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Abstract

Long non-coding RNAs (IncRNAs) are a class of RNA transcripts that are long (i.e., more than 200 nucleotides)
and not translated into proteins. They have recently emerged as potential treatment targets for numerous
disorders due to their involvement in multiple cellular functions such as gene regulation, epigenetic modulation,
and chromatin organization. This review highlights the current state of IncRNA-based therapeutics, the potential of
IncRNAs as drug targets for treating human diseases, the various strategies and types of RNA-based therapeutics,
and the complications of developing IncRNA-based drugs. We conclude that IncRNA-based therapeutics represent
a promising class of drugs that can potentially treat various human diseases and that further research is needed to
fully realize their therapeutic potential.

Keywords: Long non-coding RNA, RNA-based therapeutics, LncRNA-based drugs, small interfering RNAs, short
hairpin RNAs, microRNAs

INTRODUCTION

Studies have shown that only 2% of the genome consists of protein-coding genes', and the remaining 98%
do not have protein-encoding function”. Surprisingly, most of the genome (around 70%) is actively
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transcribed, meaning that most of the human transcribed RNAs consist of non-coding RNAs (ncRNAs),
genes that are transcribed into RNA but not translated into proteins"’. According to their size, the ncRNAs
are divided into two groups: small ncRNAs (< 200 nt) and long ncRNAs (LncRNAs)"”. The category of
small ncRNAs encompasses a diverse range of RNA types, including microRNAs, piwiRNAs, small
nucleolar RNAs", and small interfering RNAs (siRNAs)". IncRNAs are a class of RNA transcripts that are
long (i.e., more than 200 nucleotides) and not translated into proteins'®.

Small ncRNAs have been the subject of extensive research for a long time due to their significant functions
in the initiation and prognosis of many diseases. On the other hand, IncRNAs are not well understood
compared to other classes of ncRNAs", despite the fact that IncRNAs account for more than 80% of
ncRNAs”. LncRNAs often exhibit low expression levels and are typically associated with specific tissues or
cell types”. They have been growing as new contributors to cancer in both oncogenic and tumor
suppressive pathways'®. They have also recently been identified as significant players in both regular cellular
functions and disease development". Additionally, IncRNAs are crucial in numerous physiological
processes, including RNA splicing and X-chromosome inactivation"”.

CLASSIFICATION

The classification of IncRNAs, based on both their transcriptional orientation and their proximity to
adjacent protein-coding genes, encompasses four main types: Intergenic, Bidirectional, Antisense, and Sense
IncRNAs. Intergenic IncRNAs hold a significant position within human IncRNAs, constituting the largest
subgroup. Positioned in genomic regions without protein-coding sequences within a five-kilobase range"",

intergenic IncRNAs act as genomic separators between two protein-coding genes'"”. Bidirectional IncRNAs,
another distinct type, are transcribed from the promoter of protein-coding genes but in the opposite
direction"”. Antisense IncRNAs form the second most prevalent group in humans®. They are transcribed
from the antisense strand of protein-coding genes, often overlapping with exonic or intronic regions.
Finally, Sense IncRNAs, a unique category, originate from the sense strand of protein-coding genes. This
type includes instances where the IncRNA either partially overlaps with the gene, including portions of
exons, or entirely encompasses the gene's sequence within an intron. This diverse classification is depicted
in Figure 1.

FUNCTION

The functions of IncRNAs, like protein-coding genes, are diverse and vary greatly'. LncRNAs have been
found to play a role in various significant biological processes via their interaction with DNA or chromatin,
their effect on regulatory or signaling pathways, and their regulatory function over other types of RNAs".
LncRNAs may function as decoys that can attract and prevent effector proteins from carrying out their
functions via binding and diverting them from their intended target site’”. Some IncRNAs can have
microRNA response elements, which are complementary sites for microRNAs. These are called competitive
endogenous RNAs, acting as molecular sponges for microRNAs, inhibiting them from reaching the target
genes of interest"'!.

LncRNAs have several ways to regulate gene expression, with the most frequent being an epigenetic process
that frequently causes transcriptional suppression through interactions with chromatin-remodeling
proteins"’. LncRNAs, when attached to the chromatin, can regulate the expression of the genes by either
adjusting the local chromatin structure at these loci or by directing the regulatory molecules”. cis-IncRNAs
(cis-acting IncRNAs), through transcriptional interference or via the modification of the chromatin,
regulate gene expression in the close genomic vicinity, whereas trans-IncRNAs (i.e., trans-acting IncRNAs)
regulate gene expression in distant genomic locations™”. LncRNAs can also contain specific domains for
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Figure 1. Classification of IncRNAs. Republished with permission from"?.

binding to various effector molecules, acting as scaffolds and assembly units for protein complexes that may
have the ability to activate or inhibit gene transcription'. A summary of the functions of IncRNAs is shown
in Figure 2.

