complementarity, directs the RISC complex to the target mRNA [170,171].
However, it is important to highlight that the loading efficiency of siRNA into RISC is criti-
cal for proper gene silencing. One of the key factors is rooted in the structure of the RNA.
The A-form helix fits perfectly and stably, causing degradation of the mRNA molecule,
while the B-form helix fits imperfectly and causes RNA interference [171,172]. Although
their function is similar to that of miRINAs, a notable difference involves the number of
targets—while miRNAs have several, siRNAs only have one [171].

7.2.2. Possible Clinical Application of Small Interfering RNAs

Endogenous siRNAs play a crucial role in silencing transposons and maintaining
genome integrity. Some authors have reported differentially expressed siRNAs in tu-
mors [173]. Great effort has been devoted to the development of technologies using siRNAs
in cancer therapy. Synthetic siRNAs can be used to specifically silence genes associated
with a variety of diseases, including cancer, but they are hindered by low cellular uptake
and sensitivity to degradation by nucleases. With chemical modifications, their stabil-
ity and cell specificity might be improved, and the host’s immune reaction and certain
off-target effects might be reduced [170,174]. Many agree that there is great potential in
siRNA-based cancer therapy. They include suitability for the targeted silencing of genes
that cannot be medicated or are not accessible for small molecules such as antibodies or
proteins. They are capable of inhibiting the proliferation of abnormal cells by obstruct-
ing angiogenesis and tumor survival, as well as by increasing sensitivity to radio- and
chemotherapy [171,172]. Currently, several siRNA-based therapeutic drugs are in phase
Ior II clinical trials. These include CALAA-01 (Calando Pharmaceuticals), which targets
the M2 subunit of ribonucleotide reductase (RRM-2), often overexpressed in solid tumors;
Atu027 (Silence Therapeutics GmbH), which targets the N3 protein kinase (PKIN3), a critical
factor of metastasis in solid tumors; ALN-RSV (Alnylam Pharmaceuticals), which silences
the vascular endothelial growth factor (VEGF) and kinesin spindle protein (KSP) genes,
leading to complete regression of the tumor in some cases (endometrial cancer); DCR-MYC
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(Dicerna Pharmaceuticals), which targets the c-MYC oncogene and seems to be suitable for
solid tumors and multiple myeloma; siRNA-EphA2-DOPC (M.D. Anderson Cancer Center,
Houston, TX, USA), which targets the Ephrin-A receptor 2 (EphA2) gene overexpressed
in many advanced cancers; and siG12D-LODER (Silenseed Ltd., Jerusalem, Israel), which
targets the KRAS (G12D) oncogene, an important driver in the progression of pancreatic
cancer [170,175-180].

7.3. Long Non-Coding RNAs
7.3.1. Biogenesis and Regulatory Function of Long Non-Coding RNAs

Long non-coding RNA molecules are longer than 200 nt and form a distinct yet
diverse group among ncRNAs. Although many IncRNAs have already been identified
(according to the GENCODE project, there are approximately 16,000 human IncRNAs,
while the NONCODE database contains nearly 100,000 human IncRNA genes), only a few
of them have been functionally characterized [7,16]. They may be transcribed in the sense
or antisense direction, mainly by RNA polymerase II. Long non-coding RNA genes are
found in the introns (intronic IncRNAs), exons of protein-coding genes or pseudogenes
(pseudogene-derived IncRNAs), in intergenic regions (lincRNAs), telomeric (telomeric
repeat-containing RNAs) and centromeric (centromeric IncRNAs) regions, transcribed
ultra-conserved regions (T-UCR), promoters (promoter-associated IncRNAs), enhancers
(eRNAs), ribosomal DNA loci (promoter and pre-rRNA antisense (PAPAS)), and 3' UTR
regions (UTR-associated RNAs) [7,16]. Like mRNAs, IncRNAs may contain exons (typically
less numerous but longer), and they may also undergo splicing. They often possess a 7-
methylguanosine cap at their 5’ ends and a poly-A tail at their 3’ ends but lack a complete
open reading frame [7,16,181].

Functionally, they may participate in the genomic, transcriptional, and translational
regulation of neighboring and distant genes, influence the maturation and stability of
RNA molecules, and modify chromatin structure by directly interacting with DNA, RNA
(including mRNAs, circRNAs, and miRNAs), and proteins [7,16,182]. Regulatory mecha-
nisms based on DNA interaction include IncRNA-mediated chromatin regulation, of which
three main mechanisms are known: (i) they may interact with chromatin modifiers and
recruit them to the promoter region of the target genes, thus activating or repressing their
transcription (e.g., HOTTIP); (ii) they may bind chromatin modifiers, preventing them
from associating with the promoter region of the target gene (e.g., IncPRESS1); (iii) they
may directly interact with chromatin and form three-stranded RNA-DNA hybrids (e.g.,
R-loops). These are recognized by chromatin modifiers or transcription factors, which in
turn activate/inhibit the transcription of the target gene (e.g., TARID) [7,183-185]. An-
other regulation involving interaction with DNA is IncRNA-directed gene silencing, most
importantly by XIST as a key regulator of X-chromosome inactivation [186]. Regulatory
mechanisms induced by RNA interaction can be observed at several levels. The translation
(e.g., by AS-Uchll) and stability (e.g., by TINCR) of mRNA molecules may be affected by
direct binding of IncRNAs, as well as by blocking miRNA-binding sites, thus inhibiting
their effect (e.g., by PTB-AS). On another note, IncRNAs may interact with miRNAs and
bind them like a sponge (e.g., MALAT1 and PNUTS) [7,16,187]. Furthermore, IncRNAs
function as scaffolds by interacting with target proteins (e.g., NRON65 and HOTAIR), and
they may also serve as precursors for the production of sncRNAs [16,188].

7.3.2. Role of Long Non-Coding RNAs in the Regulation of Cancer Progression

Similar to miRNAs, IncRNAs may also have oncogenic or tumor suppression func-
tions. Oncogenic IncRNAs promote cell proliferation (e.g., REG1CP—colorectal cancer,
SATB2-AS1—osteosarcoma, MALAT1—liver and lung cancer), cell invasion (e.g., PCAT19—
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prostate cancer, HOTAIR—prostate cancer), and metastasis (e.g., PCAT19—prostate cancer,

SATB2-AS1—osteosarcoma, MALAT1), and they may also contribute to evading the im-
mune response (e.g., LINKA) and apoptosis (e.g., XIST—breast cancer, MALAT1—liver

cancer), or promote the degradation of tumor suppressors (e.g., LINKA) [189-197]. Tumor

suppressor IncRNAs may activate the transcription of tumor suppressor genes (e.g., DIRC3—
melanoma) by modifying local chromatin structure or reduce the proliferation and invasion

of tumor cells (e.g., SATB2-AS1—colorectal cancer, LINC00261—lung cancer, PVT1—breast

cancer, MEG3—colorectal cancer). They also participate in DNA damage-induced responses

(LINCO00261—liver, breast, and gastric cancers) [195,198-201]. Furthermore, they might

increase cancer cell resistance to chemotherapeutic drugs (e.g., NEAT1) [202].

Long non-coding RNAs can exert their oncogenic and tumor suppressor functions by
interacting with DNA, proteins, or RNA (e.g., by sponging miRNAs) (Figure 5). REG1CP
promotes tumorigenesis by forming an RNA-DNA triplex at the distal promoter region
of REG3A; this supports its glucocorticoid receptor o (GRx)-mediated transcription by
tethering the DNA helicase FANC]J. This leads to increased cell proliferation in colorectal
cancer (Figure 5A) [194]. DIRC3 is a nuclear tumor suppressor IncRNA that activates the
expression of IGFBP5 by modulating chromatin structure and preventing SOX10 binding to
the regulatory elements of the DIRC3 locus. This suppresses tumor invasion and metastasis
in melanoma (Figure 5B) [198]. Long non-coding RNAs can serve as scaffolds for proteins
involved in cancer development that support their survival or improve protein interaction
and function. HOTAIR has oncogenic potential via its interaction with the androgen
receptor (AR) protein. This interaction blocks AR ubiquitination by MDM2, preventing its
degradation. This leads to AR-mediated transcription in the absence of androgen, which
supports the growth and invasion of prostate cancer cells (Figure 5C) [190]. SATB2-AS1
has a tumor suppressor function and serves as a scaffold for recruiting p300 protein, which
promotes SATB2 transcription via acetylation of H3K27 and H3K9 at the promoter regions.
This results in the blockage of SNAIL transcription and inhibition of tumor invasion in
colorectal carcinoma (Figure 5D) [195]. Furthermore, IncRNAs often serve as sponges
for oncogenic or tumor-suppressor miRNAs. MALAT1 sponges miR-185-5p, leading to
increased MDM4 expression, which supports cell proliferation in non-small cell lung cancer
(Figure 5E) [189]. MEG3 acts as a tumor suppressor by sponging miR-708 that targets
SOCS3. This upregulates SOCS3 expression, which inhibits cancer stem cell growth in
colorectal cancer (Figure 5F) [201].

7.3.3. Possible Clinical Application of Long Non-Coding RNAs

A number of promising IncRNAs show altered expression in many tumor types, e.g.,
PCAS3 (in prostate cancer), HOTAIR (breast cancer, laryngeal squamous cell carcinoma,
cervical cancer, and urothelial bladder cancer), BCAR4 (colorectal cancer), and MALAT1
(non-small cell lung cancer) [203-206]. Some IncRNAs have also been associated with
metastasis (CCAT2—liver metastasis of colorectal carcinoma; HOTAIR—Iliver metastasis of
gastric cancer and brain metastasis of small cell lung carcinoma) [207-210].

Long non-coding RNAs also show some promise as therapeutic targets. One strategy
is the use of ASOs, which reduce IncRNA levels by binding to them and inducing RNase H-
mediated cleavage, leading to premature termination of transcription. To avoid toxicity and
degradation by nucleases, they can be chemically modified to enhance their hybridization
affinity for target RNAs and reduce any non-specific immunostimulatory activity [7,211].
To date, several mRNA-targeting ASOs have been approved by the FDA and the European
Medicines Agency. Examples of these are Mipomersen (Genzyme), Nusinersen (Biogen),
Patisiran (Alnylam), Inotersen (Ionis), Eteplirsen (Sarepta), Golodirsen (Sarepta), Givosiran
(Alnylam), and Milasen (Boston Children’s Hospital) [212-218]. Small molecules for tar-
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geting IncRNAs or blocking their interaction with proteins or the application of synthetic
IncRNA mimics (which serve as decoys for proteins) might also become relevant from a
therapeutic perspective in the future [7].
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Figure 5. Molecular mechanism of action of oncogenic and tumor suppressor IncRNAs. Long non-
coding RNAs can exert their functions via DNA, protein, or RNA interactions. (A) The oncogenic
REGI1CP promotes tumorigenesis by forming an RNA-DNA triplex at the distal promoter region
of REG3A, thus supporting its glucocorticoid receptor o (GRa)-mediated transcription by tethering
FANC]J [194]. (B) DIRCS3 is a nuclear-tumor-suppressor IncRNA that activates the expression of
IGFBP5 by modulating chromatin structure and preventing SOX10 binding to the regulatory elements
of the DIRC3 locus [198]. (C) HOTAIR effects its oncogenic potential by interacting with the androgen
receptor (AR) protein, which blocks AR ubiquitination and leads to AR-mediated transcription [190].
(D) The tumor suppressor SATB2-AS] serves as a scaffold for recruiting p300 protein, which promotes
SATB2 transcription [195]. (E) MALAT1 exerts its oncogenic function by sponging miR-185-5p, which
targets MDM4 [189]. (F) MEGS3 acts as a tumor suppressor by sponging miR-708, leading to increased
SOCS3 expression [201]. TSS: transcription start site.
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7.4. Circular RNAs
7.4.1. Biogenesis and Regulatory Functions of Circular RNAs

Circular RNAs are formed by the back-splicing of linear transcripts (precursor mRNAs
or, in some cases, IncRNAs). During this process, the 5’ splice donor site is covalently linked
to the 3’ splice acceptor site. They may originate from exons, introns, exon-intron junctions,
or intergenic regions of the genome. The majority of circRNAs are assumed to be formed
as a result of base pairing between inverted Alu elements upstream and downstream of
exons. It is worth noting that their expression is often independent of host genes [8,16,191].
Their function is based on their interaction with miRNAs, mRNAs, and proteins. Circular
RNAs may bind miRNAs as miRNA sponges, preventing them from interacting with
their target mRNAs. As a result, the circRNA indirectly influences the expression of the
target gene (e.g., ciRS-7 contains miR-7 binding sites, while circTDRD3 contains miR-1231
binding sites). Circular RNAs may also bind directly to specific nRNAs, thereby regulating
their translation and stability (e.g., the interaction of circZNF609 with CKAP5 mRNA).
Interestingly, some circRNAs, such as circCDYL2, are capable of translation [16,219]. In-
teraction of circRNAs with proteins occurs in four main forms: (i) they may bind them
in a spongelike manner in the presence of an RNA-binding protein motif (RBP), thereby
regulating their activation, (ii) they may enhance the function of certain proteins (e.g., the
interaction between RNA polymerase II and small nuclear ribonucleoprotein U1), (iii) they
may also function as protein scaffolds, facilitating the colocalization of enzymes and their
substrates, and (iv) they may recruit certain proteins to specific loci (e.g., FECR1 recruits
the methylcytosine dioxygenase TET1 to the promoter region of its host gene) [16,219].

7.4.2. Role of Circular RNAs in the Regulation of Cancer Progression

Circular RNAs are also considered to be important in the development of cancer.
Interestingly, the same circRNAs may act as both oncogenes and tumor suppressors,
depending on the tumor type, stage, and microenvironment of the neoplasm [16]. Circular
RNAs might serve as scaffolds for oncogenic or tumor suppressor proteins that support
protein interaction or sponge oncogenic/tumor suppressor miRNAs (Figure 6). Circ-
CTNNBI interacts with DDX3 protein, which facilitates its interaction with YY1. This leads
to the expression of genes associated with 3-catenin activation, which supports cancer
progression (Figure 6A) [220], while circ-NOL10 inhibits cancer development by promoting
the expression of SCML1 by inhibiting transcription factor ubiquitination. This affects the
expression of humanin polypeptide (HN) family proteins and mitochondrial function in
lung cancer (Figure 6B) [221]. Known miRNA sponges include circ-FOXO3, which acts as
an oncogene in prostate cancer, and circHIPK3, which functions as a tumor suppressor in
bladder cancer. Circ-FOXO3 sponges miR-29a-3p, which targets SLC25A15. This leads to the
upregulation of SLC25A15, which supports cell proliferation (Figure 6C) [222]. Circ-HIPK3
suppresses heparanase expression by sponging miR-558. This prevents the transport of
miR-558 to the nucleus, where it supports the transcription of HPSE, resulting in decreased
tumor invasion (Figure 6D) [223].

7.4.3. Possible Clinical Application of circular RNAs

Various authors have reported circRNAs with altered expression in cancer; moreover,
these molecules have also been successfully identified in exosomes [50,192]. For example,
circFARSA showed elevated expression in tissue and plasma samples of non-small cell lung
cancer patients in one study, while another study demonstrated significantly lower circ-
CCDC66, circ-ABCC1, and circ-STIL plasma expression levels in colorectal cancer [224,225].
Other biomarker candidates include SMARCADJ5 in liver cancer and circ-CDYL in colon,
bladder, and triple-negative breast cancers, where circRNA downregulation positively
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correlates with patient survival. Circ-RNAHIPK3 has been proposed as a promising
candidate in glioma as well as prostate, breast, colon, and kidney cancers [192,226].
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Figure 6. Molecular mechanism of action of oncogenic and tumor suppressor circRNAs exerting their
functions via protein and RNA interactions. (A) circ-CTNNBI interacts with DDX3 protein, which
facilitates its interaction with YY1 [220]. (B) circ-NOL10 inhibits cancer development by promoting
the expression of SCMLI by inhibiting transcription factor ubiquitination. This affects the expression
of humanin polypeptide (HN) family proteins [221]. (C) circ-FOXO3 exerts its oncogenic function
by sponging miR-29a-3p, which leads to upregulation of SLC25A15 [222]. (D) circ-HIPK3 exerts
its tumor suppressor function by suppressing heparanase expression by sponging miR-558. This
prevents the transport of miR-558 to the nucleus, where it supports the transcription of HPSE [223].

7.5. Small Nuclear RNAs
7.5.1. Biogenesis and Regulatory Functions of Small Nuclear RNAs

Small nuclear RNAs are ncRNA molecules that are around 150 nt in length. They
serve as crucial components of spliceosomes and are divided into two large groups. Sm
snRNAs (U1, U2, U4, U4atac, U5, U7, U11, U12) are transcribed by RNA polymerase II
and associated with seven Sm proteins, while Lsm (Sm-like) snRNAs (U6, Ubatac) are tran-
scribed by RNA polymerase Il and associated with seven Lsm proteins [4,109]. Polymerase
II-driven snRNAs (which are the main spliceosomal snRNAs) have a monomethylguano-
sine (m7G) cap at their 5’ ends and a 3’ overhang, while polymerase III snRNAs have a
post-transcriptional methyl group on the y-phosphate at their 5’ ends and also have a 3’/
overhang. During their biogenesis, these transcripts must go through a maturation process
that varies between the two types of snRNAs. While Sm-type pre-snRINAs are exported
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to the cytoplasm through the nuclear pore complexes with the help of the export factor
CRML1, the Lsm-type pre-snRNAs remain in the nucleus [227]. Maturation of Sm-type
pre-snRNAs involves the 3’ end getting trimmed by exonucleases and hypermethylation
of the m7G-cap. After that, snRNAs connect to Sm proteins through their Sm binding
site to form the heptameric Sm ring to stabilize snRNAs; the resulting complex is called
Sm-class snRNP. After immature Sm snRNPs are formed, they are reimported into the
nucleus, where they initially localize to Cajal bodies and undergo pseudouridylation and
2'-O-methylation by small Cajal body-specific RNAs (scaRNAs) and final assembly steps.
After that, the mature spliceosomal snRNPs accumulate in the nuclear speckles. On the
other hand, the 2’-O-methylation and pseudouridylation of Lsm snRNAs are assumed to
happen in a site-specific manner with the help of snoRNAs. Following this, they form a
complex with Lsm proteins to form U4/U6 dimers and then bind the mature U5 snRNP to
form pre-assembled U4/U6.U5 tri snRNP for splicing [227-230].

7.5.2. Role of Small Nuclear RNAs in Cancer Progression

Their dysregulation is associated with the development and progression of tumors
due to their ability to increase the level of oncogenes and reduce tumor suppressors. A
good example of this is the overexpression of the Ul snRNA, affecting genes involved
in the p53 and MAPK signal transmission pathways and in the cell cycle [231]. This is
highlighted by the observation that mutated Ul snRNAs may promote the progression
of chronic lymphocytic leukemia and cerebellar neuronal cancer through enhancement of
CD44, PTCH1, and CCND2 oncogenes, as well as promote the migration and invasion of
Hela cells [4,232]. Another example is 7SK snRNA, which contributes to the induction of
apoptosis in HEK293T cells when overexpressed [233].

7.5.3. Possible Clinical Application of Small Nuclear RNAs

The use of snRNAs as biomarkers has promising clinical potential. This is supported
by reports on the downregulation of U1, U2, and U5 snRNAs in plasma samples from lung
cancer patients [109,234]. Furthermore, upregulation of U6 snRNA in cervical carcinoma
(tissue samples), elevated levels of RNU2-If in lung cancer patients (plasma samples), and
downregulation of RNUSE-1 in hepatic cell carcinoma cells and tissue samples have also
been observed [4,235-237].

7.6. Small Nucleolar RNAs
7.6.1. Biogenesis and Regulatory Functions of Small Nucleolar RNAs

Small nucleolar RNAs are approximately 60-300 nt in length and constitute a con-
served, abundant class of ncRNAs. They occur as monocistronic genes or in polycistronic
clusters and are encoded in independent transcription units or found within the introns
of protein-coding or non-coding genes. Most snoRNAs (~90%) are embedded in introns
(often, those of long, ncRNA genes), but the most abundant snoRNAs, U3 (SNORD3A)
and U8 (SNORD118), are transcribed from independent genes [238,239]. Based on their
structural motifs and basic structures, they can be divided into two main groups: (i) the
C/D box snoRNAs (SNORDs), which are characterized by two highly conserved motifs,
the C box (RUGAUGA motif) and the D box (CUGA motif), and (ii) the H/ACA box
snoRNAs (SNORAs), which feature two hairpins in their structure connected by the H
box (ANANNA), and also contain an ACA box. In addition to these two main groups,
a less represented group exists, the so-called scaRNAs, which are associated with Cajal
bodies [3,240]. They are transcribed as larger precursors by RNA polymerase II in the
proximity of the Cajal body, then undergo various modifications in a protein-associated
complex until they reach their mature forms [239]. Independently transcribed human
snoRNAs have an m7G cap that must be removed to prevent aberrant snoRNA localization.