CELLULAR LOCALIZATION OF LncRNAs

LncRNAs can be present in the cytoplasm, nucleus, or both!’. They are especially abundant in the nucleus,
interacting with the chromatin, where they typically act as epigenetic modulators to control gene
transcription*. Surprisingly, despite often being more plentiful, nuclear IncRNAs possess less stability than
their cytoplasmic counterparts"®. The hypothesis that the instability of nuclear IncRNAs is controlled by the
polyadenylate-binding nuclear protein 1, leading to hyperadenylation and decay via the activity of the
enzyme polyA-polymerase, has been put forth as a potential mechanism for the regulation of gene
expression. LncRNA levels can thus be regulated via this instability, which allows for flexible regulation in
response to stimuli®'”,

The role of IncRNAs within the cytoplasm, however, would be different from their nuclear counterparts, as
cytoplasmic IncRNAs can play a role in the translation of proteins, signal transduction pathways, and
regulating gene expression at the post-transcriptional level"”. For instance, IncRNAs can help in
sequestering microRNAs"Y, regulating the activity and levels of proteins"”, affecting posttranslational
modifications of proteins®”, or influencing mRNA stability””. RNA-binding proteins can also be affected by
IncRNAs located within the cytoplasm, either through regulating the degradation pathways of proteins via
the Ubiquitin pathway or by separating these proteins from their other effector proteins, thus affecting their

14]

activity".

Interestingly, some studies have investigated the distribution of IncRNAs in other organelles in a cell and
tissue-specific expression patterns. The mitochondrial genome has been found to express some genes of
IncRNAs, and those genes have been found to be under the regulation of nuclear-encoded proteins®. A
study performed by Noh et al. found that the IncRNA known as “RMRP” is mainly transcribed from the
nuclear genome. However, IncRNA RMRP can subsequently be localized to the mitochondria, where it
contributes to integral structure and mitochondrial oxidative phosphorylation®. Other studies
demonstrated that IncRNAs can also be found within the endoplasmic reticulum, and despite the lack of
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Figure 2. Functions of LncRNAs. RNP: Ribonucleoprotein; IncRNA: long non-coding RNA. Republished with permission from"™?.

knowledge about their role and function, these findings represent an interesting fact that needs to be further
explored”***,

TISSUE AND CELL-SPECIFIC EXPRESSION

Despite usually having lower expression levels compared to mRNAs, IncRNAs tend to display more
distinctive expression patterns specific to certain tissues and cells, suggesting that they play crucial roles in
cell-specific unique pathways"”. Nonetheless, there are also housekeeping IncRNAs, which are ubiquitously
transcribed across various tissues and cells®. According to a study conducted by Derrien et al., while the
expression patterns of IncRNAs are more tissue-specific than protein-coding genes, approximately 11% of
IncRNAs are identified in every tested tissue, such as TUG1, which is expressed across all tissue types””*.

Interestingly, a noteworthy observation reveals a positive correlation between the relative expression of
LncRNAs and the breadth of their distribution across tissues. Ubiquitous IncRNAs exhibit high expression
levels, while those expressed in specific tissues tend to have comparatively lower expression within the
overall IncRNA transcriptome®. The following are some of the most widely accepted techniques that are
believed to modify the gene expression patterns of IncRNAs.

Histone modifications

One of the most crucial techniques to directly modify differential gene expression depending on the cell
type is the chromatin state, which includes histone modification and DNA methylation'. The bivalent
chromatin domain is a term that defines a state of chromatin methylation with the co-localization of
H3K4me3 and H3K27me3 on histones of the same DNA region, either on the same histone molecule or
another H3 molecule in the same nucleosome. H3K4me3 is a positive transcription regulator, whereas
H3K27me3 is a transcription repressor. This phenomenon is believed to regulate the expression of
developmental genes, enabling them to be activated or suppressed in the future, depending on the cell's
destiny during differentiation™. Several bivalent genes that lose H3K27me3, the transcription repressor, are
activated when Embryonic Stem Cells transform into neural progenitor cells, whereas other genes that
preserve bivalency or lose H3K4me3, the transcription activator, remain silenced”". This behavior
determines the genetic expression pattern based on cell and tissue type, and it is possible that this is the

reason for the tissue- and cell-specific expression patterns of IncRNAs, which may be derived from bivalent
promoter genes™.
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DNA methylation

DNA methylation can be considered a major epigenetic technique to alter the gene expression pattern for
any coding or non-coding gene. According to the CpG dinucleotide content of the genome, there are two
types of regions: low CpG regions and high CpG regions. Within CpG dinucleotides, DNA methylation
mainly occurs at the cytosine, and methylated cytosines often quickly mutate into thymines. Low CpG sites
are created when CpG dinucleotides degrade due to mutation after DNA hypermethylation. High CpG and
low CpG sites both represent hypomethylation and hypermethylation, respectively. Genes that are located
within the low CpG sites may have lower expression levels than genes that are present within the high CpG
sites because promoter hypermethylation often suppresses gene expression””. Consequently, the lower
expression of IncRNAs may be explained by the fact that many IncRNA genes are located within low CpG
sites, and what also implicates this fact is the lower perseverance of H3K4me3 around those sites”.

Transcriptional regulation

At the transcription level, the most diverse and not fully understood mechanism pertains to the regulation
of IncRNAs. One example is the shared transcription factors between some IncRNAs and protein-coding
genes. For instance, RP1-473L15.2 and ENST00000513542, two IncRNAs, possess motifs corresponding to
serum response factor and activating protein-1, respectively””. Another example is a novel IncRNA related
to DNA damage known as AK019103, which, in its promoter region, exhibits five binding sites for the
transcription factor NF-«xB™. Additionally, core transcription factors such as p53, NF-kB, Sox2, Pousf1, and
Nanog have been found to be sufficient for driving the expression of various IncRNAs across processes
ranging from embryonic stem cell pluripotency to cell proliferation®. This phenomenon may, in part,
reflect the tissue and cell-type specificity inherent in IncRNAs, wherein simultaneous regulation of common
genes sharing the same transcription sites occurs in specific tissues and cells where these transcription sites
are specifically expressed.