Cancers 2025, 17, 579

23 of 41

PARN (for nucleolar localized snoRNAs) and TOE1 (for scaRNAs) nucleases are assumed
to be involved in the removal of the 3’ end. Maturation of intron-embedded snoRNAs may
occur in a splicing-dependent or -independent way [238,239].

The classic function of snoRNAs is to participate in the post-transcriptional modifica-
tion of ribosomal and some spliceosomal RNAs. In this context, the C/D box snoRNAs de-
termine the target sites of 2’-O-ribose methylation for methyltransferase fibrillarin to modify
specific nucleotides on the target RNA, while H/ACA box snoRNAs direct pseudouridyla-
tion by forming a complex (snoRNP) with different groups of nuclear proteins [241,242].
Small nucleolar RNP complexes are mostly known for influencing rRNA folding and
stability by interacting with target RNAs through complementary base-pairing during
pre-TRNA synthesis in the nucleolus. Other canonical functions of these ncRNAs include
stepwise nucleolytic processing of the rRNA transcript and guiding the post-transcriptional
modification of snRNAs. It is also thought that they may influence mRNA stability as
post-transcriptional regulators [241,242].

7.6.2. Role of Small Nucleolar RNAs in Cancer Progression

More and more reports are pointing to their role in cell regulation and in the develop-
ment, progression, and metastasis of cancer. Some results suggest that certain snoRNAs
may act just like miRNAs [3,243]. Examples of the latter are the ACA42 and ACA45 sncR-
NAs, which may downregulate CDC2L6 in a manner similar to miRNAs [3,244]. They may
play pivotal roles in carcinogenesis, exerting both oncogenic and tumor suppressor func-
tions through the regulation of oncogenic signaling pathways. Affected processes include
tumor cell proliferation (e.g., SNORA71A and SNORD78—lung cancer; SNORA71B—breast
cancer; SNORD89—ovarian cancer), migration (e.g., SNORA7A—Ilung cancer; SNORD1C—
colorectal cancer; SNORA42—hepatocellular carcinoma), and invasion (e.g., SNORA47—
lung cancer; SNORD105B—gastric cancer), as well as the EMT (e.g., SNORD78—lung
cancer; SNORA71A—breast cancer). In addition, they may participate in the inhibition of
apoptosis (e.g., SNORASOE—Ilung cancer) and may be associated with poor prognosis (e.g.,
SNORA7B—breast cancer; SNORD52—hepatocellular carcinoma) [245-257]. Furthermore,
a study showed that SNORD33, SNORD66, and SNORD?76 have higher expression levels
in plasma samples of non-small cell lung cancer patients [3,258]. These results suggest that
these molecules may have potential use as biomarkers in cancer diagnostics.

7.6.3. Possible Clinical Application of Small Nucleolar RNAs

The role of snoRNAs in carcinogenesis also suggests that they could be applicable in
cancer therapy, for which several strategic approaches have been developed, including
the application of shRNAs or their silencing by ASOs or CRISPR/Cas9. An example of
inhibition by ASOs is the repression of the U3 and U8 snoRNAs, suppressing tumori-
genicity in lung (H1944) and breast (MCEF-7) cancer cells [242,259]. The use of shRNA was
investigated in hepatocellular carcinoma cells (SK-HEP-1 and HCCLM3), where snoU2_19-
shRNAs effectively inhibited cell proliferation and tumor progression [242,260]. Removal of
SNORAS50A and SNORAS50B snoRNAs by CRISPR/Cas9 technology resulted in increased
tumorigenicity in melanoma (CHL-1) and lung (A549; NCI-H23) cancer cells [242,261].
Another approach might be the use of a so-called snoRNA gene expression regulator
(snoRNA modulator of gene expression, snoMEN), which refers to a snoRNA-derived
vector that may prove to be beneficial in targeted cancer therapy [242]. However, we
should also highlight that the applicability of snoRNAs in cancer therapy is still a largely
uncharted area.
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7.7. Enhancer RNAs
7.7.1. Biogenesis and Regulatory Functions of Enhancer RNAs

Enhancer RNAs are ~0.5-2 kb ncRNAs transcribed by RNA polymerase II from active
enhancers. Their transcription levels are thought to be highly dependent on the binding
strength of this protein. Their transcription also requires specific coactivators and tran-
scription factors, as well as the formation of a suitable chromatin loop [11,262]. Due to the
limited nature of available evidence, understanding their biological functions is still largely
confined to the field of hypothesis, and we can only make speculative assumptions about
their future applicability in the clinic. Their main function is thought to be connected to
the regulation of gene expression, which may be exerted (i) through enhancement of tran-
scription by trapping transcription factors (e.g., YY1), (ii) by contributing to the formation
of chromatin loops through their interaction with the mediator and cohesion complexes,
(iii) by playing a more direct role in transcription by stimulating RNA polymerase II pause
release through multivalent interactions with the negative elongation factor (NELF). On
the other hand, they may also serve as markers of enhancers [11,19,263].

7.7.2. Role of Enhancer RNAs in Cancer Progression

Some authors have observed a tissue-specific expression of eERNAs and their role in
several diseases, including cancer [19,262]. Some eRNAs are thought to be involved in
cancer development and progression; for example, the estrogen-associated SMAD7e may
contribute to carcinogenesis in the bladder, and reduction of its expression may initiate
apoptosis and reduce tumor cell invasion [264], while TBX5-AS1 may affect the progression
of non-small cell lung cancer through the regulation of the PI3K/AKT pathway [262,265].
CCAT1, and specifically its CCAT1-L isoform, is able to upregulate the MYC proto-oncogene
in many tumor types (e.g., colorectal cancer) by interacting with CTCF and modulating
chromatin conformation [266]. Furthermore, a study showed that some m6A-modified
eRNAs (e.g., MLXIPe) may promote resistance to radiotherapy in bone-metastatic prostate
cancer both in vitro and in vivo [267].

7.7.3. Possible Clinical Application of Enhancer RNAs

Many eRNAs show a strong cancer-type-specific expression pattern, which suggests
the applicability of these molecules as diagnostic and prognostic markers. For example,
TAOKI1e (renal clear cell carcinoma), EN1le (breast cancer), CELF2e (stomach adenocarci-
noma), APH1Ae (liver hepatocellular carcinoma), and SPRY4-AS1 (hepatocellular carci-
noma, glioblastoma multiforme, adrenocortical carcinoma, brain lower grade glioma, and
mesothelioma) may show promise as marker candidates, depending on the results of future
studies [268,269].

7.8. Promoter-Associated RNAs
7.8.1. Biogenesis and Regulatory Functions of Promoter-Associated RNAs

Promoter-associated RNAs are ncRNA molecules that are transcribed in the sense or
antisense directions from a region within a few hundred bases of the transcription start site.
On the basis of their size, they may be classified as promoter-associated long RNAs (PALRs),
which are longer than 200 nt, or promoter-associated small RNAs (PASRs), which are shorter
than 200 nt [10,270,271]. Functionally, they may regulate the transcription of neighboring
genes as cis-acting elements through various activating or inhibitory mechanisms. These
mechanisms include acting as a scaffold for proteins involved in chromatin remodeling
or transcription, participating in the regulation of CpG island methylation, or influencing
chromatin structure and recruiting transcriptional regulators [10,270].
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7.8.2. Role of Promoter-Associated RNAs in Cancer Progression and Possible
Clinical Application

As with other ncRNAs, paRNAs may be involved in various carcinogenesis processes.
PaRNA_CCDNT1 may influence the rate of cell proliferation in cervical cancer via inhibition
of cyclin D1 expression [10,272]. In the case of gastric cancer, paRNA_Ets-1 promotes the
activation of ERG-related transcriptional processes by affecting the physical interaction
between the NONO RNA-binding protein and the ERG transcription factor [273]. The same
paRNA may contribute to the growth, invasion, and metastasis of tumor cells in neuroblas-
toma [10,274]. Other examples include FOXCUT, which shows a positive correlation with
the expression of Forkhead box C1 (FOXC1), a transcription factor implicated in a large
number of cancer types (e.g., esophageal squamous cancer, oral squamous cell carcinoma,
nasopharyngeal carcinoma, and basal-like breast cancer) [275-278]. Other examples are
HIF2PUT, which positively correlates with expression of the hypoxia-inducible factor-2o
(HIF-2«) in osteosarcoma; paRNA_CDH]1, which may promote the development of prostate
cancer through the transcriptional inhibition of E-cadherin (CDH1); paRNA_VIM, which
enhances vimentin transcription by achieving an open chromatin state through the forma-
tion of the R-loop, as observed in colon and breast cancers; and Khpsl, which may promote
the expression of the E2F1-mediated SPHK1 proto-oncogene in cervical cancer, liver cancer,
and osteosarcoma [279-282]. In addition, these ncRNAs seem to show a degree of tissue
specificity, and their differential expression has been confirmed in various tumor lesions,
hinting at their potential usefulness as biomarkers in the clinic [10].

7.9. YRNAs
7.9.1. Biogenesis and Regulatory Functions of YRNAs

In the human genome there are four highly conserved YRNA genes, which are located
on the 7q36 chromosome and clustered at a single locus. The products of these genes are
the 112 nt YRNA1 (RNY1), the 101 nt YRNA3 (RNY3), the 93 nt YRNA4 (RNY4), and the
83 nt YRNAS (RNY5), with a stem-loop structure. In addition, YRNA-derived fragments
(YsRNAs) are also known to be formed by caspase-3-dependent degradation of YRNAs in
apoptotic cells as a result of UV exposure with the help of the RNAse L enzyme and also by
poly I:C-mediated activation of the innate immune system [23,112,283]. The biogenesis of
YRNAs is still poorly understood overall, but some details are clear. They are transcribed
by RNA polymerase III, and transcripts are exported into the cytoplasm by exportin-5 and
Ran GTPase [112,283]. It is also known that YRNAs may bind to La- and Ro60 proteins
during their biogenesis, which may increase their stability and resistance to nucleases, as
well as promote their nuclear export. The binding of these proteins to YRNAs takes place
at special sites on the stem-loop structure, as YRNA molecules consist of highly conserved
upper and lower stems, a less conserved loop domain that carries protein-binding sites
(e.g., nucleolin, ZBP1, and PTB-polypyrimidine tract-binding protein), and a polyuridine
tail, which all have different functions [283-285]. The lower stem domain contains the
Ro60 binding site, which is essential for the formation of Ro60-YRNA complexes [283].
These complexes not only participate in the transport of YRNA into the cytoplasm, but
also in the regulation of cellular stress responses, the initiation of DNA replication, and
RNA quality control. The loop domain modulates chromatin association, and the proteins
associated with the binding sites in this region may modify the intracellular localization of
Ro60 proteins and their special cellular functions. Our current understanding of the details
is limited by the lack of reported evidence. The upper stem domain is responsible for the
initiation of DNA replication and the formation of new DNA replication forks, while the
polyuridine tail contains La-protein binding sites responsible for the nuclear retention of
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YRNA, and together with the Ro60 protein, they protect YRNAs against degradation by
exonucleases [112,283].

7.9.2. Role of YRNAs in Cancer Progression and Possible Clinical Application

Similar to other ncRNAs, YRNAs and YsRNAs also play relevant roles in carcinogene-
sis, as suggested by observations that the presence of RNY1 and RNY3 may contribute to
increased cell proliferation and that RN'Y5 might be capable of influencing the microenvi-
ronment of tumors, thereby promoting tumor progression, while on the contrary, it may
also induce apoptotic pathways [286]. Their altered expression has already been described
in several tumor types, in tissue, FFPE, and blood samples alike. Among others, elevated
expression of the following has been detected: RNY3 and RNY4 in clear cell renal cell
carcinoma (tissue and blood serum); RNY1 and RNY3 in pancreatic ductal adenocarcinoma
(FFPE) and in colon cancer; RNY1, RNY3 (cell culture), and RNY4 (blood serum) in colon
cancer; and RNY1 (FFPE) in cervical cancer. Downregulation of the following has also
been identified: RNY1, RNY3, RNY4, and RNY5 in prostate (tissue) and bladder cancer
(tissue) and RNY1 (blood serum) in head and neck squamous cell carcinoma. Elevated
expression of Ys4RNA has been demonstrated in lung cancer. Altered expression of some
YsYRNAs has also been demonstrated in gliomas, breast cancer, and neck squamous cell
carcinoma [23,112,284,286-294]. Based on these studies, YRNAs are another RNA species
showing some promise as biomarker candidates, depending on the results of future testing.

7.10. Vault RNAs

VtRNAs are 88-140 nt long ncRNAs that originate from the VIRNA-1 (vault RNA1-1,
vault RNA1-2, and vault RNA1-3) and VTRNA-2 (vault RNA2-1) loci found at chromosome
location 531 and are transcribed by RNA polymerase III [295,296]. Although available
evidence on vtRNAs’ functions is quite limited, it is clear that they are involved in apopto-
sis, autophagy, proliferation, cell differentiation, mRNA regulation, DNA repair, nuclear
transport, drug resistance, intracellular detoxification, cell-cell communication, and in
certain immune reactions based on their association with ribonucleoproteins, or through
RNA-ligand, RNA-RNA, or RNA-protein interactions. Furthermore, they also presumably
serve as miRNA precursors [295,297,298]. The majority of studies available in the literature
focus on their roles in viral infections and cancer. It was observed that the overexpres-
sion of certain vtRNAs parallels increased resistance to mitoxantrone in glioblastoma,
leukemia, and osteosarcoma [299]. Another study suggested that VTRNA1-1 may enhance
tumorigenesis and chemoresistance via lysosomes in hepatocellular carcinoma [296].

7.11. PIWI-Interacting RNAs
7.11.1. Biogenesis and Regulatory Functions of PIWI-Interacting RNAs

PIWlI-interacting RN As are ncRNAs ranging between 21 and 34 nt in length. They
originate from single-stranded precursors and, unlike miRNAs, are produced via a Dicer-
independent mechanism. They are transcribed by RNA polymerase II from the so-called
piRNA clusters (single- or double-stranded), which mostly include intergenic loci contain-
ing repetitive elements. However, a few of them originate from the 3/ UTR of mRNAs or
IncRNAs. A noteworthy difference between single- and double-stranded piRNA clusters
is that the former have their own promoters while the latter are transcribed from both
strands using the promoters of nearby coding sequences [9,300]. The biogenesis of piRNAs
involves two interconnected pathways: primary (synthesis) and secondary biogenesis,
also known as the ping-pong cycle (amplification). During the maturation of piRNAs,
transcripts are first exported from the nucleus into the cytoplasm. During the primary
pathway, precursor piRNAs are cleaved with the help of the Zucchini (Zuc) riboendonu-
clease and its cofactors, during which ca. 25 nt long pre-piRNAs are created with uridine
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at their 5’ ends. Pre-piRNAs are then incorporated into PIWI (P-element-induced wimpy
testis) proteins. The piRNA/PIWI complex may migrate back to the nucleus and bind
to target transcripts or form complexes with the AGO3 and Aub (Aubergine) proteins.
Through Zuc-mediated cleavage and complementary targeting between AGO3 and Aub,
new piRNAs are continuously generated in an amplified manner during the ping-pong
cycle, which may increase the abundance and diversity of piRNAs [9,301,302].

The primary role of piRNAs is to maintain the integrity of the genome through silenc-
ing of transposons, but they are also known to participate in epigenetic regulation (e.g.,
via histone modification or DNA methylation) as well as regulation of gene expression,
genome rearrangement, spermatogenesis, and anti-viral responses [9,302]. Silencing of
transposons and gene expression regulation may occur (i) directly by binding piRNA /PIWI
complexes to the transposons, (ii) post-transcriptionally by cleaving the mRNAs or regulat-
ing their stability, (iii) through epigenetic mechanisms, e.g., by recruiting methylation and
acetylation factors, (iv) at the translational level, and (v) post-translationally by directly
binding to the encoded protein and influencing its stability [9,302,303]. It has also been
shown that viral sequences may be incorporated into piRNA clusters; thus, some piRNAs
are capable of repressing viral gene expression and promoting responses against invading
viruses [9].

7.11.2. Role of PIWI-Interacting RNAs in the Regulation of Cancer Progression and
Possible Clinical Application

A number of studies have confirmed the association between piRNAs and carcino-
genesis through various mechanisms. Like other ncRNAs, they may have both oncogenic
and tumor suppressor functions, affecting proliferation (e.g., piR-55490—lung cancer; piR-
823—gastric cancer; piR-52207—ovarian cancer), differentiation (e.g., piR-1245—colorectal
cancer), progression (piR-54265—colorectal cancer), apoptosis (e.g., piR-651—lung can-
cer; piR-33733—ovarian cancer), and metastasis (piR-32051—kidney cancer; piR-54265—
colorectal cancer) of cancer cells [304-310]. PIWI-interacting RNAs are detectable in body
fluids (primarily in plasma and serum), and their altered expression is often seen in cancer
patients (both in tissue and blood samples); thus, they might serve as biomarker candidates.
Several cell-free piRNAs have been reviewed previously [311] and implicated in malig-
nant diseases: in colorectal cancer (e.g., piR-5937; piR-54265), breast cancer (e.g., piR-651,
piR-17458), gastric cancer (e.g., piR-019308, piR-004918), lung cancer (e.g., piR-hsa-164586,
piR-hsa-5444), and cholangiocarcinoma (e.g., piR-14090389) [311-319]. Additionally, earlier
studies showed that piR-34736, piR-35407, piR-36249, piR-34377, and piR-36318 are typi-
cally downregulated, while piR-651, piR-36026, piR-20582, piR-932, piR-36743, piR-021285,
and piR-31106 are upregulated in breast cancer [302]. Their different expressions might
support their cancer diagnostic potential.

8. Conclusions and Future Perspectives

While ncRNAs are a hot topic in current research, especially in cancer, the field has
only been partially explored. Available evidence supports the potential of these molecules
(especially that of miRNAs and IncRNAs) as biomarkers or therapeutic agents in the
clinic. However, the implication of RN A-based cancer biomarkers in routine diagnostics
still faces many challenges. On the one hand, available detection methods are still not
sensitive enough to provide reliable results on ncRNA expression—especially in the case
of cf-ncRNAs—which makes standardization difficult for routine diagnostics. On the
other hand, ncRNA expression is affected by several physiological factors that result in
their high variability among patients. The identification of biomarker candidates was
also hampered by the fact that early studies mainly focused on clinical samples that were



Cancers 2025, 17,579 28 of 41

further biased by tumor heterogeneity and by the limited availability of healthy tissues for
use as controls. These studies often led to contradictory results—the same miRNA was
concluded as a tumor suppressor in one study and an oncomiR in another in the same type
of cancer. Furthermore, several ncRNAs considered essential in cellular physiology show
altered expression under various conditions that limit their application as disease-specific
biomarkers. These obstacles might be overcome by understanding the exact regulatory role
of single ncRNAs using in vitro and in vivo studies. It is also becoming increasingly clear
that studying standalone ncRNAs is not enough. Non-coding RNAs operate in complex and
intricate networks, suggesting that multivariate diagnostic tests analyzing various ncRNAs
together with mRNA and protein targets might have better diagnostic reliability. This
may open the way to a better understanding of ncRNA-mediated regulatory networks in
signaling pathways involved in cancer progression, which might support the development
of new strategies in cancer therapy. While the future remains unpredictable, the authors of
this review argue that ncRNA biomarkers are poised to gain a foothold in the near future
as supportive tools in clinical diagnostics and follow-up. However, true breakthroughs will
likely only come with the rise of system biology, where genomic and expression data are
integrated to obtain a complete and personalized picture for each patient.