MicroRNAs, a class of ncRNAs smaller in size than IncRNAs and capable of regulating the process of
gene expression of protein-coding genes, have also been found to be involved in the transcriptional
regulation of IncRNAs™.. For instance, miRNA-29 has been reported to enhance the expression of the
IncRNA MEGS3 by inhibiting DNA methyltransferase and preventing methylation of MEG3's promoter™”.
Another interesting example involves miRNA-372, which has been found to regulate the expression of
the IncRNA HULC in liver cancer through its interaction with the cAMP Response Element-Binding
transcription factor. This indicates that regulatory control over IncRNAs is not exclusive to protein
transcription factors; instead, it also involves other factors and mechanisms that are specific to cells and
tissues.

Post-transcriptional regulation

Competitive endogenous RNA networks are intricate systems comprising microRNAs, pseudogenes,
protein-coding genes, and IncRNAs. These networks feature microRNA response elements (MREs) and
engage in crosstalk, mutually influencing the expression and stability of each component interactively".
For instance, in human cancer cells, as a post-transcriptional regulatory mechanism, the repression of the
IncRNA HOTAIR by miRNA-141 occurs in the presence of the Argonaut 2 (AGO-2) complex”’. In another
study, it was shown that the degradation of the IncRNA HOTAIR involves a collaborative action of miRNA-
let7i, HuR, and AGO-2"1. Moreover, a study led by Han et al. verified that during the development of

bladder cancer, the IncRNA MALAT1 experienced downregulation mediated by has-miR-125b"**.
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Post-transcriptional regulation of IncRNAs can also involve collaborative mechanisms that enhance the
stability of two or more IncRNAs. A notable example is the collaborative action observed between IncRNAs
MALATI1 and MENSB, forming a protective triple helix that shields these transcripts from exonuclease

damage'*>*

The stability of IncRNAs can also be influenced by the types and contents of nucleotides they contain. For
example, IncRNAs encompass more than 100 distinct modified nucleotides beyond the four core
nucleotides found in RNAs. Similar modified nucleotides are present in other short non-coding RNAs such
as TRNAs, tRNAs, and small nuclear RNAs and contribute to the stability of these ncRNAs, including
IncRNAs™. Interestingly, the secondary structures of IncRNAs can serve as substrates for the adenosine
deaminase enzyme, catalyzing Adenosine to Inosine (A-to-I) conversion in an RNA editing process. These
edited IncRNAs may undergo different processes, including RNA degradation'.

LncRNAs IN MEDICINE

LncRNAs, with their involvement in various physiological functions and distinct tissue and cell-specific
expression, play a pivotal role in the pathology and potential treatment of various diseases [Figure 3]. Here,
we briefly highlight a few instances of their involvement as pathological or biological markers (biomarkers)
and their potential applications in treatment approaches.

LncRNAs as biomarkers

A biomarker, a biological molecule presents in blood, other bodily fluids, or tissues, serves as an indicator of
normal or abnormal processes, conditions, or diseases. Biomarkers are crucial for assessing how effectively
the body responds to treatments and the current diagnostic state of any disease!””. In the specific context of
IncRNAs, they can be regarded as biomarkers owing to their tissue-specific genetic characteristics, enabling
IncRNAs to elucidate the distinct functions of tissues, making them valuable markers specific to particular
tissues and diseases”***.

Brain injury

Brain injuries, such as traumatic brain injury (TBI), can result in chronic disabilities and a reduction in
survival rate, making them significant health problems"***. TBIs cause acute brain damage in which blood
vessels, neurons, and glia stretch or rupture, causing apoptosis and harming the Blood-Brain Barrier.
Afterwards, a pro-inflammatory immune response takes place, which causes phagocytosis of dead and
injured cells and the secretion of pro-inflammatory cytokines. Chronic inflammation results if this immune
response is not resolved in moderate to severe injuries, and its complications can last for weeks to years
after injury***'. A study conducted by Wang et al. discovered a group of 271 differentially expressed
IncRNAs in the rat hippocampus following TBI, and these IncRNAs were associated with several biological
functions, including inflammatory responses and apoptosis®. Another study on mice discovered 823
abnormally expressed IncRNAs, with 156 downregulated and 667 upregulated genes™. In human subjects,
Yang et al. investigated the expression of IncRNAs in three different human patients diagnosed with TBI,
and the results indicated 56 downregulated and 43 upregulated IncRNAs"*.

Spinal cord injury

Spinal cord injury (SCI) is a devastating disorder of the central nervous system that often leads to the loss of
motor and sensory functions, with an incidence rate that ranges from 3.6 to 195.4 cases per million
worldwide". The two leading causes of SCI are falls and accidents®™. SCI, however, can also result from
non-traumatic diseases such as inflammatory wounds, poor blood supply, osteoarthritis, and spinal
tumors'™”. Paralysis, sensory impairment, neuropathic pain, and other dysfunctions are common among
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Figure 3. Biomarker Significance and Therapeutic Prospects of LncRNAs in Brain and Spinal Cord Injuries, Prostate Cancer, Breast
Cancer, Huntington's Disease, and Cardiovascular Disorders.

SCI survivors®. Earlier studies from Wang et al., using RNA-seq, found seven IncRNAs to be differentially
expressed, of which IncSCIR1 was constantly downexpressed at all time points following SCI®”. Other
expression analysis studies revealed 772*", 277", and 458! differentially expressed IncRNAs in SCI either
at acute SCI or later time points, and those IncRNAs were linked to regulatory functions in immune
responses, signaling pathways, and epigenetic modifications"*.