Author Contributions: Conceptualization, M.S. and E.M.; writing—original draft preparation, M.S.,
EM., AV, D.D., GB., AB.and AP; writing—review and editing, B.N. and I.B.; visualization, M.S.
and A.V,; supervision, M.S.; project administration, M.S.; funding acquisition, M.S. and A.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Research, Development and Innovation Office-
NKFIH, grant number FK138021 (to M.S.); by the EKOP-24-4-1-DE-257 University Research Scholar-
ship Program of The Ministry For Culture and Innovation From The Source of The National Research,
Development And Innovation Fund (to A.V.); by the University of Debrecen Scientific Research
Bridging Fund (DETKA) (to L.B.); and by the Bridging Fund of the Faculty of Medicine (to I.B.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

References

1.  Boland, C.R. Erratum to: Non-coding RNA: It's Not Junk. Dig. Dis. Sci. 2017, 62, 3260. [CrossRef]

2. Djebali, S.; Davis, C.A.; Merkel, A.; Dobin, A.; Lassmann, T.; Mortazavi, A.; Tanzer, A.; Lagarde, ].; Lin, W.; Schlesinger, F.; et al.
Landscape of transcription in human cells. Nature 2012, 489, 101-108. [CrossRef]

3. Romano, G.; Veneziano, D.; Acunzo, M.; Croce, C.M. Small non-coding RNA and cancer. Carcinogenesis 2017, 38, 485-491.
[CrossRef]

4. Xiao, L.; Wang, J.; Ju, S.; Cui, M,; Jing, R. Disorders and roles of tsSRNA, snoRNA, snRNA and piRNA in cancer. . Med. Genet.
2022, 59, 623-631. [CrossRef]

5. Fu, X.D. Non-coding RNA: A new frontier in regulatory biology. Natl. Sci. Rev. 2014, 1, 190-204. [CrossRef] [PubMed]

6. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]

7. 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] [PubMed]

8. Sinha, T.; Panigrahi, C.; Das, D.; Chandra Panda, A. Circular RNA translation, a path to hidden proteome. Wiley Interdiscip. Rev.
RNA 2022, 13, e1685. [CrossRef] [PubMed]

9.  Zhang, ],; Chen, S.; Liu, K. Structural insights into piRNA biogenesis. Biochim. Biophys. Acta Gene Regul. Mech. 2022, 1865, 194799.
[CrossRef]

10.  Chellini, L.; Frezza, V.; Paronetto, M.P. Dissecting the transcriptional regulatory networks of promoter-associated noncoding
RNAs in development and cancer. J. Exp. Clin. Cancer Res. 2020, 39, 51. [CrossRef]

11. Liu, E Enhancer-derived RNA: A Primer. Genom. Proteom. Bioinform. 2017, 15, 196-200. [CrossRef] [PubMed]


https://doi.org/10.1007/s10620-017-4746-0
https://doi.org/10.1038/nature11233
https://doi.org/10.1093/carcin/bgx026
https://doi.org/10.1136/jmedgenet-2021-108327
https://doi.org/10.1093/nsr/nwu008
https://www.ncbi.nlm.nih.gov/pubmed/25821635
https://doi.org/10.3389/fendo.2018.00402
https://www.ncbi.nlm.nih.gov/pubmed/30123182
https://doi.org/10.1038/s41580-020-00315-9
https://www.ncbi.nlm.nih.gov/pubmed/33353982
https://doi.org/10.1002/wrna.1685
https://www.ncbi.nlm.nih.gov/pubmed/34342387
https://doi.org/10.1016/j.bbagrm.2022.194799
https://doi.org/10.1186/s13046-020-01552-8
https://doi.org/10.1016/j.gpb.2016.12.006
https://www.ncbi.nlm.nih.gov/pubmed/28533025

Cancers 2025, 17,579 29 of 41

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

Marques, T.M.; Gama-Carvalho, M. Network Approaches to Study Endogenous RNA Competition and Its Impact on Tissue-
Specific microRNA Functions. Biomolecules 2022, 12, 332. [CrossRef] [PubMed]

Salmena, L.; Poliseno, L.; Tay, Y.; Kats, L.; Pandolfi, PP. A ceRNA hypothesis: The Rosetta Stone of a hidden RNA language? Cell
2011, 146, 353-358. [CrossRef]

Ala, U. Competing Endogenous RNAs, Non-Coding RNAs and Diseases: An Intertwined Story. Cells 2020, 9, 1574. [CrossRef]
[PubMed]

Loganathan, T.; Doss, C.G. Non-coding RNAs in human health and disease: Potential function as biomarkers and therapeutic
targets. Funct. Integr. Genom. 2023, 23, 33. [CrossRef] [PubMed]

Nemeth, K.; Bayraktar, R.; Ferracin, M.; Calin, G.A. Non-coding RNAs in disease: From mechanisms to therapeutics. Nat. Rev.
Genet. 2024, 25, 211-232. [CrossRef]

Di Leva, G.; Garofalo, M.; Croce, C.M. MicroRNAs in cancer. Annu. Rev. Pathol. 2014, 9, 287-314. [CrossRef] [PubMed]

Zhou, J.; Xie, H; Liu, J.; Huang, R.; Xiang, Y.; Tian, D.; Bian, E. PIWI-interacting RNAs: Critical roles and therapeutic targets in
cancer. Cancer Lett. 2023, 562, 216189. [CrossRef] [PubMed]

Napoli, S.; Munz, N.; Guidetti, F; Bertoni, F. Enhancer RNAs (eRNAs) in Cancer: The Jacks of All Trades. Cancers 2022, 14, 1978.
[CrossRef] [PubMed]

Larrea, E.; Sole, C.; Manterola, L.; Goicoechea, I.; Armesto, M.; Arestin, M.; Caffarel, M.M.; Araujo, A.M.; Araiz, M.; Fernandez-
Mercado, M.; et al. New Concepts in Cancer Biomarkers: Circulating miRNAs in Liquid Biopsies. Int. J. Mol. Sci. 2016, 17, 627.
[CrossRef] [PubMed]

Bayraktar, R.; Van Roosbroeck, K.; Calin, G.A. Cell-to-cell communication: MicroRNAs as hormones. Mol. Oncol. 2017, 11,
1673-1686. [CrossRef] [PubMed]

Zhao, C.; Sun, X,; Li, L. Biogenesis and function of extracellular miRNAs. ExXRNA 2019, 1, 38. [CrossRef]

Szilagyi, M.; Pos, O.; Marton, E; Buglyé, G.; Soltész, B.; Keserfi, ].; Penyige, A.; Szemes, T.; Nagy, B. Circulating Cell-Free Nucleic
Acids: Main Characteristics and Clinical Application. Int. . Mol. Sci. 2020, 21, 6827. [CrossRef] [PubMed]

Kosaka, N.; Izumi, H.; Sekine, K.; Ochiya, T. microRNA as a new immune-regulatory agent in breast milk. Silence 2010, 1, 7.
[CrossRef]

He, C.; Li, L.; Wang, L.; Meng, W.; Hao, Y.; Zhu, G. Exosome-mediated cellular crosstalk within the tumor microenvironment
upon irradiation. Cancer Biol. Med. 2021, 18, 21-33. [CrossRef] [PubMed]

Challagundla, K.B.; Wise, PM.; Neviani, P.; Chava, H.; Murtadha, M.; Xu, T.; Kennedy, R.; Ivan, C.; Zhang, X.; Vannini, I.; et al.
Exosome-mediated transfer of microRNAs within the tumor microenvironment and neuroblastoma resistance to chemotherapy.
J. Natl. Cancer Inst. 2015, 107, djv135. [CrossRef] [PubMed]

Au Yeung, C.L.; Co, N.N,; Tsuruga, T,; Yeung, T.L.; Kwan, S.Y,; Leung, C.S.; Li, Y.; Lu, E.S.; Kwan, K.; Wong, K.K; et al. Exosomal
transfer of stroma-derived miR21 confers paclitaxel resistance in ovarian cancer cells through targeting APAF1. Nat. Commun.
2016, 7, 11150. [CrossRef]

Dragomir, M.; Mafra, A.C.P; Dias, S.M.G.; Vasilescu, C.; Calin, G.A. Using microRNA Networks to Understand Cancer. Int. ].
Mol. Sci. 2018, 19, 1871. [CrossRef] [PubMed]

Weaver, A.M.; Patton, ].G. Argonautes in Extracellular Vesicles: Artifact or Selected Cargo? Cancer Res. 2020, 80, 379-381.
[CrossRef]

Castleberry, M.; Raby, C.A.; Ifrim, A.; Shibata, Y.; Matsushita, S.; Ugawa, S.; Miura, Y.; Hori, A.; Miida, T.; Linton, M.F,; et al.
High-density lipoproteins mediate small RNA intercellular communication between dendritic cells and macrophages. J. Lipid Res.
2023, 64, 100328. [CrossRef] [PubMed]

Hardy, M.P.; Audemard, E; Migneault, F; Feghaly, A.; Brochu, S.; Gendron, P,; Boilard, E; Major, F,; Dieudé, M.; Hébert, M.J.;
et al. Apoptotic endothelial cells release small extracellular vesicles loaded with immunostimulatory viral-like RNAs. Sci. Rep.
2019, 9, 7203. [CrossRef] [PubMed]

Miao, X.; Wu, X.; You, W.; He, K; Chen, C.; Pathak, ].L.; Zhang, Q. Tailoring of apoptotic bodies for diagnostic and therapeutic
applications:advances, challenges, and prospects. J. Transl. Med. 2024, 22, 810. [CrossRef] [PubMed]

Hiittenhofer, A.; Vogel, ]. Experimental approaches to identify non-coding RNAs. Nucleic Acids Res. 2006, 34, 635-646. [CrossRef]
[PubMed]

Micheel, ].; Safrastyan, A.; Wollny, D. Advances in Non-Coding RNA Sequencing. Noncoding RNA 2021, 7, 70. [CrossRef]
Forero, D.A.; Gonzalez-Giraldo, Y.; Castro-Vega, L.J.; Barreto, G.E. qPCR-based methods for expression analysis of miRNAs.
Biotechniques 2019, 67, 192-199. [CrossRef]

Hu, X;; Feng, Y,; Hu, Z.; Zhang, Y.; Yuan, C.X.; Xu, X.; Zhang, L. Detection of Long Noncoding RNA Expression by Nonradioactive
Northern Blots. Methods Mol. Biol. 2016, 1402, 177-188. [CrossRef] [PubMed]

Chen, C.; Ridzon, D.A.; Broomer, A.].; Zhou, Z.; Lee, D.H.; Nguyen, ].T.; Barbisin, M.; Xu, N.L.; Mahuvakar, V.R.; Andersen, M.R ;
et al. Real-time quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res. 2005, 33, €e179. [CrossRef] [PubMed]


https://doi.org/10.3390/biom12020332
https://www.ncbi.nlm.nih.gov/pubmed/35204832
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.3390/cells9071574
https://www.ncbi.nlm.nih.gov/pubmed/32605220
https://doi.org/10.1007/s10142-022-00947-4
https://www.ncbi.nlm.nih.gov/pubmed/36625940
https://doi.org/10.1038/s41576-023-00662-1
https://doi.org/10.1146/annurev-pathol-012513-104715
https://www.ncbi.nlm.nih.gov/pubmed/24079833
https://doi.org/10.1016/j.canlet.2023.216189
https://www.ncbi.nlm.nih.gov/pubmed/37076042
https://doi.org/10.3390/cancers14081978
https://www.ncbi.nlm.nih.gov/pubmed/35454885
https://doi.org/10.3390/ijms17050627
https://www.ncbi.nlm.nih.gov/pubmed/27128908
https://doi.org/10.1002/1878-0261.12144
https://www.ncbi.nlm.nih.gov/pubmed/29024380
https://doi.org/10.1186/s41544-019-0039-4
https://doi.org/10.3390/ijms21186827
https://www.ncbi.nlm.nih.gov/pubmed/32957662
https://doi.org/10.1186/1758-907X-1-7
https://doi.org/10.20892/j.issn.2095-3941.2020.0150
https://www.ncbi.nlm.nih.gov/pubmed/33628582
https://doi.org/10.1093/jnci/djv135
https://www.ncbi.nlm.nih.gov/pubmed/25972604
https://doi.org/10.1038/ncomms11150
https://doi.org/10.3390/ijms19071871
https://www.ncbi.nlm.nih.gov/pubmed/29949872
https://doi.org/10.1158/0008-5472.CAN-19-2782
https://doi.org/10.1016/j.jlr.2023.100328
https://www.ncbi.nlm.nih.gov/pubmed/36626966
https://doi.org/10.1038/s41598-019-43591-y
https://www.ncbi.nlm.nih.gov/pubmed/31076589
https://doi.org/10.1186/s12967-024-05451-w
https://www.ncbi.nlm.nih.gov/pubmed/39218900
https://doi.org/10.1093/nar/gkj469
https://www.ncbi.nlm.nih.gov/pubmed/16436800
https://doi.org/10.3390/ncrna7040070
https://doi.org/10.2144/btn-2019-0065
https://doi.org/10.1007/978-1-4939-3378-5_14
https://www.ncbi.nlm.nih.gov/pubmed/26721491
https://doi.org/10.1093/nar/gni178
https://www.ncbi.nlm.nih.gov/pubmed/16314309

Cancers 2025, 17, 579 30 of 41

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.
62.

63.

Kang, K.; Zhang, X.; Liu, H.; Wang, Z.; Zhong, ].; Huang, Z.; Peng, X.; Zeng, Y.; Wang, Y,; Yang, Y.; et al. A novel real-time PCR
assay of microRNAs using S-Poly(T), a specific oligo(dT) reverse transcription primer with excellent sensitivity and specificity.
PLoS ONE 2012, 7, €48536. [CrossRef] [PubMed]

Kolenda, T.; Rys, M.; Guglas, K.; Teresiak, A.; Blizniak, R.; Mackiewicz, J.; Lamperska, K. Quantification of long non-coding
RNAs using qRT-PCR: Comparison of different cDNA synthesis methods and RNA stability. Arch. Med. Sci. 2021, 17, 1006-1015.
[CrossRef] [PubMed]

Mi, Z.; Zhonggiang, C.; Caiyun, J.; Yanan, L.; Jianhua, W.; Liang, L. Circular RNA detection methods: A minireview. Talanta 2022,
238 Pt 2,123066. [CrossRef] [PubMed]

Panda, A.C.; De, S.; Grammatikakis, I.; Munk, R.; Yang, X.; Piao, Y.; Dudekula, D.B.; Abdelmohsen, K.; Gorospe, M. High-purity
circular RNA isolation method (RPAD) reveals vast collection of intronic circRNAs. Nucleic Acids Res. 2017, 45, e116. [CrossRef]
Takahashi, K.; Yan, LK,; Kim, C.; Kim, J.; Patel, T. Analysis of extracellular RNA by digital PCR. Front. Oncol. 2014, 4, 129.
[CrossRef] [PubMed]

Thomson, ].M.; Parker, ].S.; Hammond, S.M. Microarray analysis of miRNA gene expression. Methods Enzymol. 2007, 427, 107-122.
[CrossRef]

Gaarz, A.; Debey-Pascher, S.; Classen, S.; Eggle, D.; Gathof, B.; Chen, J.; Fan, ].B.; Voss, T.; Schultze, J.L.; Staratschek-Jox, A. Bead
array-based microrna expression profiling of peripheral blood and the impact of different RNA isolation approaches. J. Mol.
Diagn. 2010, 12, 335-344. [CrossRef]

Benesova, S.; Kubista, M.; Valihrach, L. Small RNA-Sequencing: Approaches and Considerations for miRNA Analysis. Diagnostics
2021, 11, 964. [CrossRef] [PubMed]

Boivin, V.; Reulet, G.; Boisvert, O.; Couture, S.; Elela, S.A.; Scott, M.S. Reducing the structure bias of RNA-Seq reveals a large
number of non-annotated non-coding RNA. Nucleic Acids Res. 2020, 48, 2271-2286. [CrossRef] [PubMed]

Li, J.; Zhang, Z.; Zhuang, Y.; Wang, F,; Cai, T. Small RNA transcriptome analysis using parallel single-cell small RNA sequencing.
Sci. Rep. 2023, 13, 7501. [CrossRef]

The RNAcentral Consortium; Petrov, A.L; Kay, S.J.E.; Kalvari, I.; Howe, K.L.; Gray, K.A.; Bruford, E.A.; Kersey, PJ.; Cochrane, G.;
Finn, R.D.; et al. RN Acentral: A comprehensive database of non-coding RNA sequences. Nucleic Acids Res. 2017, 45, D128-D134.
[CrossRef]

Liu, Q.; Ding, C.; Lang, X.; Guo, G.; Chen, J.; Su, X. Small noncoding RNA discovery and profiling with sRNAtools based on
high-throughput sequencing. Brief. Bioinform. 2021, 22, 463—473. [CrossRef]

Toden, S.; Zumwalt, T.J.; Goel, A. Non-coding RNAs and potential therapeutic targeting in cancer. Biochim. Biophys. Acta Rev.
Cancer 2021, 1875, 188491. [CrossRef]

Kotowska-Zimmer, A.; Pewinska, M.; Olejniczak, M. Artificial miRNAs as therapeutic tools: Challenges and opportunities. Wiley
Interdiscip. Rev. RNA 2021, 12, €1640. [CrossRef]

Wang, P.; Zhou, Y.; Richards, A.M. Effective tools for RNA-derived therapeutics: SIRNA interference or miRNA mimicry.
Theranostics 2021, 11, 8771-8796. [CrossRef] [PubMed]

Lam, ] K.; Chow, M.Y.; Zhang, Y.; Leung, S.W. siRNA Versus miRNA as Therapeutics for Gene Silencing. Mol. Ther. Nucleic Acids
2015, 4, €252. [CrossRef]

Hu, B.; Zhong, L.; Weng, Y.; Peng, L.; Huang, Y.; Zhao, Y.; Liang, X.]. Therapeutic siRNA: State of the art. Signal Transduct. Target.
Ther. 2020, 5, 101. [CrossRef] [PubMed]

Acharya, R. The recent progresses in shRNA-nanoparticle conjugate as a therapeutic approach. Mater. Sci. Eng. C Mater. Biol.
Appl. 2019, 104, 109928. [CrossRef]

Moore, C.B.; Guthrie, E.H.; Huang, M.T.; Taxman, D.J. Short hairpin RNA (shRNA): Design, delivery, and assessment of gene
knockdown. Methods Mol. Biol. 2010, 629, 141-158. [CrossRef]

Frank, S.B.; Schulz, V.V,; Miranti, C.K. A streamlined method for the design and cloning of shRNAs into an optimized Dox-
inducible lentiviral vector. BMC Biotechnol. 2017, 17, 24. [CrossRef]

Silva, J.M.; Li, M.Z.; Chang, K.; Ge, W.; Golding, M.C.; Rickles, R.J.; Siolas, D.; Hu, G.; Paddison, PJ.; Schlabach, M.R.; et al.
Second-generation shRNA libraries covering the mouse and human genomes. Nat. Genet. 2005, 37, 1281-1288. [CrossRef]
[PubMed]

Grillone, K.; Carida, G.; Luciano, F; Cordua, A.; Di Martino, M.T.; Tagliaferri, P.; Tassone, P. A systematic review of non-coding
RNA therapeutics in early clinical trials: A new perspective against cancer. J. Transl. Med. 2024, 22, 731. [CrossRef]

Ebert, M.S.; Sharp, P.A. MicroRNA sponges: Progress and possibilities. RNA 2010, 16, 2043-2050. [CrossRef] [PubMed]

Pal, A.S.; Kasinski, A.L. Animal Models to Study MicroRNA Function. Adv. Cancer Res. 2017, 135, 53-118. [CrossRef] [PubMed]
Hussen, B.M.; Rasul, M.E,; Abdullah, S.R.; Hidayat, H.].; Faraj, G.S.H.; Ali, FA.; Salihi, A.; Baniahmad, A.; Ghafouri-Fard,
S.; Rahman, M.; et al. Targeting miRNA by CRISPR/Cas in cancer: Advantages and challenges. Mil. Med. Res. 2023, 10, 32.
[CrossRef] [PubMed]

Hartung, T. Thoughts on limitations of animal models. Park. Relat. Disord. 2008, 14 (Suppl. S2), S81-583. [CrossRef]


https://doi.org/10.1371/journal.pone.0048536
https://www.ncbi.nlm.nih.gov/pubmed/23152780
https://doi.org/10.5114/aoms.2019.82639
https://www.ncbi.nlm.nih.gov/pubmed/34336028
https://doi.org/10.1016/j.talanta.2021.123066
https://www.ncbi.nlm.nih.gov/pubmed/34808570
https://doi.org/10.1093/nar/gkx297
https://doi.org/10.3389/fonc.2014.00129
https://www.ncbi.nlm.nih.gov/pubmed/24926435
https://doi.org/10.1016/s0076-6879(07)27006-5
https://doi.org/10.2353/jmoldx.2010.090116
https://doi.org/10.3390/diagnostics11060964
https://www.ncbi.nlm.nih.gov/pubmed/34071824
https://doi.org/10.1093/nar/gkaa028
https://www.ncbi.nlm.nih.gov/pubmed/31980822
https://doi.org/10.1038/s41598-023-34390-7
https://doi.org/10.1093/nar/gkw1008
https://doi.org/10.1093/bib/bbz151
https://doi.org/10.1016/j.bbcan.2020.188491
https://doi.org/10.1002/wrna.1640
https://doi.org/10.7150/thno.62642
https://www.ncbi.nlm.nih.gov/pubmed/34522211
https://doi.org/10.1038/mtna.2015.23
https://doi.org/10.1038/s41392-020-0207-x
https://www.ncbi.nlm.nih.gov/pubmed/32561705
https://doi.org/10.1016/j.msec.2019.109928
https://doi.org/10.1007/978-1-60761-657-3_10
https://doi.org/10.1186/s12896-017-0341-x
https://doi.org/10.1038/ng1650
https://www.ncbi.nlm.nih.gov/pubmed/16200065
https://doi.org/10.1186/s12967-024-05554-4
https://doi.org/10.1261/rna.2414110
https://www.ncbi.nlm.nih.gov/pubmed/20855538
https://doi.org/10.1016/bs.acr.2017.06.006
https://www.ncbi.nlm.nih.gov/pubmed/28882225
https://doi.org/10.1186/s40779-023-00468-6
https://www.ncbi.nlm.nih.gov/pubmed/37460924
https://doi.org/10.1016/j.parkreldis.2008.04.003

Cancers 2025, 17,579 31 of 41

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Bobbs, A.S.; Cole, ].M.; Cowden Dahl, K.D. Emerging and Evolving Ovarian Cancer Animal Models. Cancer Growth Metastasis
2015, 8 (Suppl. S1), 29-36. [CrossRef] [PubMed]

Tsang, S.I.; Hassan, A.A.; To, S.K.Y.; Wong, A.S.T. Experimental models for ovarian cancer research. Exp. Cell Res. 2022, 416, 113150.
[CrossRef]

Liu, Y.; Wu, W,; Cai, C.; Zhang, H.; Shen, H.; Han, Y. Patient-derived xenograft models in cancer therapy: Technologies and
applications. Signal Transduct. Target. Ther. 2023, 8, 160. [CrossRef] [PubMed]

Becher, O.].; Holland, E.C. Genetically engineered models have advantages over xenografts for preclinical studies. Cancer Res.
2006, 66, 3355-3358, discussion 3358-3359. [CrossRef] [PubMed]

Jung, J.; Seol, H.S.; Chang, S. The Generation and Application of Patient-Derived Xenograft Model for Cancer Research. Cancer
Res. Treat. 2018, 50, 1-10. [CrossRef] [PubMed]

Richmond, A.; Su, Y. Mouse xenograft models vs GEM models for human cancer therapeutics. Dis. Model. Mech. 2008, 1, 78-82.
[CrossRef]

Riolo, G.; Cantara, S.; Marzocchi, C.; Ricci, C. miRNA Targets: From Prediction Tools to Experimental Validation. Methods Protoc.
2020, 4, 1. [CrossRef]

Kuhn, D.E.; Martin, M.M.; Feldman, D.S.; Terry, A.V,, Jr.; Nuovo, G.J.; Elton, T.S. Experimental validation of miRNA targets.
Methods 2008, 44, 47-54. [CrossRef] [PubMed]

Chi, SSW,; Zang, ].B.; Mele, A.; Darnell, R.B. Argonaute HITS-CLIP decodes microRNA-mRNA interaction maps. Nature 2009, 460,
479-486. [CrossRef]

Danan, C.; Manickavel, S.; Hafner, M. PAR-CLIP: A Method for Transcriptome-Wide Identification of RNA Binding Protein
Interaction Sites. Methods Mol. Biol. 2016, 1358, 153—173. [CrossRef]

Cui, C.; Zhong, B.; Fan, R.; Cui, Q. HMDD v4.0: A database for experimentally supported human microRNA-disease associations.
Nucleic Acids Res. 2024, 52, D1327-D1332. [CrossRef] [PubMed]

Li, J.; Han, L.; Roebuck, P; Diao, L.; Liu, L.; Yuan, Y.; Weinstein, ].N.; Liang, H. TANRIC: An Interactive Open Platform to Explore
the Function of IncRNAs in Cancer. Cancer Res. 2015, 75, 3728-3737. [CrossRef] [PubMed]

Xu, F; Wang, Y,; Ling, Y.; Zhou, C.; Wang, H.; Teschendorff, A.E.; Zhao, Y.; Zhao, H.; He, Y.; Zhang, G.; et al. dbDEMC 3.0:
Functional Exploration of Differentially Expressed miRNAs in Cancers of Human and Model Organisms. Genom. Proteom.
Bioinform. 2022, 20, 446-454. [CrossRef] [PubMed]

Xie, B.; Ding, Q.; Han, H.; Wu, D. miRCancer: A microRNA-cancer association database constructed by text mining on literature.
Bioinformatics 2013, 29, 638-644. [CrossRef]

Wang, P.; Guo, Q.; Qi, Y,; Hao, Y.; Gao, Y.; Zhi, H.; Zhang, Y.; Sun, Y.; Zhang, Y.; Xin, M.; et al. LncACTdb 3.0: An updated
database of experimentally supported ceRNA interactions and personalized networks contributing to precision medicine. Nucleic
Acids Res. 2022, 50, D183-D189. [CrossRef]

Yang, M.; Lu, H,; Liu, J.; Wu, S.; Kim, P,; Zhou, X. IncRNAfunc: A knowledgebase of IncRNA function in human cancer. Nucleic
Acids Res. 2022, 50, D1295-D1306. [CrossRef] [PubMed]

Liu, Y.; Zhao, M. InCaNet: Pan-cancer co-expression network for human IncRNA and cancer genes. Bioinformatics 2016, 32,
1595-1597. [CrossRef]

Li, L.; Wu, P; Wang, Z.; Meng, X,; Zha, C; Li, Z,; Qi, T.; Zhang, Y.; Han, B.; Li, S.; et al. NoncoRNA: A database of experimentally
supported non-coding RNAs and drug targets in cancer. |. Hematol. Oncol. 2020, 13, 15. [CrossRef]

Dong, R.; Ma, X.K; Li, G.W,; Yang, L. CIRCpedia v2: An Updated Database for Comprehensive Circular RNA Annotation and
Expression Comparison. Genom. Proteom. Bioinform. 2018, 16, 226-233. [CrossRef] [PubMed]

Lai, H,; Li, Y,; Zhang, H.; Hu, J.; Liao, J.; Su, Y.; Li, Q.; Chen, B; Li, C.; Wang, Z.; et al. exoRBase 2.0: An atlas of mRNA, IncRNA
and circRNA in extracellular vesicles from human biofluids. Nucleic Acids Res. 2022, 50, D118-D128. [CrossRef]

Liu, C.J.; Xie, G.Y.; Miao, Y.R; Xia, M.; Wang, Y.; Lei, Q.; Zhang, Q.; Guo, A.Y. EVAtlas: A comprehensive database for ncRNA
expression in human extracellular vesicles. Nucleic Acids Res. 2022, 50, D111-D117. [CrossRef] [PubMed]

Xie, E; Liu, S.; Wang, J.; Xuan, J.; Zhang, X.; Qu, L.; Zheng, L.; Yang, ]. deepBase v3.0: Expression atlas and interactive analysis of
ncRNAs from thousands of deep-sequencing data. Nucleic Acids Res. 2021, 49, D877-D883. [CrossRef]

Cvitkovic, I; Jurica, M.S. Spliceosome database: A tool for tracking components of the spliceosome. Nucleic Acids Res. 2013, 41,
D132-D141. [CrossRef] [PubMed]

Zheng, Y.; Xu, Q.; Liu, M.; Hu, H,; Xie, Y.; Zuo, Z.; Ren, J. INCAR: A Comprehensive Resource for IncRNAs from Cancer Arrays.
Cancer Res. 2019, 79, 2076-2083. [CrossRef] [PubMed]

Xin, J.; Du, M,; Jiang, X.; Wu, Y.; Ben, S.; Zheng, R.; Chu, H.; Li, S.; Zhang, Z.; Wang, M. Systematic evaluation of the effects of
genetic variants on PIWI-interacting RNA expression across 33 cancer types. Nucleic Acids Res. 2021, 49, 90-97. [CrossRef]
Chen, Y.; Wang, X. miRDB: An online database for prediction of functional microRNA targets. Nucleic Acids Res. 2020, 48,
D127-D131. [CrossRef] [PubMed]


https://doi.org/10.4137/CGM.S21221
https://www.ncbi.nlm.nih.gov/pubmed/26380555
https://doi.org/10.1016/j.yexcr.2022.113150
https://doi.org/10.1038/s41392-023-01419-2
https://www.ncbi.nlm.nih.gov/pubmed/37045827
https://doi.org/10.1158/0008-5472.CAN-05-3827
https://www.ncbi.nlm.nih.gov/pubmed/16585152
https://doi.org/10.4143/crt.2017.307
https://www.ncbi.nlm.nih.gov/pubmed/28903551
https://doi.org/10.1242/dmm.000976
https://doi.org/10.3390/mps4010001
https://doi.org/10.1016/j.ymeth.2007.09.005
https://www.ncbi.nlm.nih.gov/pubmed/18158132
https://doi.org/10.1038/nature08170
https://doi.org/10.1007/978-1-4939-3067-8_10
https://doi.org/10.1093/nar/gkad717
https://www.ncbi.nlm.nih.gov/pubmed/37650649
https://doi.org/10.1158/0008-5472.CAN-15-0273
https://www.ncbi.nlm.nih.gov/pubmed/26208906
https://doi.org/10.1016/j.gpb.2022.04.006
https://www.ncbi.nlm.nih.gov/pubmed/35643191
https://doi.org/10.1093/bioinformatics/btt014
https://doi.org/10.1093/nar/gkab1092
https://doi.org/10.1093/nar/gkab1035
https://www.ncbi.nlm.nih.gov/pubmed/34791419
https://doi.org/10.1093/bioinformatics/btw017
https://doi.org/10.1186/s13045-020-00849-7
https://doi.org/10.1016/j.gpb.2018.08.001
https://www.ncbi.nlm.nih.gov/pubmed/30172046
https://doi.org/10.1093/nar/gkab1085
https://doi.org/10.1093/nar/gkab668
https://www.ncbi.nlm.nih.gov/pubmed/34387689
https://doi.org/10.1093/nar/gkaa1039
https://doi.org/10.1093/nar/gks999
https://www.ncbi.nlm.nih.gov/pubmed/23118483
https://doi.org/10.1158/0008-5472.CAN-18-2169
https://www.ncbi.nlm.nih.gov/pubmed/30786995
https://doi.org/10.1093/nar/gkaa1190
https://doi.org/10.1093/nar/gkz757
https://www.ncbi.nlm.nih.gov/pubmed/31504780

Cancers 2025, 17,579 32 of 41

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Volders, PJ.; Anckaert, J.; Verheggen, K.; Nuytens, J.; Martens, L.; Mestdagh, P.; Vandesompele, J. LNCipedia 5: Towards a
reference set of human long non-coding RNAs. Nucleic Acids Res. 2019, 47, D135-D139. [CrossRef]

RNAcentral: A hub of information for non-coding RNA sequences. Nucleic Acids Res. 2019, 47, D221-D229. [CrossRef] [PubMed]
Fromm, B.; Hoye, E.; Domanska, D.; Zhong, X.; Aparicio-Puerta, E.; Ovchinnikov, V.; Umu, S.U.; Chabot, PJ.; Kang, W,;
Aslanzadeh, M.; et al. MirGeneDB 2.1: Toward a complete sampling of all major animal phyla. Nucleic Acids Res. 2022, 50,
D204-D210. [CrossRef]

Chen, X.; Han, P.; Zhou, T.; Guo, X,; Song, X.; Li, Y. circRNADb: A comprehensive database for human circular RNAs with
protein-coding annotations. Sci. Rep. 2016, 6, 34985. [CrossRef]

Xia, S.; Feng, J.; Chen, K.; Ma, Y.; Gong, ].; Cai, F; Jin, Y.; Gao, Y,; Xia, L.; Chang, H.; et al. CSCD: A database for cancer-specific
circular RNAs. Nucleic Acids Res. 2018, 46, D925-D929. [CrossRef] [PubMed]

Rosenkranz, D.; Zischler, H.; Gebert, D. piRNAclusterDB 2.0: Update and expansion of the piRNA cluster database. Nucleic Acids
Res. 2022, 50, D259-D264. [CrossRef] [PubMed]

Yoshihama, M.; Nakao, A.; Kenmochi, N. snOPY: A small nucleolar RNA orthological gene database. BVIC Res. Notes 2013, 6, 426.
[CrossRef]

Barshir, R.; Fishilevich, S.; Iny-Stein, T.; Zelig, O.; Mazor, Y.; Guan-Golan, Y.; Safran, M.; Lancet, D. GeneCaRNA: A Comprehensive
Gene-centric Database of Human Non-coding RNAs in the GeneCards Suite. J. Mol. Biol. 2021, 433, 166913. [CrossRef]

Wang, J.; Shi, Y.; Zhou, H.; Zhang, P.; Song, T.; Ying, Z.; Yu, H.; Li, Y.; Zhao, Y.; Zeng, X,; et al. piRBase: Integrating piRNA
annotation in all aspects. Nucleic Acids Res. 2022, 50, D265-D272. [CrossRef]

Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. miRBase: From microRNA sequences to function. Nucleic Acids Res. 2019, 47,
D155-D162. [CrossRef]

Li, J.H.; Liu, S.; Zhou, H.; Qu, L.H.; Yang, ].H. starBase v2.0: Decoding miRNA-ceRNA, miRNA-ncRNA and protein-RNA
interaction networks from large-scale CLIP-Seq data. Nucleic Acids Res. 2014, 42, D92-D97. [CrossRef]

Karagkouni, D.; Paraskevopoulou, M.D.; Tastsoglou, S.; Skoufos, G.; Karavangeli, A.; Pierros, V.; Zacharopoulou, E.; Hatzigeor-
giou, A.G. DIANA-LncBase v3: Indexing experimentally supported miRNA targets on non-coding transcripts. Nucleic Acids Res.
2020, 48, D101-D110. [CrossRef] [PubMed]

Zheng, Y.; Luo, H.; Teng, X.; Hao, X.; Yan, X,; Tang, Y.; Zhang, W.; Wang, Y.; Zhang, P,; Li, Y.; et al. NPInter v5.0: NcRNA
interaction database in a new era. Nucleic Acids Res. 2023, 51, D232-D239. [CrossRef] [PubMed]

Chen, Y,; Yao, L.; Tang, Y.; Jhong, ].H.; Wan, J.; Chang, J.; Cui, S.; Luo, Y.; Cai, X; Li, W,; et al. CircNet 2.0: An updated database
for exploring circular RNA regulatory networks in cancers. Nucleic Acids Res. 2022, 50, D93-D101. [CrossRef]

Chang, L.; Zhou, G.; Soufan, O.; Xia, J]. miRNet 2.0: Network-based visual analytics for miRNA functional analysis and systems
biology. Nucleic Acids Res. 2020, 48, W244-W251. [CrossRef]

Zhang, C.; Sun, C.; Zhao, Y.; Wang, Q.; Guo, J.; Ye, B.; Yu, G. Overview of MicroRNAs as Diagnostic and Prognostic Biomarkers
for High-Incidence Cancers in 2021. Int. . Mol. Sci. 2022, 23, 11389. [CrossRef] [PubMed]

Sempere, L.E; Azmi, A.S.; Moore, A. microRNA-based diagnostic and therapeutic applications in cancer medicine. Wiley
Interdiscip. Rev. RNA 2021, 12, €1662. [CrossRef]

Metcalf, G.A.D. MicroRNAs: Circulating biomarkers for the early detection of imperceptible cancers via biosensor and machine-
learning advances. Oncogene 2024, 43, 2135-2142. [CrossRef] [PubMed]

Badowski, C.; He, B.; Garmire, L.X. Blood-derived IncRNAs as biomarkers for cancer diagnosis: The Good, the Bad and the
Beauty. npj Precis. Oncol. 2022, 6, 40. [CrossRef]

Zhang, Y.; Wang, Y.; Su, X.; Wang, P.; Lin, W. The Value of Circulating Circular RNA in Cancer Diagnosis, Monitoring, Prognosis,
and Guiding Treatment. Front. Oncol. 2021, 11, 736546. [CrossRef]

Gao, L,; Fan, J.; He, J.; Che, X.; Wang, X.; Han, C. Small Nucleolar RNAs as Diagnostic and Prognostic Biomarkers in Cancer:
A Systematic Review and Meta-Analysis. Technol. Cancer Res. Treat. 2024, 23, 15330338241245939. [CrossRef]

Zhang, Z.; Huang, R; Lai, Y. Expression signature of ten small nuclear RNAs serves as novel biomarker for prognosis prediction
of acute myeloid leukemia. Sci. Rep. 2023, 13, 18489. [CrossRef] [PubMed]

Guglas, K.; Kotodziejczak, I.; Kolenda, T.; Kopczyriska, M.; Teresiak, A.; Sobocifiska, J.; Blizniak, R.; Lamperska, K. YRNAs and
YRNA-Derived Fragments as New Players in Cancer Research and Their Potential Role in Diagnostics. Int. J. Mol. Sci. 2020,
21, 5682. [CrossRef] [PubMed]

Gallo, S.; Kong, E.; Ferro, I.; Polacek, N. Small but Powerful: The Human Vault RNAs as Multifaceted Modulators of Pro-Survival
Characteristics and Tumorigenesis. Cancers 2022, 14, 2787. [CrossRef] [PubMed]

Montagnana, M.; Benati, M.; Danese, E. Circulating biomarkers in epithelial ovarian cancer diagnosis: From present to future
perspective. Ann. Transl. Med. 2017, 5, 276. [CrossRef] [PubMed]

Otandault, A.; Anker, P.; Al Amir Dache, Z.; Guillaumon, V.; Meddeb, R.; Pastor, B.; Pisareva, E.; Sanchez, C.; Tanos, R.; Tousch,
G.; et al. Recent advances in circulating nucleic acids in oncology. Ann. Oncol. 2019, 30, 374-384. [CrossRef] [PubMed]


https://doi.org/10.1093/nar/gky1031
https://doi.org/10.1093/nar/gky1034
https://www.ncbi.nlm.nih.gov/pubmed/30395267
https://doi.org/10.1093/nar/gkab1101
https://doi.org/10.1038/srep34985
https://doi.org/10.1093/nar/gkx863
https://www.ncbi.nlm.nih.gov/pubmed/29036403
https://doi.org/10.1093/nar/gkab622
https://www.ncbi.nlm.nih.gov/pubmed/34302483
https://doi.org/10.1186/1756-0500-6-426
https://doi.org/10.1016/j.jmb.2021.166913
https://doi.org/10.1093/nar/gkab1012
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1093/nar/gkz1036
https://www.ncbi.nlm.nih.gov/pubmed/31732741
https://doi.org/10.1093/nar/gkac1002
https://www.ncbi.nlm.nih.gov/pubmed/36373614
https://doi.org/10.1093/nar/gkab1036
https://doi.org/10.1093/nar/gkaa467
https://doi.org/10.3390/ijms231911389
https://www.ncbi.nlm.nih.gov/pubmed/36232692
https://doi.org/10.1002/wrna.1662
https://doi.org/10.1038/s41388-024-03076-3
https://www.ncbi.nlm.nih.gov/pubmed/38839942
https://doi.org/10.1038/s41698-022-00283-7
https://doi.org/10.3389/fonc.2021.736546
https://doi.org/10.1177/15330338241245939
https://doi.org/10.1038/s41598-023-45626-x
https://www.ncbi.nlm.nih.gov/pubmed/37898705
https://doi.org/10.3390/ijms21165682
https://www.ncbi.nlm.nih.gov/pubmed/32784396
https://doi.org/10.3390/cancers14112787
https://www.ncbi.nlm.nih.gov/pubmed/35681764
https://doi.org/10.21037/atm.2017.05.13
https://www.ncbi.nlm.nih.gov/pubmed/28758102
https://doi.org/10.1093/annonc/mdz031
https://www.ncbi.nlm.nih.gov/pubmed/30753271

Cancers 2025, 17, 579 33 of 41

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

Zaimy, M.A.; Saffarzadeh, N.; Mohammadi, A.; Pourghadamyari, H.; Izadi, P; Sarli, A.; Moghaddam, L.K.; Paschepari, S.R.;
Azizi, H.; Torkamandi, S.; et al. New methods in the diagnosis of cancer and gene therapy of cancer based on nanoparticles.
Cancer Gene Ther. 2017, 24, 233-243. [CrossRef] [PubMed]

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

Winkle, M.; El-Daly, S.M.; Fabbri, M.; Calin, G.A. Noncoding RNA therapeutics-challenges and potential solutions. Nat. Rev.
Drug Discov. 2021, 20, 629-651. [CrossRef]

Ho, PT.B,; Clark, ILM.; Le, L.T.T. MicroRNA-Based Diagnosis and Therapy. Int. J. Mol. Sci. 2022, 23, 7167. [CrossRef] [PubMed]
Savenkova, D.A.; Makarova, A.A.; Shalik, I.K,; Yudkin, D.V. miRNA Pathway Alteration in Response to Non-Coding RNA
Delivery in Viral Vector-Based Gene Therapy. Int. |. Mol. Sci. 2022, 23, 14954. [CrossRef]

Ban, E.; Kwon, T.H.; Kim, A. Delivery of therapeutic miRNA using polymer-based formulation. Drug Deliv. Transl. Res. 2019, 9,
1043-1056. [CrossRef] [PubMed]

Forterre, A.; Komuro, H.; Aminova, S.; Harada, M. A Comprehensive Review of Cancer MicroRNA Therapeutic Delivery
Strategies. Cancers 2020, 12, 1852. [CrossRef] [PubMed]

Creugny, A.; Fender, A.; Pfeffer, S. Regulation of primary microRNA processing. FEBS Lett. 2018, 592, 1980-1996. [CrossRef]
[PubMed]

Loh, H.Y;; Norman, B.P;; Lai, K.S.; Rahman, N.; Alitheen, N.B.M.; Osman, M.A. The Regulatory Role of MicroRNAs in Breast
Cancer. Int. J. Mol. Sci. 2019, 20, 4940. [CrossRef] [PubMed]

Anastasiadou, E.; Jacob, L.S.; Slack, EJ. Non-coding RNA networks in cancer. Nat. Rev. Cancer 2018, 18, 5-18. [CrossRef] [PubMed]
Muralidharan-Chari, V.; Clancy, ].W.; Sedgwick, A.; D’Souza-Schorey, C. Microvesicles: Mediators of extracellular communication
during cancer progression. J. Cell Sci. 2010, 123 Pt 10, 1603-1611. [CrossRef] [PubMed]

Ingenito, F; Roscigno, G.; Affinito, A.; Nuzzo, S.; Scognamiglio, I.; Quintavalle, C.; Condorelli, G. The Role of Exo-miRNAs in
Cancer: A Focus on Therapeutic and Diagnostic Applications. Int. . Mol. Sci. 2019, 20, 4687. [CrossRef]

Kogure, A.; Kosaka, N.; Ochiya, T. Cross-talk between cancer cells and their neighbors via miRNA in extracellular vesicles:
An emerging player in cancer metastasis. J. Biomed. Sci. 2019, 26, 7. [CrossRef] [PubMed]

Muthamilselvan, S.; Ramasami Sundhar Baabu, P.; Palaniappan, A. Microfluidics for Profiling miRNA Biomarker Panels in
Al-Assisted Cancer Diagnosis and Prognosis. Technol. Cancer Res. Treat. 2023, 22, 15330338231185284. [CrossRef]

Vishnoi, A.; Rani, S. MiRNA biogenesis and regulation of diseases: An overview. In MicroRNA Profiling: Methods and Protocols;
Springer: Berlin/Heidelberg, Germany, 2017; pp. 1-10.