Alzheimer's disease

Alzheimer's disease (AD) is one of the most prevalent neurodegenerative diseases, known for its detrimental
effects on cognition and memory'”. One of the unique neuropathological characteristics of AD is the
deposition of the amyloid beta proteins into plaques in the brain parenchyma and cerebral blood vessel
walls, and their levels were strongly correlated with cognitive decline in AD'*”. BACE1 (Beta-site Amyloid
Precursor Protein (APP) Cleaving Enzyme 1), also known as the B-secretase enzyme, is a type 1
transmembrane aspartic protease enzyme with the highest expression levels found in neurons. It is one of
two enzymes, B- and y-secretase, that acts sequentially on APP (amyloid precursor proteins) for the cleavage
and production of amyloid beta proteins®. By stabilizing BACE1 mRNA, IncRNA BACE1-AS increases
BACE1 protein expression and enhances the formation of amyloid beta proteins®’. Several other IncRNAs
have been found to be dysregulated in AD, such as GDNFOS1"*, 17A"”, NAT-Rad18"**, BC200"*”, 51A"™),
NDM29"", and EBF2-AS".

Huntington's disease

Huntington's disease (HD) is a rare autosomal dominant neurodegenerative disorder that arises from a
repeat expansion of three nucleotides within the Huntingtin gene”, which results in the aggregation of
mutant Huntingtin protein”. HD is characterized by motor impairment accompanied by behavioral
dysfunction and dementia, in extreme cases, that result from progressive cognitive impairment. It has
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been found that IncRNA HTT-AS-v1, one of the splice variants of the HTT-AS locus, is markedly
downregulated in the brains of HD patients. Moreover, studies have shown that IncRNA HTT-AS-v1
decreases the expression of the HTT gene, which is known as the hallmark of the disease™. Another study
by Sunwoo et al. showed that about 181 IncRNAs were dysregulated in HD brains, of which 35 were
upregulated and 146 were downregulated””. In the same study, Sunwoo et al. validated the overexpression
of IncRNA NEAT1 and revealed that it is involved in mechanisms of neuroprotection against neuronal
damage'”.

Prostate cancer

Prostate cancer, which is the second most common type of carcinoma and the fifth leading cause of cancer
mortality among men globally, is primarily composed of adenocarcinomas, a type of cancer that originates
from glandular cells. This type of cancer, similar to other types of malignancy, is characterized by having
different molecular subtypes, each with its own unique progression pathways”. Research has shown that
the concentrations of the IncRNA NEAT1 are remarkably higher in tumor tissues and that its levels can
predict the overall survival of patients. Additionally, in the context of prostate cancer, it has been discovered
that IncRNA NEAT1 has the ability to change the epigenetic environment and promote the active
transcription of genes"”. Another recent study by Yuan ef al. unveiled the role of the overexpressed IncRNA
SSTR5-AS1 in prostate cancer as a prognostic marker that can alter the level of proteins involved in the
proliferation and metastasis of prostate cancer cells™'.

Breast cancer

According to the World Health Organization, breast cancer (BC) is the most common type of cancer that
affects women worldwide™"), with more than 2.3 million cases and 685,000 fatalities worldwide™. A study
by Sang et al. has revealed that when the IncRNA PANDAR is expressed at higher levels in breast cancer
cells, it helps the cells multiply by controlling the transition from G1 to S phase™. Another IncRNA that has
shown a role in the determination of the prognosis for breast cancer is IncRNA lincoo511. This IncRNA has
been investigated for its role in promoting tumor growth, accelerating the transition from the G1 to the S
phase of breast cancer cells, and inhibiting apoptosis'®..

Cardiovascular disease

Chronic heart failure (CHF), broadly categorized as either ischaemic or non-ischaemic cardiomyopathy, is a
multifaceted clinical syndrome arising from diverse structural or functional impediments in ventricular
filling or blood ejection. It stands as a prominent cause of mortality, particularly affecting the aging
population, with an estimated lifetime risk of developing CHF ranging from 20% to 33%. Despite
advancements in therapies, approximately half of CHF-diagnosed patients face a grim prognosis, with a
significant number succumbing within five years"*. Recent studies have brought attention to numerous
aberrantly expressed IncRNAs in CHF, shedding light on their potential roles and significant functions in
both the pathology and potential alleviation of the disease™ ™. For instance, in a study by Li et al. focusing
on dilated cardiomyopathy-induced CHF, IncRNA profiling identified 20 upregulated and 20
downregulated IncRNAs. Among them, the upregulated IncRNA RP11-544D21.2 and the downregulated
IncRNA XLOC_014288 were correctly validated and functionally characterized™. In another investigation
by Zhang et al., the IncRNA cytb was discovered to be downregulated in the heart and plasma of patients
with heart failure®.
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LncRNAs as potential therapeutic approaches

Brain injury

As previously mentioned, IncRNAs can be differentially expressed in brains following TBI, affecting many
biological processes that follow brain injuries. Zhong et al. investigated the differentially expressed IncRNA
NEAT1 through knockdown experiments in mice and found that NEAT1 was found to decrease the
number of cells undergoing apoptosis and decrease the intensity of inflammation™’. In a study by
Patel et al., exosomes, extracted from human adipose-derived stem cells (hASCs), were injected into rats
following TBI. Those exosomes were tested against IncRNA MALAT1-depleted exosomes, and the results
indicated the role of MALAT1 in the improvement and recovery of TBI-related symptoms'™’.

Spinal cord injury

As a promising therapeutic strategy, neural stem cells have been proposed as a potential solution®". It has
been shown that the IncRNA UCA1 controls the differentiation and proliferation of neural stem cells, and
therefore, it can have a huge impact on the treatment of SCI®?. Another interesting study has shown that
hydrogen sulfide, a potential treatment for SCI, has an impact on the upregulation of IncRNA CasC7, which
results in decreasing the apoptosis of neuronal cells and improving SCI™.

Alzheimer's disease

Gene silencing with siRNAs is a method of knocking down genes that results in gene expression
regulation””. The introduction of siRNAs, which target the IncRNA BACE1-AS, into the transgenic AD
mouse brains reduced the expression of both BACE1-AS and BACE1*". This approach poses the question
of whether the same can be applied to many other dysregulated IncRNAs that are involved in many
pathophysiological pathways.

Huntington's disease

One of the repressed genes in HD is the protein Brain-Derived Neurotrophic Factor (BDNF)"*. BDNF
enhances the survival of the neurons and their cytoskeleton rearrangement, providing neuroprotection
during inflammation"”. It has been hypothesized that the loss of BDNF may explain the loss of neurons
where mutant Huntingtin protein is ubiquitously expressed*®*. The presence of IncRNA BDNF-AS has
been found to decrease the expression and function of the BDNF protein via chromatin modification at the
BDNF gene location and thus suppress the expression of the BDNF transcript®’. Therefore, studying the
expression of IncRNA BDNF-AS in HD may be a promising point that can be used for the design of a
therapeutic approach for HD.

Prostate cancer

The potential therapeutic effects of IncRNAs in prostate cancer have been growing recently. A recent study
has shown that the IncRNA DNMBP-AS1, which is upregulated in prostate cancer, is capable of inducing
the cellular proliferation and metastasis of prostate cancer cells via sponging of miR-6766-3p. Knocking
down this IncRNA has led to the inhibition of cancer cell proliferation and metastasis"”". Another earlier
study investigated the effect of the overexpression of already downregulated IncRNAs; this study has shown
that the upregulation of the expression of the IncRNA MIR22HG in prostate cancer cells, which resulted in

the sequestration of miR-9-3p, led to the inhibition of apoptosis and cancer cell proliferation*”.

Breast cancer

It has been shown that the downexpression of IncRNA PANDAR, using a siRNA-based technique, led to a
reduction in the cellular growth of in vitro breast cancer cells and increased the number of cells within the
G1 phase!™’. Another interesting study by Ren et al. discovered that inhibition of TGF-B1 along with other
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regulatory mediators resulted in the downregulation of the IncRNA HOTAIR and its action on inducing
breast cancer metastasis'”.

Cardiovascular disease

The potential therapeutic impact of IncRNAs in cardiovascular disease has been substantiated in numerous
research studies. For instance, in a study conducted by Li et al, a loss-of-function silencing assay was
performed on the dysregulated IncRNA RP11-544D21.2, which was identified to be upregulated in CHF
model cells. The findings revealed that the silencing of RP11-544D21.2 had a significant impact on various
downstream pathways, including the arrhythmogenic right ventricular cardiomyopathy pathway,
hypertrophic cardiomyopathy, antigen processing and presenting pathway, cell adhesion pathway-related
genes, cell cycle, focal adhesion, and Extracellular Matrix (ECM)-receptor interaction®. Remarkably,
IncRNA ZNF593-AS was also discovered to alleviate contractile dysfunction not only in dilated
cardiomyopathy but also in diabetic cardiomyopathy®**. These findings provide additional evidence for the
potential therapeutic benefits of IncRNAs in the context of cardiovascular disease.

RNAs IN DRUG DEVELOPMENT

Recently, researchers have begun to target RNAs as potential drug targets because they make up a large
portion of the genome and offer greater specificity than proteins. LncRNAs, in particular, may be a more
precise target than epigenetic complexes. RNA-based therapies also have the advantage of being highly
specific and stable"*). RNA-based drugs fall into the category of oligonucleotide-based drugs, which can be
classified into two main categories based on their chemical structure: double-stranded RNA drugs, such as
siRNA, and single-stranded DNA drugs"*. RNA molecules, such as antisense oligonucleotides, siRNAs,
microRNAs, and IncRNAs, may target mRNAs and ncRNAs with specificity through Watson-Crick base-
pairing. Antisense oligonucleotides, being the most common, have two different mechanisms of action:
RNA interference (RNAi) and RNase-H-mediated degradation*.

Antisense oligonucleotides

Antisense oligonucleotides (ASOs) are unpaired DNA strands that have complete complementarity for a
single target mRNA molecule™. The targeting of mRNAs or microRNAs through the use of ASOs results
in the degradation of the target through the activity of the RNase H endonuclease enzyme. This process
leaves the ASOs intact, allowing them to act as catalysts in the reaction and affect multiple target
molecules"””. These ASO-based drugs work by influencing the production or function of disease-causing
proteins through changes in pre-mRNA splicing, mRNA degradation, regulation of protein translation, or
direct interactions with proteins"*. ASOs need to be administered repeatedly because the oligonucleotides
are broken down by the cellular nucleases over time"*.