Meng, E; Henson, R.; Wehbe-Janek, H.; Ghoshal, K.; Jacob, S.T.; Patel, T. MicroRNA-21 regulates expression of the PTEN tumor
suppressor gene in human hepatocellular cancer. Gastroenterology 2007, 133, 647-658. [CrossRef] [PubMed]

Korpal, M;; Lee, E.S.; Hu, G.; Kang, Y. The miR-200 family inhibits epithelial-mesenchymal transition and cancer cell migration
by direct targeting of E-cadherin transcriptional repressors ZEB1 and ZEB2. ]. Biol. Chem. 2008, 283, 14910-14914. [CrossRef]
[PubMed]

Kim, T.; Croce, C.M. MicroRNA: Trends in clinical trials of cancer diagnosis and therapy strategies. Exp. Mol. Med. 2023, 55,
1314-1321. [CrossRef] [PubMed]

Seyhan, A.A. Trials and Tribulations of MicroRNA Therapeutics. Int. . Mol. Sci. 2024, 25, 1469. [CrossRef] [PubMed]

Menon, A.; Abd-Aziz, N.; Khalid, K.; Poh, C.L.; Naidu, R. miRNA: A Promising Therapeutic Target in Cancer. Int. ]. Mol. Sci.
2022, 23, 11502. [CrossRef] [PubMed]

Reid, G.; Pel, M.E,; Kirschner, M.B.; Cheng, Y.Y.; Mugridge, N.; Weiss, J.; Williams, M.; Wright, C.; Edelman, ].J.; Vallely, M.P;
et al. Restoring expression of miR-16: A novel approach to therapy for malignant pleural mesothelioma. Ann. Oncol. 2013, 24,
3128-3135. [CrossRef]

Ghosh, D.; Nandi, S.; Bhattacharjee, S. Combination therapy to checkmate Glioblastoma: Clinical challenges and advances. Clin.
Transl. Med. 2018, 7, 33. [CrossRef] [PubMed]

Xu, W.-D.; Feng, S.-Y.; Huang, A.-F. Role of miR-155 in inflammatory autoimmune diseases: A comprehensive review. Inflamm.
Res. 2022, 71, 1501-1517. [CrossRef]

Abdelaal, A.M.; Sohal, L.S,; Iyer, S.; Sudarshan, K.; Kothandaraman, H.; Lanman, N.A.; Low, P.S.; Kasinski, A.L. A first-in-class
fully modified version of miR-34a with outstanding stability, activity, and anti-tumor efficacy. Oncogene 2023, 42, 2985-2999.
[CrossRef]

Abdelaal, A.M.; Sohal, IS; Iyer, S.G.; Sudarshan, K.; Orellana, E.A.; Ozcan, K.E.; Dos Santos, A.P.; Low, P.S.; Kasinski, A.L.
Selective targeting of chemically modified miR-34a to prostate cancer using a small molecule ligand and an endosomal escape
agent. Mol. Ther. Nucleic Acids 2024, 35, 102193. [CrossRef]

Wang, W.T.; Ye, H.; Wei, P.P,; Han, B.W.; He, B.; Chen, Z.H.; Chen, Y.Q. LncRNAs H19 and HULC, activated by oxidative stress,
promote cell migration and invasion in cholangiocarcinoma through a ceRNA manner. J. Hernatol. Oncol. 2016, 9, 117. [CrossRef]


https://doi.org/10.1038/cgt.2017.16
https://www.ncbi.nlm.nih.gov/pubmed/28574057
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.3390/ijms23137167
https://www.ncbi.nlm.nih.gov/pubmed/35806173
https://doi.org/10.3390/ijms232314954
https://doi.org/10.1007/s13346-019-00645-y
https://www.ncbi.nlm.nih.gov/pubmed/31049843
https://doi.org/10.3390/cancers12071852
https://www.ncbi.nlm.nih.gov/pubmed/32660045
https://doi.org/10.1002/1873-3468.13067
https://www.ncbi.nlm.nih.gov/pubmed/29683487
https://doi.org/10.3390/ijms20194940
https://www.ncbi.nlm.nih.gov/pubmed/31590453
https://doi.org/10.1038/nrc.2017.99
https://www.ncbi.nlm.nih.gov/pubmed/29170536
https://doi.org/10.1242/jcs.064386
https://www.ncbi.nlm.nih.gov/pubmed/20445011
https://doi.org/10.3390/ijms20194687
https://doi.org/10.1186/s12929-019-0500-6
https://www.ncbi.nlm.nih.gov/pubmed/30634952
https://doi.org/10.1177/15330338231185284
https://doi.org/10.1053/j.gastro.2007.05.022
https://www.ncbi.nlm.nih.gov/pubmed/17681183
https://doi.org/10.1074/jbc.C800074200
https://www.ncbi.nlm.nih.gov/pubmed/18411277
https://doi.org/10.1038/s12276-023-01050-9
https://www.ncbi.nlm.nih.gov/pubmed/37430087
https://doi.org/10.3390/ijms25031469
https://www.ncbi.nlm.nih.gov/pubmed/38338746
https://doi.org/10.3390/ijms231911502
https://www.ncbi.nlm.nih.gov/pubmed/36232799
https://doi.org/10.1093/annonc/mdt412
https://doi.org/10.1186/s40169-018-0211-8
https://www.ncbi.nlm.nih.gov/pubmed/30327965
https://doi.org/10.1007/s00011-022-01643-6
https://doi.org/10.1038/s41388-023-02801-8
https://doi.org/10.1016/j.omtn.2024.102193
https://doi.org/10.1186/s13045-016-0348-0

Cancers 2025, 17,579 34 of 41

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Ren, K; Li, Y,; Lu, H,; Li, Z,; Li, Z.; Wu, K,; Li, Z.; Han, X. Long Noncoding RNA HOTAIR Controls Cell Cycle by Functioning as a
Competing Endogenous RNA in Esophageal Squamous Cell Carcinoma. Transl. Oncol. 2016, 9, 489-497. [CrossRef]

Zhang, E.; Han, L.; Yin, D.; He, X.; Hong, L.; Si, X.; Qiu, M.; Xu, T.; De, W.; Xu, L.; et al. H3K27 acetylation activated-long
non-coding RNA CCAT1 affects cell proliferation and migration by regulating SPRY4 and HOXB13 expression in esophageal
squamous cell carcinoma. Nucleic Acids Res. 2017, 45, 3086-3101. [CrossRef] [PubMed]

Tran, D.D.H.; Kessler, C.; Niehus, S.E.; Mahnkopf, M.; Koch, A.; Tamura, T. Myc target gene, long intergenic noncoding RNA,
Linc00176 in hepatocellular carcinoma regulates cell cycle and cell survival by titrating tumor suppressor microRNAs. Oncogene
2018, 37, 75-85. [CrossRef]

Yang, C.; Yuan, W.; Yang, X; Li, P.; Wang, J.; Han, ].; Tao, J.; Li, P; Yang, H.; Lv, Q.; et al. Circular RNA circ-ITCH inhibits bladder
cancer progression by sponging miR-17/miR-224 and regulating p21, PTEN expression. Mol. Cancer 2018, 17, 19. [CrossRef]

Li, K,; Gong, Q.; Xiang, X.D.; Guo, G.; Liu, J.; Zhao, L.; Li, J.; Chen, N.; Li, H.; Zhang, L.J.; et al. HNRNPA2B1-mediated
m(6)A modification of IncRNA MEG3 facilitates tumorigenesis and metastasis of non-small cell lung cancer by regulating
miR-21-5p/PTEN axis. J. Transl. Med. 2023, 21, 382. [CrossRef]

Tang, Y,; Jin, X.; Xiang, Y.; Chen, Y.; Shen, C.X.; Zhang, Y.C.; Li, Y.G. The IncRNA MALAT1 protects the endothelium against
ox-LDL-induced dysfunction via upregulating the expression of the miR-22-3p 21 target genes CXCR2 and AKT. FEBS Lett. 2015,
589 Pt B, 3189-3196. [CrossRef]

Liu, C; Sun, Y,; She, X,; Tu, C.; Cheng, X.; Wang, L.; Yu, Z.; Li, P; Liu, Q.; Yang, H.; et al. CASC2c as an unfavorable prognosis
factor interacts with miR-101 to mediate astrocytoma tumorigenesis. Cell Death Dis. 2017, 8, €2639. [CrossRef] [PubMed]

Zhao, Z.; Gao, ].; Huang, S. LncRNA SNHG7 Promotes the HCC Progression Through miR-122-5p /FOXK2 Axis. Dig. Dis. Sci.
2022, 67,925-935. [CrossRef]

Liang, T,; Lu, T,; Jia, W,; Li, R.; Jiang, M,; Jiao, Y.; Wang, Y.; Cong, S.; Jiang, X.; Dong, L.; et al. Knockdown of IncRNA MALAT1
induces pyroptosis by regulating the miR-124/SIRT1 axis in cervical cancer cells. Int. J. Oncol. 2023, 63, 138. [CrossRef]

Guo, Y.P; Wang, Z.F; Li, N.; Lei, Q.Q.; Cheng, Q.; Shi, L.G.; Zhou, S.L.; Wang, X.H.; Sun, Y.; Kong, L.F. Suppression of IncRNA
HOTAIR alleviates RCC angiogenesis through regulating miR-126/EGFL7 axis. Am. J. Physiol. Cell Physiol. 2021, 320, C880-C891.
[CrossRef]

Liu, HZ.; Wang, Q.Y,; Zhang, Y;; Qi, D.T.; Li, M.W.; Guo, W.Q.; Ma, Y.H.; Wang, L.Y.; Chen, Y.; Gao, C.Y. Pioglitazone up-regulates
long non-coding RNA MEGS3 to protect endothelial progenitor cells via increasing HDAC? expression in metabolic syndrome.
Biomed. Pharmacother. 2016, 78, 101-109. [CrossRef] [PubMed]

Jia, Y.; Duan, Y,; Liu, T.; Wang, X.; Lv, W.; Wang, M.; Wang, ].; Liu, L. LncRNA TTN-AS1 promotes migration, invasion, and
epithelial mesenchymal transition of lung adenocarcinoma via sponging miR-142-5p to regulate CDKS5. Cell Death Dis. 2019,
10, 573. [CrossRef] [PubMed]

Li, Z.; Niu, H.; Qin, Q.; Yang, S.; Wang, Q.; Yu, C.; Wei, Z; Jin, Z.; Wang, X.; Yang, A_; et al. IncRNA UCA1 Mediates Resistance to
Cisplatin by Regulating the miR-143/FOSL2-Signaling Pathway in Ovarian Cancer. Mol. Ther. Nucleic Acids 2019, 17, 92-101.
[CrossRef]

Xue, M,; Pang, H.; Li, X,; Li, H.; Pan, J.; Chen, W. Long non-coding RNA urothelial cancer-associated 1 promotes bladder cancer
cell migration and invasion by way of the hsa-miR-145-ZEB1/2-FSCN1 pathway. Cancer Sci. 2016, 107, 18-27. [CrossRef]

Li, T,; Xie, J.; Shen, C.; Cheng, D.; Shi, Y.; Wu, Z.; Deng, X.; Chen, H.; Shen, B.; Peng, C.; et al. Amplification of Long Noncoding
RNA ZFAS1 Promotes Metastasis in Hepatocellular Carcinoma. Cancer Res. 2015, 75, 3181-3191. [CrossRef]

Cao, S.; Wang, Y.; Li, J.; Lv, M,; Niu, H.; Tian, Y. Tumor-suppressive function of long noncoding RNA MALATT1 in glioma cells by
suppressing miR-155 expression and activating FBXW?7 function. Am. |. Cancer Res. 2016, 6, 2561-2574.

Shen, C.J.; Cheng, Y.M.; Wang, C.L. LncRNA PVT1 epigenetically silences miR-195 and modulates EMT and chemoresistance in
cervical cancer cells. J. Drug Target. 2017, 25, 637-644. [CrossRef] [PubMed]

Li, S.; Huang, Y,; Huang, Y,; Fu, Y,; Tang, D.; Kang, R.; Zhou, R.; Fan, X.G. The long non-coding RNA TP73-AS1 modulates HCC
cell proliferation through miR-200a-dependent HMGB1/RAGE regulation. J. Exp. Clin. Cancer Res. 2017, 36, 51. [CrossRef]
Zhou, W.; Ye, X.L,; Xu, J.; Cao, M.G.; Fang, Z.Y,; Li, L.Y.; Guan, G.H.; Liu, Q.; Qian, Y.H.; Xie, D. The IncRNA H19 mediates
breast cancer cell plasticity during EMT and MET plasticity by differentially sponging miR-200b/c and let-7b. Sci. Signal 2017,
10, eaak9557. [CrossRef] [PubMed]

Li, Q.; Zhang, C.; Chen, R.; Xiong, H.; Qiu, F; Liu, S.; Zhang, M.; Wang, F.; Wang, Y.; Zhou, X; et al. Disrupting MALAT1/miR-
200c sponge decreases invasion and migration in endometrioid endometrial carcinoma. Cancer Lett. 2016, 383, 28—40. [CrossRef]
[PubMed]

Zhang, S.; Dong, X.; Ji, T.; Chen, G.; Shan, L. Long non-coding RNA UCA1 promotes cell progression by acting as a competing
endogenous RNA of ATF2 in prostate cancer. Am. J. Transl. Res. 2017, 9, 366-375. [PubMed]

Hou, P; Zhao, Y.; Li, Z.; Yao, R;; Ma, M,; Gao, Y.; Zhao, L.; Zhang, Y.; Huang, B.; Lu, J. LincRNA-ROR induces epithelial-to-
mesenchymal transition and contributes to breast cancer tumorigenesis and metastasis. Cell Death Dis. 2014, 5, €1287. [CrossRef]
Meng, Q.; Ren, M,; Li, Y; Song, X. LncRNA-RMRP Acts as an Oncogene in Lung Cancer. PLoS ONE 2016, 11, e0164845. [CrossRef]


https://doi.org/10.1016/j.tranon.2016.09.005
https://doi.org/10.1093/nar/gkw1247
https://www.ncbi.nlm.nih.gov/pubmed/27956498
https://doi.org/10.1038/onc.2017.312
https://doi.org/10.1186/s12943-018-0771-7
https://doi.org/10.1186/s12967-023-04190-8
https://doi.org/10.1016/j.febslet.2015.08.046
https://doi.org/10.1038/cddis.2017.11
https://www.ncbi.nlm.nih.gov/pubmed/28252647
https://doi.org/10.1007/s10620-021-06918-2
https://doi.org/10.3892/ijo.2023.5586
https://doi.org/10.1152/ajpcell.00459.2019
https://doi.org/10.1016/j.biopha.2016.01.001
https://www.ncbi.nlm.nih.gov/pubmed/26898430
https://doi.org/10.1038/s41419-019-1811-y
https://www.ncbi.nlm.nih.gov/pubmed/31363080
https://doi.org/10.1016/j.omtn.2019.05.007
https://doi.org/10.1111/cas.12844
https://doi.org/10.1158/0008-5472.CAN-14-3721
https://doi.org/10.1080/1061186X.2017.1307379
https://www.ncbi.nlm.nih.gov/pubmed/28296507
https://doi.org/10.1186/s13046-017-0519-z
https://doi.org/10.1126/scisignal.aak9557
https://www.ncbi.nlm.nih.gov/pubmed/28611183
https://doi.org/10.1016/j.canlet.2016.09.019
https://www.ncbi.nlm.nih.gov/pubmed/27693631
https://www.ncbi.nlm.nih.gov/pubmed/28337266
https://doi.org/10.1038/cddis.2014.249
https://doi.org/10.1371/journal.pone.0164845

Cancers 2025, 17, 579 35 of 41

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Eliason, S.; Hong, L.; Sweat, Y.; Chalkley, C.; Cao, H.; Liu, Q.; Qi, H.; Xu, H.,; Zhan, F; Amendt, B.A. Extracellular vesicle expansion
of PMIS-miR-210 expression inhibits colorectal tumour growth via apoptosis and an XIST/NMEI1 regulatory mechanism. Clin.
Transl. Med. 2022, 12, €1037. [CrossRef]

Yuan, S.X.; Wang, J.; Yang, F; Tao, Q.F,; Zhang, J.; Wang, L.L.; Yang, Y.; Liu, H.; Wang, Z.G.; Xu, Q.G,; et al. Long noncoding
RNA DANCR increases stemness features of hepatocellular carcinoma by derepression of CTNNB1. Hepatology 2016, 63, 499-511.
[CrossRef]

Chen, Z.; Pan, T,; Jiang, D.; Jin, L.; Geng, Y.; Feng, X.; Shen, A.; Zhang, L. The IncRNA-GAS5/miR-221-3p/DKK2 Axis Modulates
ABCB1-Mediated Adriamycin Resistance of Breast Cancer via the Wnt/ 3-Catenin Signaling Pathway. Mol. Ther. Nucleic Acids
2020, 19, 1434-1448. [CrossRef] [PubMed]

Peng, B.H.; Ji, Y.F; Qiu, X.J. LncRNA PITPNA-AS1/miR-223-3p/PTN axis regulates malignant progression and stemness in lung
squamous cell carcinoma. J. Clin. Lab. Anal. 2022, 36, €24506. [CrossRef] [PubMed]

Zhao, C.; Ling, X,; Xia, Y; Yan, B.; Guan, Q. LncRNA UCA1 promotes SOX12 expression in breast cancer by regulating m(6)A
modification of miR-375 by METTL14 through DNA methylation. Cancer Gene Ther. 2022, 29, 1043-1055. [CrossRef] [PubMed]
Alshaer, W.; Zureigat, H.; Al Karaki, A.; Al-Kadash, A.; Gharaibeh, L.; Hatmal, M.M.; Aljabali, A.A.A.; Awidi, A. siRNA:
Mechanism of action, challenges, and therapeutic approaches. Eur. J. Pharmacol. 2021, 905, 174178. [CrossRef]

Charbe, N.B.; Amnerkar, N.D.; Ramesh, B.; Tambuwala, M.M.; Bakshi, H.A.; Aljabali, A.A.A.; Khadse, S.C.; Satheeshkumar, R.;
Satija, S.; Metha, M.; et al. Small interfering RNA for cancer treatment: Overcoming hurdles in delivery. Acta Pharm. Sin. B 2020,
10, 2075-2109. [CrossRef]

Raja, M.A.G.; Katas, H.; Amjad, M.W. Design, mechanism, delivery and therapeutics of canonical and Dicer-substrate siRNA.
Asian J. Pharm. Sci. 2019, 14, 497-510. [CrossRef]

Chen, L.; Dahlstrom, J.E.; Lee, S.H.; Rangasamy, D. Naturally occurring endo-siRNA silences LINE-1 retrotransposons in human
cells through DNA methylation. Epigenetics 2012, 7, 758-771. [CrossRef] [PubMed]

Dong, Y.; Siegwart, D.].; Anderson, D.G. Strategies, design, and chemistry in siRNA delivery systems. Adv. Drug Deliv. Rev. 2019,
144,133-147. [CrossRef]

Mahmoodi Chalbatani, G.; Dana, H.; Gharagouzloo, E.; Grijalvo, S.; Eritja, R.; Logsdon, C.D.; Memari, E; Miri, S.R.; Rad, M.R;;
Marmari, V. Small interfering RNAs (siRNAs) in cancer therapy: A nano-based approach. Int. ]. Nanomed. 2019, 14, 3111-3128.
[CrossRef]