MicroRNAs

MicroRNAs are a class of ncRNAs that are small in size and capable of regulating the process of gene
expression of protein-coding genes post-transcription. They exist naturally, with over 2,300 different
microRNAs present in human cells, whose expression patterns differ depending on the tissue and time"".
They form an imperfect RNA-hairpin structure due to regions of complementarity. When processed by the
RNA interference machinery, they create a 19-25 nucleotide RNA duplex with mismatching regions.
microRNAs normally bind to the 3' untranslated region (3' UTR) of mRNA and prevent protein translation.
Unlike siRNAs, which require virtually full sequence complementarity to cause cleavage of the target RNA,
microRNAs only need a small number of complementary nucleotides to the target mRNA in order to
inhibit its translation; therefore, microRNAs can have several targets throughout the cell””. microRNAs
can be used as potential therapeutic approaches, as follows.
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MicroRNA mimics

MicroRNA mimics are artificial RNAs that are built upon naturally occurring microRNAs. The so-called
“passenger” strand of the mimic, which is not loaded into the RNA-induced silencing complex (RISC),
carries some mismatches; this is to prevent it from being loaded into RISC and to prevent its potential
action as an anti-microRNA"",

Anti-microRNAs/AntagomiRs

Anti-microRNAs are oligonucleotides with sequences that are either entirely or partially complementary to
naturally occurring microRNAs. Consequently, this leads to blocking the interaction with the target genes
when they interact with the endogenous microRNA".

MicroRNA sponges

MicroRNA sponges are synthetic transcripts that contain multiple binding sites for microRNAs, which can
trap and sequester them!"”. They can be designed to target one or many different microRNAs"">"'*. A study
by Jung et al. designed microRNA sponges that can sequester miR-155, miR-21, and miR-221/miR-222
within tumor-causing cells"'”. Another study by Das et al. investigated the role of microRNA sponges
within myocardial infarction by designing anti-microRNA that can sequester a family of miR-181
microRNAs, which are miR-181a, miR-181b, and miR-181c!*.

MicroRNA masks

MicroRNA masks are oligonucleotides that are designed to conceal the microRNA binding regions of a
target gene. This prevents the microRNAs from carrying out their regulatory functions on that gene"'”.
TYRP1 mRNA acts to sequester miR-16, inhibiting their tumor-suppressing functions within melanoma
cells. One study by Gilot et al. demonstrated the effects of blocking the microRNA binding site of TYRP1

mRNA, which caused the recovery of the cancer-suppressing function of miR-16 in melanoma tumors'.

Small interfering RNAs

Small interfering RNAs (siRNAs) are short double-stranded molecules created by an enzyme called Dicer.
This enzyme cuts a long double-stranded RNA into smaller pieces known as siRNA, which are between 21
and 23 base pairs long and have a low molecular weight of around 14 kDa""**. They make use of the natural
endogenous microRNA pathway"*. A molecule of siRNA consists of both a sense and an antisense strand
that form complexes by binding to the RISC. The sense strand separates from the antisense strand with the
help of AGO-2. The antisense strand then guides the RISC to find a complementary mRNA, where it is then
cut by the AGO-2-RISC-siRNA complex, effectively stopping the translation process. They work by
initiating the process of breaking down mRNA, silencing specific genes, and reducing the levels of target-
specific proteins"*. Unlike antisense techniques, RNAi uses a catalytic mechanism for its action, where
siRNA-loaded RISC can dissociate and bind to other mRNA molecules after the target mRNA is cleaved.
This is why it is effective at very low concentrations of siRNA in the picomolar range, which can efficiently
knock down genes, and it has been found that intracellular amounts of less than 2,000 siRNAs per cell are
enough to achieve this effect. It is also important to note that the siRNA mechanism is different from that of
microRNAs, which bind to their targets with only partial complementarity, whereas siRNA action requires
100% complementarity'
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Short hairpin RNAs

Short hairpin RNAs are single-stranded RNAs made up of two sets of complementary sequences on the
same strand, known as “sense” and “antisense” sequences, that are 19-22 nucleotides in length. These
sequences contain a short loop consisting of 7 to 9 nucleotides that are not bonded, which enables them to
form a hairpin shape"”. The main function of short hairpin RNAs is to produce double-stranded siRNAs
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that can be further used for the degradation of target sequences, as previously explained. This can be
accomplished via the introduction of short hairpin RNAs, which are usually expressed using either RNA
polymerase II or III enzymes, the same as pri-microRNAs, producing a structure that is similar to pre-
microRNA, followed by processing using Dicer and the formation of the mature siRNAs that will exert their
biological effect!*”. One limitation of using siRNA for RNA interference is that after siRNA is delivered to
target cells, the effect of knocking down a specific gene gradually decreases as the oligonucleotides are
decreased in concentration by either cellular division or being broken down by nucleases. However, when
delivered on a plasmid vector, shRNA sequences can provide prolonged RNAi over a longer period of time
because double-stranded DNA is more resistant to cellular degradation, in addition to their stable
positioning in the nucleus as episomes, providing a continuous source of the therapeutic RNAi sequence.
Another benefit of using short hairpin RNAs in therapeutics is the ability to selectively lower gene target
expression only in cells relevant to the disease by controlling the expression of the shRNA vectors with
promoters that can only express the relative genes in specific target cells"*.

Long non-coding RNAs

There are two approaches to IncRNA therapeutics research: the first is to use synthetic oligonucleotides that
resemble IncRNA in their structure and their binding properties as well, acting as decoys and interfering
with their function, while the second is to target IncRNAs directly"”". Despite the greater functional ability
of IncRNAs, their aberrant roles in pathophysiological processes, and their specific tissue and cellular
expression, there has not been, to our knowledge, any role for the introduction of IncRNA-based
therapeutics in any preclinical or clinical studies. However, targeting IncRNAs has been the case for some
RNA-based studies.

RNA interference using siRNAs, according to a study by Modarresi et al., reported that the inhibition of the
IncRNA known as BDNEF-AS, a IncRNA antisense transcript that controls BDNF mRNA and protein
expression, caused the chromatin status of the BDNF gene to be altered, increased BDNF protein levels, and
promoted neuronal differentiation and proliferation both in vitro and in vivo"*”. Recent clinical trials are
also looking into the role of antisense oligonucleotides in suppressing the IncRNA UBE3A-ATS, which
regulates the expression of Ubiquitin ligase E3A in Angelman syndrome"*. These are just two of many
studies that have targeted IncRNAs for therapeutic treatment, and we are only scratching the surface of our
understanding and knowledge of the potential benefits of IncRNA-based therapeutics.

RNA THERAPEUTICS: LAB TO MARKET

The translation of the therapeutic potential of RNAs from preclinical studies into actual RNA therapeutics is
a multifaceted process that involves numerous challenges and considerations. Here, we provide a few
examples of RNA therapeutics and delve into their potential applications and impacts.

Fomivirsen

Fomivirsen is a synthetic antisense oligonucleotide that gained prominence as an innovative therapeutic
agent in the field of ophthalmology. It is formed of a 21-mer phosphorothioate oligonucleotide sequence
designed to target the immediate-early 2 gene of Cytomegalovirus. Administered through intraocular
injections, this groundbreaking antiviral medication demonstrated significant efficacy in slowing the
progression of Cytomegalovirus retinitis, particularly in individuals with compromised immune systems,
such as those with HIV/AIDS. Fomivirsen's unique mechanism of action paved the way for a new era in
nucleic acid-based therapies, showcasing the potential of antisense technology in treating challenging viral
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infections!**.



Kamal et al. J Transl Genet Genom 2024;8:162-85 | https://dx.doi.org/10.20517/jtgg.2023.55 Page 13

Mipomersen

Mipomersen is a novel therapeutic antisense oligonucleotide agent that has shown promise in addressing
Familial Hypercholesterolemia, a genetic disorder characterized by elevated levels of low-density lipoprotein
cholesterol in the blood. Familial Hypercholesterolemia is often resistant to traditional lipid-lowering
treatments, making the development of alternative approaches crucial. Mipomersen, a 20-mer
phosphorothioate oligonucleotide, functions by inhibiting the production of Apolipoprotein B-100 mRNA,
a key component of low-density lipoprotein particles. Apolipoprotein B-100 is responsible for the structural
integrity of low-density lipoprotein and is directly involved in cholesterol transport. By targeting
Apolipoprotein B-100 mRNA, Mipomersen helps reduce low-density lipoprotein levels, offering a potential
solution for individuals with Familial Hypercholesterolemia who face an increased risk of premature
cardiovascular disease"*".

Givosiran

Givosiran represents a groundbreaking siRNA therapeutic approach in the treatment of Acute Hepatic
Porphyria, which is a rare genetic disorder characterized by the impaired synthesis of heme, a crucial
component of hemoglobin. Givosiran, a 21-bp double-stranded siRNA, targets the root cause of the disease
by inhibiting Aminolevulinate Synthase 1 (ALAS1) mRNA, the enzyme responsible for the initial step in
heme synthesis. By reducing ALAS1 activity, Givosiran helps decrease the accumulation of porphyrin
precursors that trigger acute attacks in patients. This RNA interference technology represents a significant
advancement in managing the symptoms of the disease, providing a novel and targeted solution to improve
the quality of life for individuals affected by this challenging condition"*.

Miravirsen

Miravirsen represents a groundbreaking advancement in the treatment of Hepatitis C (HCV), a viral
infection affecting the liver. Developed as an antimiR against miR-122, Miravirsen specifically targets and
inhibits miR-122, a host cell microRNA essential for the replication of HCV. MiR-122 plays a crucial role in
the viral life cycle by promoting HCV RNA stability and facilitating its translation. Miravirsen disrupts this
process by binding to miR-122, preventing its interaction with the viral RNA. This innovative approach
effectively suppresses HCV replication, offering a promising therapeutic strategy. Clinical trials have shown
encouraging results, establishing Miravirsen as a potential game-changer in the fight against Hepatitis C,
with the prospect of improving patient outcomes and reducing the global burden of this infectious
disease!””..

Remlarsen

Remlarsen is a novel microRNA mimic therapeutic agent that has shown promising results in the treatment
of cutaneous and pulmonary fibrosis. Fibrosis is a condition characterized by the excessive formation of
tibrous connective tissue, leading to scarring and impaired organ function. Cutaneous fibrosis affects the
skin, while pulmonary fibrosis affects the lungs. One key player in the regulation of fibrosis is miR-29b, a
microRNA that acts as a molecular brake on fibrotic processes by inhibiting the expression of pro-fibrotic
genes. Research suggests that Remlarsen works by mimicking the structure of miR-29b, thereby mitigating
fibrosis in both the skin and lungs. This innovative approach offers hope for individuals suffering from
these debilitating conditions, providing a potential breakthrough in the field of fibrotic disease
therapeutics"**..