Davis, M.E.; Zuckerman, J.E.; Choi, C.H.; Seligson, D.; Tolcher, A.; Alabi, C.A.; Yen, Y.; Heidel, ].D.; Ribas, A. Evidence of RNAi in
humans from systemically administered siRNA via targeted nanoparticles. Nature 2010, 464, 1067-1070. [CrossRef]

Schultheis, B.; Strumberg, D.; Santel, A.; Vank, C.; Gebhardt, F; Keil, O.; Lange, C.; Giese, K.; Kaufmann, J.; Khan, M,; et al.
First-in-human phase I study of the liposomal RNA interference therapeutic Atu027 in patients with advanced solid tumors.
J. Clin. Oncol. 2014, 32, 4141-4148. [CrossRef]

Tabernero, J.; Shapiro, G.I.; LoRusso, PM.; Cervantes, A.; Schwartz, G.K.; Weiss, G.J.; Paz-Ares, L.; Cho, D.C.; Infante, J.R,;
Alsina, M.; et al. First-in-humans trial of an RNA interference therapeutic targeting VEGF and KSP in cancer patients with liver
involvement. Cancer Discov. 2013, 3, 406-417. [CrossRef]

Wagner, M.].; Mitra, R.; McArthur, M.].; Baze, W.; Barnhart, K.; Wu, S.Y.; Rodriguez-Aguayo, C.; Zhang, X.; Coleman, R.L.;
Lopez-Berestein, G.; et al. Preclinical Mammalian Safety Studies of EPHARNA (DOPC Nanoliposomal EphA2-Targeted siRNA).
Mol. Cancer Ther. 2017, 16, 1114-1123. [CrossRef] [PubMed]

Golan, T.; Khvalevsky, E.Z.; Hubert, A.; Gabai, RM.; Hen, N.; Segal, A.; Domb, A.; Harari, G.; David, E.B.; Raskin, S.; et al. RNAi
therapy targeting KRAS in combination with chemotherapy for locally advanced pancreatic cancer patients. Oncotarget 2015, 6,
24560-24570. [CrossRef]

Quinn, J.J.; Chang, H.Y. Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 2016, 17, 47-62.
[CrossRef]

Yao, R.W.; Wang, Y.; Chen, L.L. Cellular functions of long noncoding RNAs. Nat. Cell Biol. 2019, 21, 542-551. [CrossRef] [PubMed]
Konermann, S.; Lotfy, P; Brideau, N.J.; Oki, J.; Shokhirev, M.N.; Hsu, P.D. Transcriptome Engineering with RNA-Targeting Type
VI-D CRISPR Effectors. Cell 2018, 173, 665-676.e614. [CrossRef]

Jain, A.K; Xi, Y.; McCarthy, R.; Allton, K.; Akdemir, K.C.; Patel, L.R.; Aronow, B; Lin, C.; Li, W,; Yang, L.; et al. LncPRESS1 Is a
p53-Regulated LncRNA that Safeguards Pluripotency by Disrupting SIRT6-Mediated De-acetylation of Histone H3K56. Mol. Cell
2016, 64, 967-981. [CrossRef]

Arab, K.; Park, Y.J.; Lindroth, A.M.; Schifer, A.; Oakes, C.; Weichenhan, D.; Lukanova, A.; Lundin, E.; Risch, A.; Meister, M.; et al.
Long noncoding RNA TARID directs demethylation and activation of the tumor suppressor TCF21 via GADD45A. Mol. Cell 2014,
55, 604-614. [CrossRef]

McHugh, C.A.; Chen, C.K.; Chow, A.; Surka, C.F; Tran, C.; McDonel, P.; Pandya-Jones, A.; Blanco, M.; Burghard, C.; Moradian,
A.; et al. The Xist IncRNA interacts directly with SHARP to silence transcription through HDAC3. Nature 2015, 521, 232-236.
[CrossRef]


https://doi.org/10.1002/ctm2.1037
https://doi.org/10.1002/hep.27893
https://doi.org/10.1016/j.omtn.2020.01.030
https://www.ncbi.nlm.nih.gov/pubmed/32160712
https://doi.org/10.1002/jcla.24506
https://www.ncbi.nlm.nih.gov/pubmed/35588441
https://doi.org/10.1038/s41417-021-00390-w
https://www.ncbi.nlm.nih.gov/pubmed/35022519
https://doi.org/10.1016/j.ejphar.2021.174178
https://doi.org/10.1016/j.apsb.2020.10.005
https://doi.org/10.1016/j.ajps.2018.12.005
https://doi.org/10.4161/epi.20706
https://www.ncbi.nlm.nih.gov/pubmed/22647391
https://doi.org/10.1016/j.addr.2019.05.004
https://doi.org/10.2147/IJN.S200253
https://doi.org/10.1038/nature08956
https://doi.org/10.1200/JCO.2013.55.0376
https://doi.org/10.1158/2159-8290.CD-12-0429
https://doi.org/10.1158/1535-7163.MCT-16-0541
https://www.ncbi.nlm.nih.gov/pubmed/28265009
https://doi.org/10.18632/oncotarget.4183
https://doi.org/10.1038/nrg.2015.10
https://doi.org/10.1038/s41556-019-0311-8
https://www.ncbi.nlm.nih.gov/pubmed/31048766
https://doi.org/10.1016/j.cell.2018.02.033
https://doi.org/10.1016/j.molcel.2016.10.039
https://doi.org/10.1016/j.molcel.2014.06.031
https://doi.org/10.1038/nature14443

Cancers 2025, 17, 579 36 of 41

187.

188.

189.

190.

191.

192.
193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Grelet, S.; Link, L.A.; Howley, B.; Obellianne, C.; Palanisamy, V.; Gangaraju, V.K.; Diehl, ].A.; Howe, P.H. A regulated PNUTS
mRNA to IncRNA splice switch mediates EMT and tumour progression. Nat. Cell Biol. 2017, 19, 1105-1115. [CrossRef]

Sharma, S.; Findlay, G.M.; Bandukwala, H.S.; Oberdoerffer, S.; Baust, B.; Li, Z.; Schmidt, V.; Hogan, P.G.; Sacks, D.B.; Rao, A.
Dephosphorylation of the nuclear factor of activated T cells (NFAT) transcription factor is regulated by an RNA-protein scaffold
complex. Proc. Natl. Acad. Sci. USA 2011, 108, 11381-11386. [CrossRef]

Wang, D.; Zhang, S.; Zhao, M.; Chen, F. LncRNA MALAT1 accelerates non-small cell lung cancer progression via regulating
miR-185-5p/MDM4 axis. Cancer Med. 2020, 9, 9138-9149. [CrossRef]

Zhang, A.; Zhao, ].C.; Kim, J.; Fong, KW.,; Yang, Y.A.; Chakravarti, D.; Mo, Y.Y.; Yu, ]. LncRNA HOTAIR Enhances the Androgen-
Receptor-Mediated Transcriptional Program and Drives Castration-Resistant Prostate Cancer. Cell Rep. 2015, 13, 209-221.
[CrossRef] [PubMed]

Goodall, G.J.; Wickramasinghe, V.O. RNA in cancer. Nat. Rev. Cancer 2021, 21, 22-36. [CrossRef]

Yan, H.; Bu, P. Non-coding RNA in cancer. Essays Biochem. 2021, 65, 625-639. [CrossRef] [PubMed]

Wang, P.; Zhu, J.; Long, Q.; Wang, Y.; Xu, H.; Tao, H.; Wu, B.; Li, J.; Wu, Y,; Liu, S. LncRNA SATB2-AS1 promotes tumor growth
and metastasis and affects the tumor immune microenvironment in osteosarcoma by regulating SATB2. |. Bone Oncol. 2023,
41,100491. [CrossRef] [PubMed]

Yari, H; Jin, L.; Teng, L.; Wang, Y.; Wu, Y,; Liu, G.Z.; Gao, W,; Liang, J.; Xi, Y.; Feng, Y.C.; et al. LncRNA REG1CP promotes
tumorigenesis through an enhancer complex to recruit FANC]J helicase for REG3A transcription. Nat. Commun. 2019, 10, 5334.
[CrossRef]

Wang, Y.Q.; Jiang, DM.; Hu, S.S.; Zhao, L.; Wang, L.; Yang, M.H.; Ai, M.L,; Jiang, H.J.; Han, Y,; Ding, Y.Q.; et al. SATB2-
AS1 Suppresses Colorectal Carcinoma Aggressiveness by Inhibiting SATB2-Dependent Snail Transcription and Epithelial-
Mesenchymal Transition. Cancer Res. 2019, 79, 3542-3556. [CrossRef] [PubMed]

Hua, J.T.; Ahmed, M.; Guo, H.; Zhang, Y.; Chen, S.; Soares, F; Lu, J.; Zhou, S.; Wang, M.; Li, H.; et al. Risk SNP-Mediated
Promoter-Enhancer Switching Drives Prostate Cancer through IncRNA PCAT19. Cell 2018, 174, 564-575.e518. [CrossRef]
[PubMed]

Malakar, P.; Shilo, A.; Mogilevsky, A.; Stein, I.; Pikarsky, E.; Nevo, Y.; Benyamini, H.; Elgavish, S.; Zong, X.; Prasanth, K.V,;
et al. Long Noncoding RNA MALAT1 Promotes Hepatocellular Carcinoma Development by SRSF1 Upregulation and mTOR
Activation. Cancer Res. 2017, 77, 1155-1167. [CrossRef] [PubMed]

Coe, E.A.; Tan, ].Y.; Shapiro, M.; Louphrasitthiphol, P.; Bassett, A.R.; Marques, A.C.; Goding, C.R.; Vance, K.W. The MITF-SOX10
regulated long non-coding RNA DIRC3 is a melanoma tumour suppressor. PLoS Genet. 2019, 15, €1008501. [CrossRef]

Shahabi, S.; Kumaran, V,; Castillo, J.; Cong, Z.; Nandagopal, G.; Mullen, D.].; Alvarado, A.; Correa, M.R.; Saizan, A.; Goel, R.; et al.
LINCO00261 Is an Epigenetically Regulated Tumor Suppressor Essential for Activation of the DNA Damage Response. Cancer Res.
2019, 79, 3050-3062. [CrossRef]

Cho, S.W.; Xu, J.; Sun, R.; Mumbach, M.R.; Carter, A.C.; Chen, Y.G.; Yost, K.E.; Kim, J.; He, J.; Nevins, S.A.; et al. Promoter of
IncRNA Gene PVT1 Is a Tumor-Suppressor DNA Boundary Element. Cell 2018, 173, 1398-1412.e1322. [CrossRef]

Zhang, S.; Ji, WW.; Wei, W.; Zhan, L.X.; Huang, X. Long noncoding RNA Meg3 sponges miR-708 to inhibit intestinal tumorigenesis
via SOCS3-repressed cancer stem cells growth. Cell Death Dis. 2021, 13, 25. [CrossRef]

Long, E; Li, X,; Pan, J.; Ye, H.; Di, C.; Huang, Y.; Li, J.; Zhou, X.; Yi, H.; Huang, Q.; et al. The role of IncRNA NEAT1 in human
cancer chemoresistance. Cancer Cell Int. 2024, 24, 236. [CrossRef]

Wei, ].T,; Feng, Z.; Partin, AW.; Brown, E.; Thompson, I.; Sokoll, L.; Chan, D.W.; Lotan, Y.; Kibel, A.S.; Busby, J.E.; et al. Can
urinary PCA3 supplement PSA in the early detection of prostate cancer? J. Clin. Oncol. 2014, 32, 4066-4072. [CrossRef] [PubMed]
Heubach, J.; Monsior, J.; Deenen, R.; Niegisch, G.; Szarvas, T.; Niedworok, C.; Schulz, W.A.; Hoffmann, M.J. The long noncoding
RNA HOTAIR has tissue and cell type-dependent effects on HOX gene expression and phenotype of urothelial cancer cells. Mol.
Cancer 2015, 14, 108. [CrossRef] [PubMed]

Wang, J.; Zhou, Y,; Lu, J.; Sun, Y.; Xiao, H.; Liu, M.; Tian, L. Combined detection of serum exosomal miR-21 and HOTAIR as
diagnostic and prognostic biomarkers for laryngeal squamous cell carcinoma. Med. Oncol. 2014, 31, 148. [CrossRef]

Huang, L.; Liao, L.M,; Liu, AW.; Wu, ].B.; Cheng, X.L.; Lin, ].X.; Zheng, M. Overexpression of long noncoding RNA HOTAIR
predicts a poor prognosis in patients with cervical cancer. Arch. Gynecol. Obstet. 2014, 290, 717-723. [CrossRef] [PubMed]
Ramoén, Y.C.S.; Segura, M.F.,; Hiimmer, S. Interplay Between ncRNAs and Cellular Communication: A Proposal for Understanding
Cell-Specific Signaling Pathways. Front. Genet. 2019, 10, 281. [CrossRef]

Zhang, Z.Z.; Shen, Z.Y.; Shen, Y.Y.; Zhao, E.H.; Wang, M.; Wang, C.J.; Cao, H.; Xu, ]. HOTAIR Long Noncoding RNA Promotes
Gastric Cancer Metastasis through Suppression of Poly r(C)-Binding Protein (PCBP) 1. Mol. Cancer Ther. 2015, 14, 1162-1170.
[CrossRef] [PubMed]

Nakagawa, T.; Endo, H.; Yokoyama, M.; Abe, J.; Tamai, K.; Tanaka, N.; Sato, I.; Takahashi, S.; Kondo, T.; Satoh, K. Large noncoding
RNA HOTAIR enhances aggressive biological behavior and is associated with short disease-free survival in human non-small
cell lung cancer. Biochem. Biophys. Res. Commun. 2013, 436, 319-324. [CrossRef] [PubMed]


https://doi.org/10.1038/ncb3595
https://doi.org/10.1073/pnas.1019711108
https://doi.org/10.1002/cam4.3570
https://doi.org/10.1016/j.celrep.2015.08.069
https://www.ncbi.nlm.nih.gov/pubmed/26411689
https://doi.org/10.1038/s41568-020-00306-0
https://doi.org/10.1042/ebc20200032
https://www.ncbi.nlm.nih.gov/pubmed/33860799
https://doi.org/10.1016/j.jbo.2023.100491
https://www.ncbi.nlm.nih.gov/pubmed/37601080
https://doi.org/10.1038/s41467-019-13313-z
https://doi.org/10.1158/0008-5472.CAN-18-2900
https://www.ncbi.nlm.nih.gov/pubmed/30858153
https://doi.org/10.1016/j.cell.2018.06.014
https://www.ncbi.nlm.nih.gov/pubmed/30033362
https://doi.org/10.1158/0008-5472.CAN-16-1508
https://www.ncbi.nlm.nih.gov/pubmed/27993818
https://doi.org/10.1371/journal.pgen.1008501
https://doi.org/10.1158/0008-5472.CAN-18-2034
https://doi.org/10.1016/j.cell.2018.03.068
https://doi.org/10.1038/s41419-021-04470-5
https://doi.org/10.1186/s12935-024-03426-x
https://doi.org/10.1200/JCO.2013.52.8505
https://www.ncbi.nlm.nih.gov/pubmed/25385735
https://doi.org/10.1186/s12943-015-0371-8
https://www.ncbi.nlm.nih.gov/pubmed/25994132
https://doi.org/10.1007/s12032-014-0148-8
https://doi.org/10.1007/s00404-014-3236-2
https://www.ncbi.nlm.nih.gov/pubmed/24748337
https://doi.org/10.3389/fgene.2019.00281
https://doi.org/10.1158/1535-7163.MCT-14-0695
https://www.ncbi.nlm.nih.gov/pubmed/25612617
https://doi.org/10.1016/j.bbrc.2013.05.101
https://www.ncbi.nlm.nih.gov/pubmed/23743197

Cancers 2025, 17,579 37 of 41

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.
228.

229.

230.
231.

232.

233.

Ling, H.; Spizzo, R.; Atlasi, Y.; Nicoloso, M.; Shimizu, M.; Redis, R.S.; Nishida, N.; Gafa, R.; Song, J.; Guo, Z.; et al. CCAT2, a novel
noncoding RNA mapping to 8q24, underlies metastatic progression and chromosomal instability in colon cancer. Genome Res.
2013, 23, 1446-1461. [CrossRef]

Slack, EJ.; Chinnaiyan, A.M. The Role of Non-coding RNAs in Oncology. Cell 2019, 179, 1033-1055. [CrossRef] [PubMed]
Dhuri, K.; Bechtold, C.; Quijano, E.; Pham, H.; Gupta, A.; Vikram, A.; Bahal, R. Antisense Oligonucleotides: An Emerging Area in
Drug Discovery and Development. J. Clin. Med. 2020, 9, 2004. [CrossRef] [PubMed]

Raal, FJ.; Santos, R.D.; Blom, D.].; Marais, A.D.; Charng, M.].; Cromwell, W.C.; Lachmann, R.H.; Gaudet, D.; Tan, J.L.; Chasan-
Taber, S.; et al. Mipomersen, an apolipoprotein B synthesis inhibitor, for lowering of LDL cholesterol concentrations in patients
with homozygous familial hypercholesterolaemia: A randomised, double-blind, placebo-controlled trial. Lancet 2010, 375,
998-1006. [CrossRef]

Waurster, C.D.; Winter, B.; Wollinsky, K.; Ludolph, A.C.; Uzelac, Z.; Witzel, S.; Schocke, M.; Schneider, R.; Kocak, T. Intrathecal
administration of nusinersen in adolescent and adult SMA type 2 and 3 patients. J. Neurol. 2019, 266, 183-194. [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] [PubMed]

Benson, M.D.; Waddington-Cruz, M.; Berk, J.L.; Polydefkis, M.; Dyck, PJ.; Wang, A K.; Planté-Bordeneuve, V.; Barroso, FA;
Merlini, G.; Obici, L.; et al. Inotersen Treatment for Patients with Hereditary Transthyretin Amyloidosis. N. Engl. ]. Med. 2018,
379, 22-31. [CrossRef] [PubMed]

Frank, D.E.; Schnell, FJ.; Akana, C.; El-Husayni, S.H.; Desjardins, C.A.; Morgan, J.; Charleston, J.S.; Sardone, V.; Domingos, J.;
Dickson, G.; et al. Increased dystrophin production with golodirsen in patients with Duchenne muscular dystrophy. Neurology
2020, 94, e2270-€2282. [CrossRef] [PubMed]

Kim, J.; Hu, C.; Moufawad El Achkar, C.; Black, L.E.; Douville, J.; Larson, A.; Pendergast, M.K.; Goldkind, S.F.; Lee, E.A,;
Kuniholm, A.; et al. Patient-Customized Oligonucleotide Therapy for a Rare Genetic Disease. N. Engl. ]. Med. 2019, 381,
1644-1652. [CrossRef]

Kristensen, L.S.; Andersen, M.S.; Stagsted, L.V.W.; Ebbesen, K.K.; Hansen, T.B.; Kjems, J. The biogenesis, biology and characteriza-
tion of circular RNAs. Nat. Rev. Genet. 2019, 20, 675-691. [CrossRef] [PubMed]

Yang, F; Fang, E.; Mei, H.; Chen, Y,; Li, H.; Li, D.; Song, H.; Wang, J.; Hong, M.; Xiao, W.; et al. Cis-Acting circ-CTNNB1 Promotes
-Catenin Signaling and Cancer Progression via DDX3-Mediated Transactivation of YY1. Cancer Res. 2019, 79, 557-571. [CrossRef]
Nan, A.; Chen, L.; Zhang, N.; Jia, Y; Li, X.; Zhou, H.; Ling, Y.; Wang, Z.; Yang, C.; Liu, S.; et al. Circular RNA circNOL10 Inhibits
Lung Cancer Development by Promoting SCLM1-Mediated Transcriptional Regulation of the Humanin Polypeptide Family. Adv.
Sci. 2018, 6, 1800654. [CrossRef] [PubMed]

Kong, Z.; Wan, X; Lu, Y.; Zhang, Y.; Huang, Y.; Xu, Y,; Liu, Y.; Zhao, P; Xiang, X.; Li, L.; et al. Circular RNA circFOXO3 promotes
prostate cancer progression through sponging miR-29a-3p. J. Cell. Mol. Med. 2020, 24, 799-813. [CrossRef] [PubMed]

Li, Y,; Zheng, F,; Xiao, X.; Xie, F; Tao, D.; Huang, C.; Liu, D.; Wang, M.; Wang, L.; Zeng, F.; et al. CircHIPK3 sponges miR-558 to
suppress heparanase expression in bladder cancer cells. EMBO Rep. 2017, 18, 1646-1659. [CrossRef]

Hang, D.; Zhou, J.; Qin, N.; Zhou, W.; Ma, H,; Jin, G.; Hu, Z,; Dai, J.; Shen, H. A novel plasma circular RNA circFARSA is a
potential biomarker for non-small cell lung cancer. Cancer Med. 2018, 7, 2783-2791. [CrossRef]

Lin, J.; Cai, D.; Li, W.; Yu, T.; Mao, H.; Jiang, S.; Xiao, B. Plasma circular RNA panel acts as a novel diagnostic biomarker for
colorectal cancer. Clin. Biochem. 2019, 74, 60-68. [CrossRef]

Li, Z.; Zhou, Y,; Yang, G.; He, S.; Qiu, X.; Zhang, L.; Deng, Q.; Zheng, F. Using circular RNA SMARCAS as a potential novel
biomarker for hepatocellular carcinoma. Clin. Chim. Acta 2019, 492, 37-44. [CrossRef] [PubMed]

Matera, A.G.; Wang, Z. A day in the life of the spliceosome. Nat. Rev. Mol. Cell Biol. 2014, 15, 108-121. [CrossRef] [PubMed]
Sawyer, I.A.; Sturgill, D.; Sung, M.H.; Hager, G.L.; Dundr, M. Cajal body function in genome organization and transcriptome
diversity. BioEssays News Rev. Mol. Cell. Dev. Biol. 2016, 38, 1197-1208. [CrossRef]

Fischer, U.; Englbrecht, C.; Chari, A. Biogenesis of spliceosomal small nuclear ribonucleoproteins. Wiley Interdiscip. Rev. RNA
2011, 2, 718-731. [CrossRef] [PubMed]

Kiss, T. Biogenesis of small nuclear RNPs. J. Cell Sci. 2004, 117 Pt 25, 5949-5951. [CrossRef] [PubMed]

Cheng, Z.; Sun, Y; Niu, X,; Shang, Y.; Ruan, ].; Chen, Z.; Gao, S.; Zhang, T. Gene expression profiling reveals Ul snRNA regulates
cancer gene expression. Oncotarget 2017, 8, 112867-112874. [CrossRef] [PubMed]

Zhang, Z.; Zhang, ].; Diao, L.; Han, L. Small non-coding RNAs in human cancer: Function, clinical utility, and characterization.
Oncogene 2021, 40, 1570-1577. [CrossRef]

Keramati, F,; Seyedjafari, E.; Fallah, P.; Soleimani, M.; Ghanbarian, H. 7SK small nuclear RNA inhibits cancer cell proliferation
through apoptosis induction. Tumour Biol. 2015, 36, 2809-2814. [CrossRef]


https://doi.org/10.1101/gr.152942.112
https://doi.org/10.1016/j.cell.2019.10.017
https://www.ncbi.nlm.nih.gov/pubmed/31730848
https://doi.org/10.3390/jcm9062004
https://www.ncbi.nlm.nih.gov/pubmed/32604776
https://doi.org/10.1016/S0140-6736(10)60284-X
https://doi.org/10.1007/s00415-018-9124-0
https://doi.org/10.1056/NEJMoa1716153
https://www.ncbi.nlm.nih.gov/pubmed/29972753
https://doi.org/10.1056/NEJMoa1716793
https://www.ncbi.nlm.nih.gov/pubmed/29972757
https://doi.org/10.1212/WNL.0000000000009233
https://www.ncbi.nlm.nih.gov/pubmed/32139505
https://doi.org/10.1056/NEJMoa1813279
https://doi.org/10.1038/s41576-019-0158-7
https://www.ncbi.nlm.nih.gov/pubmed/31395983
https://doi.org/10.1158/0008-5472.CAN-18-1559
https://doi.org/10.1002/advs.201800654
https://www.ncbi.nlm.nih.gov/pubmed/30693177
https://doi.org/10.1111/jcmm.14791
https://www.ncbi.nlm.nih.gov/pubmed/31733095
https://doi.org/10.15252/embr.201643581
https://doi.org/10.1002/cam4.1514
https://doi.org/10.1016/j.clinbiochem.2019.10.012
https://doi.org/10.1016/j.cca.2019.02.001
https://www.ncbi.nlm.nih.gov/pubmed/30716279
https://doi.org/10.1038/nrm3742
https://www.ncbi.nlm.nih.gov/pubmed/24452469
https://doi.org/10.1002/bies.201600144
https://doi.org/10.1002/wrna.87
https://www.ncbi.nlm.nih.gov/pubmed/21823231
https://doi.org/10.1242/jcs.01487
https://www.ncbi.nlm.nih.gov/pubmed/15564372
https://doi.org/10.18632/oncotarget.22842
https://www.ncbi.nlm.nih.gov/pubmed/29348872
https://doi.org/10.1038/s41388-020-01630-3
https://doi.org/10.1007/s13277-014-2907-8

Cancers 2025, 17, 579 38 of 41

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

Dong, X.; Ding, S.; Yu, M.; Niu, L.; Xue, L.; Zhao, Y.; Xie, L.; Song, X.; Song, X. Small Nuclear RNAs (U1, U2, U5) in Tumor-
Educated Platelets Are Downregulated and Act as Promising Biomarkers in Lung Cancer. Front. Oncol. 2020, 10, 1627. [CrossRef]
[PubMed]

Hansen, C.N.; Ketabi, Z.; Rosenstierne, M.W.; Palle, C.; Boesen, H.C.; Norrild, B. Expression of CPEB, GAPDH and U6snRNA in
cervical and ovarian tissue during cancer development. APMIS 2009, 117, 53-59. [CrossRef]

Kohler, J.; Schuler, M.; Gauler, T.C.; Nopel-Diinnebacke, S.; Ahrens, M.; Hoffmann, A.C.; Kasper, S.; Nensa, F.; Gomez, B,;
Hahnemann, M,; et al. Circulating U2 small nuclear RNA fragments as a diagnostic and prognostic biomarker in lung cancer
patients. J. Cancer Res. Clin. Oncol. 2016, 142, 795-805. [CrossRef] [PubMed]

Ding, Y.; Sun, Z.; Zhang, S.; Han, X,; Li, Y,; Xu, Q.; Zhou, L.; Xu, H.; Bai, Y.; Xu, C.; et al. Down-regulation of small nuclear RNA
(snRNA) RNUS5E-1 in hepatocellular carcinoma presents with vital clinical significance. J. Gastrointest. Oncol. 2020, 11, 738-746.
[CrossRef]

Monziani, A.; Ulitsky, I. Noncoding snoRNA host genes are a distinct subclass of long noncoding RNAs. Trends Genet. 2023, 39,
908-923. [CrossRef] [PubMed]

Webster, S.F; Ghalei, H. Maturation of small nucleolar RNAs: From production to function. RNA Biol. 2023, 20, 715-736.
[CrossRef]

Rapisuwon, S.; Vietsch, E.E.; Wellstein, A. Circulating biomarkers to monitor cancer progression and treatment. Comput. Struct.
Biotechnol. ]. 2016, 14, 211-222. [CrossRef]

Williams, G.T.; Farzaneh, F. Are snoRNAs and snoRNA host genes new players in cancer? Nat. Rev. Cancer 2012, 12, 84-88.
[CrossRef]

Hu, X,; Cui, W,; Liu, M.; Zhang, F; Zhao, Y.; Zhang, M,; Yin, Y.; Li, Y.;; Che, Y,; Zhu, X. SnoRNAs: The promising targets for
anti-tumor therapy. J. Pharm. Anal. 2024, 14, 101064. [CrossRef]

van der Werf, ].; Chin, C.V,; Fleming, N.I. SnoRNA in Cancer Progression, Metastasis and Immunotherapy Response. Biology
2021, 10, 809. [CrossRef]

Huang, Z.H.; Du, Y.P; Wen, ].T; Lu, B.F; Zhao, Y. snoRNAs: Functions and mechanisms in biological processes, and roles in
tumor pathophysiology. Cell Death Discov. 2022, 8, 259. [CrossRef] [PubMed]

Tang, G.; Zeng, Z.; Sun, W.; Li, S.; You, C; Tang, F,; Peng, S.; Ma, S.; Luo, Y; Xu, J.; et al. Small Nucleolar RNA 71A Promotes
Lung Cancer Cell Proliferation, Migration and Invasion via MAPK/ERK Pathway. |. Cancer 2019, 10, 2261-2275. [CrossRef]
Zheng, D.; Zhang, J.; Ni, J.; Luo, J.; Wang, ].; Tang, L.; Zhang, L.; Wang, L.; Xu, J.; Su, B.; et al. Small nucleolar RNA 78 promotes
the tumorigenesis in non-small cell lung cancer. J. Exp. Clin. Cancer Res. 2015, 34, 49. [CrossRef]

Duan, S.; Luo, X.; Zeng, H.; Zhan, X.; Yuan, C. SNORA71B promotes breast cancer cells across blood-brain barrier by inducing
epithelial-mesenchymal transition. Breast Cancer 2020, 27, 1072-1081. [CrossRef] [PubMed]

Zhu, W.; Niu, J.; He, M.; Zhang, L.; Lv, X,; Liu, E; Jiang, L.; Zhang, J.; Yu, Z.; Zhao, L.; et al. SNORD89 promotes stemness
phenotype of ovarian cancer cells by regulating Notch1-c-Myc pathway. . Transl. Med. 2019, 17, 259. [CrossRef] [PubMed]

Cui, C,; Liu, Y,; Gerloff, D.; Rohde, C.; Pauli, C.; Kéhn, M.; Misiak, D.; Oellerich, T.; Schwartz, S.; Schmidt, L.H.; et al. NOP10
predicts lung cancer prognosis and its associated small nucleolar RNAs drive proliferation and migration. Oncogene 2021, 40,
909-921. [CrossRef]

Liu, Y;; Zhao, C.; Wang, G.; Chen, J.; Ju, S.; Huang, J.; Wang, X. SNORDI1C maintains stemness and 5-FU resistance by activation
of Wnt signaling pathway in colorectal cancer. Cell Death Discov. 2022, 8, 200. [CrossRef]

Wang, G.; Li, J.; Yao, Y,; Liu, Y; Xia, P; Zhang, H.; Yin, M.; Qin, Z.; Ma, W.; Yuan, Y. Small nucleolar RNA 42 promotes the growth
of hepatocellular carcinoma through the p53 signaling pathway. Cell Death Discov. 2021, 7, 347. [CrossRef]

Yu, H.; Tian, L.; Yang, L.; Liu, S.; Wang, S.; Gong, ]. Knockdown of SNORA47 Inhibits the Tumorigenesis of NSCLC via Mediation
of PI3K/ Akt Signaling Pathway. Front. Oncol. 2021, 11, 620213. [CrossRef] [PubMed]

Zhang, C.; Zhao, L.M.; Wu, H.; Tian, G.; Dai, S.L.; Zhao, R.Y.; Shan, B.E. C/D-Box Snord105b Promotes Tumorigenesis in Gastric
Cancer via ALDOA /C-Myc Pathway. Cell Physiol. Biochem. 2018, 45, 2471-2482. [CrossRef]

Hu, T; Lu, C.; Xia, Y.; Wu, L.; Song, J.; Chen, C.; Wang, Q. Small nucleolar RNA SNORA71A promotes epithelial-mesenchymal
transition by maintaining ROCK2 mRNA stability in breast cancer. Mol. Oncol. 2022, 16, 1947-1965. [CrossRef] [PubMed]
Mourksi, N.E.; Morin, C.; Fenouil, T.; Diaz, ].J.; Marcel, V. snoRNAs Offer Novel Insight and Promising Perspectives for Lung
Cancer Understanding and Management. Cells 2020, 9, 541. [CrossRef]

Sun, Y.; Chen, E.; Li, Y.; Ye, D; Cai, Y,; Wang, Q.; Li, Q.; Zhang, X. H/ACA box small nucleolar RNA 7B acts as an oncogene and a
potential prognostic biomarker in breast cancer. Cancer Cell Int. 2019, 19, 125. [CrossRef] [PubMed]

Li, C; Wu, L; Liu, P; Li, K;; Zhang, Z.; He, Y.; Liu, Q.; Jiang, P; Yang, Z.; Liu, Z.; et al. The C/D box small nucleolar RNA
SNORDS2 regulated by Upf1 facilitates Hepatocarcinogenesis by stabilizing CDK1. Theranostics 2020, 10, 9348-9363. [CrossRef]
Liao, J.; Yu, L.; Mei, Y.; Guarnera, M.; Shen, J.; Li, R.; Liu, Z; Jiang, F. Small nucleolar RNA signatures as biomarkers for
non-small-cell lung cancer. Mol. Cancer 2010, 9, 198. [CrossRef] [PubMed]


https://doi.org/10.3389/fonc.2020.01627
https://www.ncbi.nlm.nih.gov/pubmed/32903345
https://doi.org/10.1111/j.1600-0463.2008.00015.x
https://doi.org/10.1007/s00432-015-2095-y
https://www.ncbi.nlm.nih.gov/pubmed/26687686
https://doi.org/10.21037/jgo-20-49
https://doi.org/10.1016/j.tig.2023.09.001
https://www.ncbi.nlm.nih.gov/pubmed/37783604
https://doi.org/10.1080/15476286.2023.2254540
https://doi.org/10.1016/j.csbj.2016.05.004
https://doi.org/10.1038/nrc3195
https://doi.org/10.1016/j.jpha.2024.101064
https://doi.org/10.3390/biology10080809
https://doi.org/10.1038/s41420-022-01056-8
https://www.ncbi.nlm.nih.gov/pubmed/35552378
https://doi.org/10.7150/jca.31077
https://doi.org/10.1186/s13046-015-0170-5
https://doi.org/10.1007/s12282-020-01111-1
https://www.ncbi.nlm.nih.gov/pubmed/32458152
https://doi.org/10.1186/s12967-019-2005-1
https://www.ncbi.nlm.nih.gov/pubmed/31395064
https://doi.org/10.1038/s41388-020-01570-y
https://doi.org/10.1038/s41420-022-00996-5
https://doi.org/10.1038/s41420-021-00740-5
https://doi.org/10.3389/fonc.2021.620213
https://www.ncbi.nlm.nih.gov/pubmed/33816250
https://doi.org/10.1159/000488265
https://doi.org/10.1002/1878-0261.13186
https://www.ncbi.nlm.nih.gov/pubmed/35100495
https://doi.org/10.3390/cells9030541
https://doi.org/10.1186/s12935-019-0830-1
https://www.ncbi.nlm.nih.gov/pubmed/31168298
https://doi.org/10.7150/thno.47677
https://doi.org/10.1186/1476-4598-9-198
https://www.ncbi.nlm.nih.gov/pubmed/20663213

Cancers 2025, 17, 579 39 of 41

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.
271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

Langhendries, J.L.; Nicolas, E.; Doumont, G.; Goldman, S.; Lafontaine, D.L. The human box C/D snoRNAs U3 and U8 are
required for pre-rRNA processing and tumorigenesis. Oncotarget 2016, 7, 59519-59534. [CrossRef]

Wang, H.; Ma, P; Liu, P; Chen, B.; Liu, Z. Small nucleolar RNA U2_19 promotes hepatocellular carcinoma progression by
regulating Wnt/ 3-catenin signaling. Biochem. Biophys. Res. Commun. 2018, 500, 351-356. [CrossRef]

Siprashvili, Z.; Webster, D.E.; Johnston, D.; Shenoy, R.M.; Ungewickell, A.].; Bhaduri, A.; Flockhart, R.; Zarnegar, B.].; Che, Y.;
Meschi, F; et al. The noncoding RNAs SNORD50A and SNORDS50B bind K-Ras and are recurrently deleted in human cancer. Nat.
Genet. 2016, 48, 53-58. [CrossRef] [PubMed]

Wang, Y.; Zhang, C.; Wang, Y.; Liu, X.; Zhang, Z. Enhancer RNA (eRNA) in Human Diseases. Int. . Mol. Sci. 2022, 23, 11582.
[CrossRef]

Gorbovytska, V.; Kim, S.K.; Kuybu, F; Gétze, M.; Um, D.; Kang, K.; Pittroff, A.; Brennecke, T.; Schneider, L.M.; Leitner, A.; et al.
Enhancer RNAs stimulate Pol II pause release by harnessing multivalent interactions to NELF. Nat. Commun. 2022, 13, 2429.
[CrossRef] [PubMed]

Che, W,; Ye, S.; Cai, A.; Cui, X;; Sun, Y. CRISPR-Cas13a Targeting the Enhancer RNA-SMAD7e Inhibits Bladder Cancer
Development Both in vitro and in vivo. Front. Mol. Biosci. 2020, 7, 607740. [CrossRef] [PubMed]

Qu, Q.H.; Jiang, S.Z.; Li, X.Y. LncRNA TBX5-AS1 Regulates the Tumor Progression Through the PI3K/AKT Pathway in Non-Small
Cell Lung Cancer. OncoTargets Ther. 2020, 13, 7949-7961. [CrossRef] [PubMed]

Xiang, J.F; Yin, Q.F; Chen, T.; Zhang, Y.; Zhang, X.O.; Wu, Z.; Zhang, S.; Wang, H.B; Ge, ].; Lu, X.; et al. Human colorectal
cancer-specific CCAT1-L IncRNA regulates long-range chromatin interactions at the MYC locus. Cell Res. 2014, 24, 513-531.
[CrossRef] [PubMed]

Zhao, Y.; Wen, S.; Li, H.; Pan, CW.; Wei, Y.; Huang, T.; Li, Z,; Yang, Y.; Fan, S.; Zhang, Y. Enhancer RNA promotes resistance to
radiotherapy in bone-metastatic prostate cancer by m(6)A modification. Theranostics 2023, 13, 596—610. [CrossRef]

Zhang, Z.; Lee, ].H.; Ruan, H.; Ye, Y.; Krakowiak, J.; Hu, Q.; Xiang, Y.; Gong, ].; Zhou, B.; Wang, L.; et al. Transcriptional landscape
and clinical utility of enhancer RNAs for eRNA-targeted therapy in cancer. Nat. Commun. 2019, 10, 4562. [CrossRef] [PubMed]
Ye, M.; Wang, S.; Qie, ].B.; Sun, PL. SPRY4-AS1, A Novel Enhancer RNA, Is a Potential Novel Prognostic Biomarker and
Therapeutic Target for Hepatocellular Carcinoma. Front. Oncol. 2021, 11, 765484. [CrossRef]

Napoli, S. Targeting Promoter-Associated RNAs by siRNAs. Methods Mol. Biol. 2017, 1543, 209-219. [CrossRef] [PubMed]

Yu, D.; Ma, X.; Zuo, Z.; Wang, H.; Meng, Y. Classification of Transcription Boundary-Associated RNAs (TBARs) in Animals and
Plants. Front. Genet. 2018, 9, 168. [CrossRef] [PubMed]

Wang, X.; Arai, S.; Song, X.; Reichart, D.; Du, K; Pascual, G.; Tempst, P.; Rosenfeld, M.G.; Glass, C.K.; Kurokawa, R. Induced
ncRNAs allosterically modify RNA-binding proteins in cis to inhibit transcription. Nature 2008, 454, 126-130. [CrossRef] [PubMed]
Li, D.; Chen, Y.; Mei, H.; Jiao, W.; Song, H.; Ye, L.; Fang, E.; Wang, X.; Yang, F; Huang, K ; et al. Ets-1 promoter-associated
noncoding RNA regulates the NONO/ERG/Ets-1 axis to drive gastric cancer progression. Oncogene 2018, 37, 4871-4886.
[CrossRef] [PubMed]

Li, D.; Wang, X.; Mei, H.; Fang, E.; Ye, L.; Song, H.; Yang, F; Li, H.; Huang, K.; Zheng, L.; et al. Long Noncoding RNA pancEts-1
Promotes Neuroblastoma Progression through hnRNPK-Mediated -Catenin Stabilization. Cancer Res. 2018, 78, 1169-1183.
[CrossRef] [PubMed]

Pan, F; Yao, J.; Chen, Y.; Zhou, C.; Geng, P.; Mao, H.; Fang, X. A novel long non-coding RNA FOXCUT and mRNA FOXC1
pair promote progression and predict poor prognosis in esophageal squamous cell carcinoma. Int. J. Clin. Exp. Pathol. 2014, 7,
2838-2849. [PubMed]

Kong, X.P; Yao, J.; Luo, W,; Feng, FK.; Ma, ].T.; Ren, Y.P.; Wang, D.L.; Bu, R.F. The expression and functional role of a FOXC1
related mRNA-IncRNA pair in oral squamous cell carcinoma. Mol. Cell. Biochem. 2014, 394, 177-186. [CrossRef] [PubMed]

Xu, Y.Z.; Chen, EE; Zhang, Y.; Zhao, Q.F; Guan, X.L.; Wang, H.Y.; Li, A,; Lv, X,; Song, S.S.; Zhou, Y.; et al. The long noncoding
RNA FOXCUT promotes proliferation and migration by targeting FOXC1 in nasopharyngeal carcinoma. Tumor Biol. 2017,
39, 1010428317706054. [CrossRef]

Liu, J.; Shen, L.; Yao, J.; Li, Y.,; Wang, Y.; Chen, H.; Geng, P. Forkhead box C1 promoter upstream transcript, a novel long
non-coding RNA, regulates proliferation and migration in basal-like breast cancer. Mol. Med. Rep. 2015, 11, 3155-3159. [CrossRef]
[PubMed]

Wang, Y.; Yao, J.; Meng, H.; Yu, Z.; Wang, Z.; Yuan, X.; Chen, H.; Wang, A. A novel long non-coding RNA, hypoxia-inducible
factor-2oc promoter upstream transcript, functions as an inhibitor of osteosarcoma stem cells in vitro. Mol. Med. Rep. 2015, 11,
2534-2540. [CrossRef]

Pisignano, G.; Napoli, S.; Magistri, M.; Mapelli, S.N.; Pastori, C.; Di Marco, S.; Civenni, G.; Albino, D.; Enriquez, C.; Allegrini, S.;
et al. A promoter-proximal transcript targeted by genetic polymorphism controls E-cadherin silencing in human cancers. Nat.
Commun. 2017, 8, 15622. [CrossRef]


https://doi.org/10.18632/oncotarget.11148
https://doi.org/10.1016/j.bbrc.2018.04.074
https://doi.org/10.1038/ng.3452
https://www.ncbi.nlm.nih.gov/pubmed/26595770
https://doi.org/10.3390/ijms231911582
https://doi.org/10.1038/s41467-022-29934-w
https://www.ncbi.nlm.nih.gov/pubmed/35508485
https://doi.org/10.3389/fmolb.2020.607740
https://www.ncbi.nlm.nih.gov/pubmed/33282916
https://doi.org/10.2147/OTT.S255195
https://www.ncbi.nlm.nih.gov/pubmed/32884287
https://doi.org/10.1038/cr.2014.35
https://www.ncbi.nlm.nih.gov/pubmed/24662484
https://doi.org/10.7150/thno.78687
https://doi.org/10.1038/s41467-019-12543-5
https://www.ncbi.nlm.nih.gov/pubmed/31594934
https://doi.org/10.3389/fonc.2021.765484
https://doi.org/10.1007/978-1-4939-6716-2_11
https://www.ncbi.nlm.nih.gov/pubmed/28349429
https://doi.org/10.3389/fgene.2018.00168
https://www.ncbi.nlm.nih.gov/pubmed/29868116
https://doi.org/10.1038/nature06992
https://www.ncbi.nlm.nih.gov/pubmed/18509338
https://doi.org/10.1038/s41388-018-0302-4
https://www.ncbi.nlm.nih.gov/pubmed/29773901
https://doi.org/10.1158/0008-5472.CAN-17-2295
https://www.ncbi.nlm.nih.gov/pubmed/29311158
https://www.ncbi.nlm.nih.gov/pubmed/25031703
https://doi.org/10.1007/s11010-014-2093-4
https://www.ncbi.nlm.nih.gov/pubmed/24889262
https://doi.org/10.1177/1010428317706054
https://doi.org/10.3892/mmr.2014.3089
https://www.ncbi.nlm.nih.gov/pubmed/25516208
https://doi.org/10.3892/mmr.2014.3024
https://doi.org/10.1038/ncomms15622

Cancers 2025, 17,579 40 of 41

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.
303.

304.

305.

Boque-Sastre, R.; Soler, M.; Oliveira-Mateos, C.; Portela, A.; Moutinho, C.; Sayols, S.; Villanueva, A.; Esteller, M.; Guil, S.
Head-to-head antisense transcription and R-loop formation promotes transcriptional activation. Proc. Natl. Acad. Sci. USA 2015,
112,5785-5790. [CrossRef] [PubMed]

Postepska-Igielska, A.; Giwojna, A.; Gasri-Plotnitsky, L.; Schmitt, N.; Dold, A.; Ginsberg, D.; Grummt, I. LncRNA Khps1 Regulates
Expression of the Proto-oncogene SPHK1 via Triplex-Mediated Changes in Chromatin Structure. Mol. Cell 2015, 60, 626-636.
[CrossRef]

Chen, W,; Li, L.; Wang, J.; Li, Q.; Zhang, R.; Wang, S.; Wu, Y.; Xing, D. Extracellular vesicle YRNA in atherosclerosis. Clin. Chim.
Acta 2021, 517, 15-22. [CrossRef]

Guglas, K.; Kolenda, T.; Stasiak, M.; Kopczyniska, M.; Teresiak, A.; Ibbs, M.; Blizniak, R.; Lamperska, K. YRNAs: New Insights
and Potential Novel Approach in Head and Neck Squamous Cell Carcinoma. Cells 2020, 9, 1281. [CrossRef]

Kohn, M.; Pazaitis, N.; Hiittelmaier, S. Why YRNAs? About Versatile RNAs and Their Functions. Biomolecules 2013, 3, 143-156.
[CrossRef] [PubMed]

Tolkach, Y.; Niehoff, E.M.; Stahl, A.F,; Zhao, C.; Kristiansen, G.; Miiller, S.C.; Ellinger, ]. YRNA expression in prostate cancer
patients: Diagnostic and prognostic implications. World J. Urol. 2018, 36, 1073-1078. [CrossRef]

Nientiedt, M.; Schmidt, D.; Kristiansen, G.; Miiller, S.C.; Ellinger, J. YRNA Expression Profiles are Altered in Clear Cell Renal Cell
Carcinoma. Eur. Urol. Focus. 2018, 4, 260-266. [CrossRef]

Tolkach, Y.; Stahl, A.F,; Niehoff, E.M.; Zhao, C.; Kristiansen, G.; Miiller, S.C.; Ellinger, ]. YRNA expression predicts survival in
bladder cancer patients. BMIC Cancer 2017, 17, 749. [CrossRef]

Dhahbi, J.; Nunez Lopez, Y.O.; Schneider, A.; Victoria, B.; Saccon, T.; Bharat, K.; McClatchey, T.; Atamna, H.; Scierski, W.;
Golusinski, P; et al. Profiling of tRNA Halves and YRNA Fragments in Serum and Tissue From Oral Squamous Cell Carcinoma
Patients Identify Key Role of 5" tRNA-Val-CAC-2-1 Half. Front. Oncol. 2019, 9, 959. [CrossRef] [PubMed]

Dhahbi, ].M.; Spindler, S.R.; Atamna, H.; Boffelli, D.; Martin, D.I. Deep Sequencing of Serum Small RN As Identifies Patterns of 5
tRNA Half and YRNA Fragment Expression Associated with Breast Cancer. Biomark. Cancer 2014, 6, 37-47. [CrossRef] [PubMed]
Wei, Z.; Batagov, A.O.; Schinelli, S.; Wang, J.; Wang, Y.; El Fatimy, R.; Rabinovsky, R.; Balaj, L.; Chen, C.C.; Hochberg, F.; et al.
Coding and noncoding landscape of extracellular RNA released by human glioma stem cells. Nat. Commun. 2017, 8, 1145.
[CrossRef]

Li, C; Qin, F; Hu, F; Xu, H,; Sun, G.; Han, G.; Wang, T.; Guo, M. Characterization and selective incorporation of small non-coding
RNAs in non-small cell lung cancer extracellular vesicles. Cell Biosci. 2018, 8, 2. [CrossRef] [PubMed]

Christov, C.P; Trivier, E.; Krude, T. Noncoding human Y RNAs are overexpressed in tumours and required for cell proliferation.
Br. J. Cancer 2008, 98, 981-988. [CrossRef]

Meiri, E.; Levy, A.; Benjamin, H.; Ben-David, M.; Cohen, L.; Dov, A.; Dromi, N.; Elyakim, E.; Yerushalmi, N.; Zion, O.; et al.
Discovery of microRNAs and other small RNAs in solid tumors. Nucleic Acids Res. 2010, 38, 6234-6246. [CrossRef]

Hahne, J.C.; Lampis, A.; Valeri, N. Vault RNAs: Hidden gems in RNA and protein regulation. Cell. Mol. Life Sci. 2021, 78,
1487-1499. [CrossRef] [PubMed]

Ferro, I.; Gavini, J.; Gallo, S.; Bracher, L.; Landolfo, M.; Candinas, D.; Stroka, D.M.; Polacek, N. The human vault RNA enhances
tumorigenesis and chemoresistance through the lysosome in hepatocellular carcinoma. Autophagy 2022, 18, 191-203. [CrossRef]
Horos, R.; Biischer, M.; Kleinendorst, R.; Alleaume, A.M.; Tarafder, A.K.; Schwarzl, T.; Dziuba, D.; Tischer, C.; Zielonka, E.M.;
Adak, A ; et al. The Small Non-coding Vault RNA1-1 Acts as a Riboregulator of Autophagy. Cell 2019, 176, 1054-1067.e1012.
[CrossRef] [PubMed]

Mir, M.A. Vault RNAs (vtRNAs): Rediscovered non-coding RNAs with diverse physiological and pathological activities. Genes
Dis. 2024, 11, 772-787.

Gopinath, 5.C.; Wadhwa, R.; Kumar, P.K. Expression of noncoding vault RNA in human malignant cells and its importance in
mitoxantrone resistance. Mol. Cancer Res. 2010, 8, 1536-1546. [CrossRef]

Liu, Y;; Dou, M.; Song, X.; Dong, Y.; Liu, S.; Liu, H.; Tao, J.; Li, W.; Yin, X.; Xu, W. The emerging role of the piRNA /piwi complex
in cancer. Mol. Cancer 2019, 18, 123. [CrossRef] [PubMed]

Czech, B.; Munafo, M.; Ciabrelli, F; Eastwood, E.L.; Fabry, M.H.; Kneuss, E.; Hannon, G.J. piRNA-Guided Genome Defense:
From Biogenesis to Silencing. Annu. Rev. Genet. 2018, 52, 131-157. [CrossRef]

Chen, H.; Xu, Z; Liu, D. Small non-coding RNA and colorectal cancer. J. Cell. Mol. Med. 2019, 23, 3050-3057. [CrossRef] [PubMed]
Yu, Y,; Xiao, J.; Hann, S.S. The emerging roles of PIWI-interacting RNA in human cancers. Cancer Manag. Res. 2019, 11, 5895-5909.
[CrossRef] [PubMed]

Peng, L.; Song, L.; Liu, C.; Lv, X.; Li, X,; Jie, J.; Zhao, D.; Li, D. piR-55490 inhibits the growth of lung carcinoma by suppressing
mTOR signaling. Tumor Biol. 2016, 37, 2749-2756. [CrossRef] [PubMed]

Cheng, J.; Deng, H.; Xiao, B.; Zhou, H.; Zhou, E; Shen, Z.; Guo, J. piR-823, a novel non-coding small RNA, demonstrates in vitro
and in vivo tumor suppressive activity in human gastric cancer cells. Cancer Lett. 2012, 315, 12-17. [CrossRef]


https://doi.org/10.1073/pnas.1421197112
https://www.ncbi.nlm.nih.gov/pubmed/25902512
https://doi.org/10.1016/j.molcel.2015.10.001
https://doi.org/10.1016/j.cca.2021.02.003
https://doi.org/10.3390/cells9051281
https://doi.org/10.3390/biom3010143
https://www.ncbi.nlm.nih.gov/pubmed/24970161
https://doi.org/10.1007/s00345-018-2250-6
https://doi.org/10.1016/j.euf.2016.08.004
https://doi.org/10.1186/s12885-017-3746-y
https://doi.org/10.3389/fonc.2019.00959
https://www.ncbi.nlm.nih.gov/pubmed/31616639
https://doi.org/10.4137/BIC.S20764
https://www.ncbi.nlm.nih.gov/pubmed/25520563
https://doi.org/10.1038/s41467-017-01196-x
https://doi.org/10.1186/s13578-018-0202-x
https://www.ncbi.nlm.nih.gov/pubmed/29344346
https://doi.org/10.1038/sj.bjc.6604254
https://doi.org/10.1093/nar/gkq376
https://doi.org/10.1007/s00018-020-03675-9
https://www.ncbi.nlm.nih.gov/pubmed/33063126
https://doi.org/10.1080/15548627.2021.1922983
https://doi.org/10.1016/j.cell.2019.01.030
https://www.ncbi.nlm.nih.gov/pubmed/30773316
https://doi.org/10.1158/1541-7786.MCR-10-0242
https://doi.org/10.1186/s12943-019-1052-9
https://www.ncbi.nlm.nih.gov/pubmed/31399034
https://doi.org/10.1146/annurev-genet-120417-031441
https://doi.org/10.1111/jcmm.14209
https://www.ncbi.nlm.nih.gov/pubmed/30801950
https://doi.org/10.2147/CMAR.S209300
https://www.ncbi.nlm.nih.gov/pubmed/31303794
https://doi.org/10.1007/s13277-015-4056-0
https://www.ncbi.nlm.nih.gov/pubmed/26408181
https://doi.org/10.1016/j.canlet.2011.10.004

Cancers 2025, 17,579 41 of 41

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

Singh, G.; Roy, J.; Rout, P.; Mallick, B. Genome-wide profiling of the PIWI-interacting RNA-mRNA regulatory networks in
epithelial ovarian cancers. PLoS ONE 2018, 13, e0190485. [CrossRef] [PubMed]

Weng, W.; Liu, N.; Toiyama, Y.; Kusunoki, M.; Nagasaka, T.; Fujiwara, T.; Wei, Q.; Qin, H.; Lin, H.; Ma, Y.; et al. Novel evidence
for a PIWI-interacting RNA (piRNA) as an oncogenic mediator of disease progression, and a potential prognostic biomarker in
colorectal cancer. Mol. Cancer 2018, 17, 16. [CrossRef] [PubMed]

Mai, D.; Ding, P; Tan, L.; Zhang, J.; Pan, Z.; Bai, R.; Li, C.; Li, M.; Zhou, Y.; Tan, W,; et al. PIWI-interacting RNA-54265 is oncogenic
and a potential therapeutic target in colorectal adenocarcinoma. Theranostics 2018, 8, 5213-5230. [CrossRef] [PubMed]

Yao, J.; Wang, Y.W.; Fang, B.B.; Zhang, S.J.; Cheng, B.L. piR-651 and its function in 95-D lung cancer cells. Biomed. Rep. 2016, 4,
546-550. [CrossRef]

Li, Y.; Wu, X.; Gao, H;; Jin, J.M,; Li, A.X; Kim, Y.S.; Pal, S.K.; Nelson, R.A.; Lau, C.M.; Guo, C; et al. Piwi-Interacting RNAs
(piRNAs) Are Dysregulated in Renal Cell Carcinoma and Associated with Tumor Metastasis and Cancer-Specific Survival. Mol.
Med. 2015, 21, 381-388. [CrossRef]

Limanéwka, P; Ochman, B.; Swietochowska, E. PIRNA Obtained through Liquid Biopsy as a Possible Cancer Biomarker.
Diagnostics 2023, 13, 1895. [CrossRef]

Vychytilova-Faltejskova, P,; Stitkovcova, K.; Radova, L.; Sachlova, M.; Kosarova, Z.; Slaba, K.; Kala, Z.; Svoboda, M.; Kiss, I.;
Vyzula, R.; et al. Circulating PIWI-Interacting RNAs piR-5937 and piR-28876 Are Promising Diagnostic Biomarkers of Colon
Cancer. Cancer Epidemiol. Biomark. Prev. 2018, 27, 1019-1028. [CrossRef] [PubMed]

Mai, D.; Zheng, Y.; Guo, H.; Ding, P; Bai, R.; Li, M; Ye, Y.; Zhang, J.; Huang, X,; Liu, D.; et al. Serum piRNA-54265 is a New
Biomarker for early detection and clinical surveillance of Human Colorectal Cancer. Theranostics 2020, 10, 8468-8478. [CrossRef]
[PubMed]

Zhang, L.M.; Gao, Q.X,; Chen, J.; Li, B.; Li, M.M.; Zheng, L.; Chen, ].X.; Duan, W.J. A universal catalytic hairpin assembly system
for direct plasma biopsy of exosomal PIWI-interacting RNAs and microRNAs. Anal. Chim. Acta 2022, 1192, 339382. [CrossRef]
[PubMed]

Yin, P; Wang, Z.; Chen, Y.; Wen, Z.-Q.; Hong, H.-H.; Mao, Y.-L. Plasma concentration of piRNAs in breast cancer and its
association with metastasis. Eur. J. Gynaecol. Oncol. 2021, 42, 307-310.

Ge, L.; Zhang, N.; Li, D.; Wu, Y.; Wang, H.; Wang, J. Circulating exosomal small RNAs are promising non-invasive diagnostic
biomarkers for gastric cancer. J. Cell. Mol. Med. 2020, 24, 14502-14513. [CrossRef]

Li, Y;; Dong, Y.; Zhao, S.; Gao, J.; Hao, X.; Wang, Z.; Li, M.; Wang, M; Liu, Y.; Yu, X,; et al. Serum-derived piR-hsa-164586 of
extracellular vesicles as a novel biomarker for early diagnosis of non-small cell lung cancer. Front. Oncol. 2022, 12, 850363.
[CrossRef]

Li, J.; Wang, N.; Zhang, E; Jin, S.; Dong, Y.; Dong, X.; Chen, Y.; Kong, X.; Tong, Y.; Mi, Q.; et al. PIWI-interacting RNAs are
aberrantly expressed and may serve as novel biomarkers for diagnosis of lung adenocarcinoma. Thorac. Cancer 2021, 12, 2468-2477.
[CrossRef]

Gu, X.; Wang, C; Deng, H.; Qing, C.; Liu, R;; Liu, S.; Xue, X. Exosomal piRNA profiling revealed unique circulating piRNA
signatures of cholangiocarcinoma and gallbladder carcinoma. Acta Biochim. Biophys. Sin. 2020, 52, 475-484. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0190485
https://www.ncbi.nlm.nih.gov/pubmed/29320577
https://doi.org/10.1186/s12943-018-0767-3
https://www.ncbi.nlm.nih.gov/pubmed/29382334
https://doi.org/10.7150/thno.28001
https://www.ncbi.nlm.nih.gov/pubmed/30555542
https://doi.org/10.3892/br.2016.628
https://doi.org/10.2119/molmed.2014.00203
https://doi.org/10.3390/diagnostics13111895
https://doi.org/10.1158/1055-9965.EPI-18-0318
https://www.ncbi.nlm.nih.gov/pubmed/29976566
https://doi.org/10.7150/thno.46241
https://www.ncbi.nlm.nih.gov/pubmed/32754257
https://doi.org/10.1016/j.aca.2021.339382
https://www.ncbi.nlm.nih.gov/pubmed/35057921
https://doi.org/10.1111/jcmm.16077
https://doi.org/10.3389/fonc.2022.850363
https://doi.org/10.1111/1759-7714.14094
https://doi.org/10.1093/abbs/gmaa028

	Introduction 
	The Role of RNA Networks in Cancer 
	Cell-Free Non-Coding RNAs 
	Isolation and Detection of Non-Coding RNA Molecules 
	Functional Studies of Non-Coding RNAs 
	In Vitro Methods for Studying Non-Coding RNA Function 
	In Vivo Methods for Studying Non-Coding RNA Function 
	Studying MicroRNA–Messenger RNA Interactions 

	Clinical Potential of Non-Coding RNAs 
	Non-Coding RNAs in Cancer Diagnostics 
	Non-Coding RNAs in Cancer Therapy 

	Structure, Biogenesis, and Function of Non-Coding RNAs 
	MicroRNAs 
	Biogenesis and Regulatory Functions of MicroRNAs 
	Role of MicroRNAs in the Regulation of Cancer Progression 
	Possible Clinical Application of MicroRNAs 

	Small Interfering RNAs 
	Biogenesis and Regulatory Functions of Small Interfering RNAs 
	Possible Clinical Application of Small Interfering RNAs 

	Long Non-Coding RNAs 
	Biogenesis and Regulatory Function of Long Non-Coding RNAs 
	Role of Long Non-Coding RNAs in the Regulation of Cancer Progression 
	Possible Clinical Application of Long Non-Coding RNAs 

	Circular RNAs 
	Biogenesis and Regulatory Functions of Circular RNAs 
	Role of Circular RNAs in the Regulation of Cancer Progression 
	Possible Clinical Application of circular RNAs 

	Small Nuclear RNAs 
	Biogenesis and Regulatory Functions of Small Nuclear RNAs 
	Role of Small Nuclear RNAs in Cancer Progression 
	Possible Clinical Application of Small Nuclear RNAs 

	Small Nucleolar RNAs 
	Biogenesis and Regulatory Functions of Small Nucleolar RNAs 
	Role of Small Nucleolar RNAs in Cancer Progression 
	Possible Clinical Application of Small Nucleolar RNAs 

	Enhancer RNAs 
	Biogenesis and Regulatory Functions of Enhancer RNAs 
	Role of Enhancer RNAs in Cancer Progression 
	Possible Clinical Application of Enhancer RNAs 

	Promoter-Associated RNAs 
	Biogenesis and Regulatory Functions of Promoter-Associated RNAs 
	Role of Promoter-Associated RNAs in Cancer Progression and Possible Clinical Application 

	YRNAs 
	Biogenesis and Regulatory Functions of YRNAs 
	Role of YRNAs in Cancer Progression and Possible Clinical Application 

	Vault RNAs 
	PIWI-Interacting RNAs 
	Biogenesis and Regulatory Functions of PIWI-Interacting RNAs 
	Role of PIWI-Interacting RNAs in the Regulation of Cancer Progression and Possible Clinical Application 


	Conclusions and Future Perspectives 
	References