RG-125

RG-125 is a promising therapeutic agent in the context of Non-Alcoholic Fatty Liver Disease, a prevalent
and potentially serious liver condition associated with excessive fat accumulation in the liver. RG-125
operates by targeting miR-103/107, microRNAs implicated in the regulation of lipid metabolism and the
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progression of the disease. These microRNAs play a crucial role in the control of lipid homeostasis, and
their dysregulation has been linked to the development of fatty liver disease. RG-125, by modulating
miR-103/107 activity, has shown potential in preclinical studies to mitigate liver fat accumulation and
inflammation, offering a new avenue for the development of therapeutic interventions. The exploration of
RG-125 and its impact on miR-103/107 highlights the intricate molecular mechanisms involved in the
pathogenesis and underscores the potential of targeted therapies in addressing this increasingly prevalent

health concern”.

MRX34

MRX34, a miR-34a mimic, represented an innovative approach in the field of RNA therapeutics by aiming
to supplement the tumor-suppressive functions of the microRNA known as miR-34a. MiR-34 plays a
pivotal role in regulating gene expression, particularly in the context of inhibiting cancer cell proliferation
and promoting apoptosis. The initial excitement surrounding MRX34 stemmed from its potential to mimic
the actions of miR-34a, thereby harnessing the natural mechanisms that control cellular processes and
suppress cancer development. However, the progress of clinical studies with MRX34 was abruptly halted
due to unforeseen severe immune-related adverse events observed in multiple patients. This unexpected
outcome raised concerns about the safety profile of the miR-34a mimic and underscored the challenges and
complexities associated with the development of RN A-based therapeutics in the quest for innovative cancer
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treatments!°.

A summary of different types of RNA therapeutics and their related commercialized and in-development
drugs are shown in Figure 4 and Table 1, respectively.

CHALLENGES AND LIMITATIONS OF LncRNA THERAPEUTIC DEVELOPMENT

As of now, no IncRNA-based therapeutics have entered clinical trials in any phase. Despite this, the
promising potential of IncRNAs as a therapeutic approach suggests that their entry into clinical trials is on
the horizon!"*"*, Nevertheless, the development of IncRNA-based therapeutics must navigate challenges
and limitations to maximize therapeutic efficacy and ensure the successful translation of these innovative
approaches into clinical applications.

Cross-species sequence variation

The sequence variation in IncRNA sequences that is present between humans and animal models used for
experimentation can make it difficult to create effective therapeutics. Drugs found through testing on
human cells may not work when tested on rodents or other disease models, as IncRNAs may have different
functions in humans compared to other animals. To overcome this, animal models might have to be altered
to express the same IncRNA present in humans. However, this would be a difficult task as it would require a
thorough understanding of the IncRNA and its target gene interactions'””..

Optimum silencing strategy

Silencing genes can be used to study the function of a IncRNA through the use of antisense oligonucleotides
or double-stranded RNAs. However, silencing IncRNAs is more complex than silencing mRNA because the
subcellular localization of IncRNAs varies and different silencing strategies have varying effectiveness.
Antisense oligonucleotides are more effective in targeting RNAs located in the cell nucleus, while double-
stranded RNAs are better for RNAs in the cytoplasm. This suggests that if a target RNA is expected to
perform a role in the nucleus, antisense oligonucleotides would be the best silencing method, while double-
stranded RNAs would be better for targets thought to function in the cytoplasm!**"*’\.
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Table 1. Examples of RNA-based therapeutics in medicine

Drug FDA Clinical

Type of drug name approval studies Active moiety Target Disease Reference
Antisense Fomivirsen  Yes Completed 21-mer IE2 mRNA Cytomegalovirus [124]
oligonucleotides phosphorothioate
oligonucleotide
Pegaptanib  Yes Completed 28-mer RNA aptamer VEGF165 Age-related macular [131]
protein degeneration
Nusinersen Yes Completed 18-mer 2'-O- ISS-N1 protein Spinal muscular atrophy [132]
methoxyethyl aptamer
Mipomersen Yes Completed 20-mer ApoB-100 Familial hypercholesterolemia [125]
phosphorothioate mRNA
oligonucleotide with 2’
-O-methoxyethyl
modification
Small interfering Patisiran Yes Completed 21-bp double-stranded Transthyretin  Hereditary transthyretin [133]
RNAs siRNA encapsulated in mRNA amyloidosis
a lipid nanoparticle
Givosiran Yes Completed GalNAc-conjugated ALASTmRNA  Acute hepatic porphyria [126]
21-bp double-stranded
siRNA
Lumasiran  Yes Completed GalNAc-conjugated HAO1mRNA  Primary hyperoxaluria type 1 [134]
21-bp double-stranded
SiRNA
Short hairpin N/A No Not yet Single-stranded SOD1TmRNA  Amyotrophic lateral sclerosis [135]
RNAs shRNA on a scAAV
construct
MicroRNAs MRX34 No Halted miRNA-34a mimicin  mRNA targets A variety of malignant or [130]
liposomal of miR-34a carcinogenic conditions,
nanoparticles including hepatocellular
carcinoma, ovarian cancer, colon
cancer, non-small cell lung
carcinoma, and cervical cancer
Miravirsen  No Phase Il AntimiR against miR-122 Hepatitis C [127]1
miR-122
Remlarsen  No Phase Il miR-29b mimic mMRNA targets Cutaneous and pulmonary [128]
of miR-29b fibrosis
RG-125 No Phase I/Il AntimiR against miR-103/107  Non-alcoholic fatty liver disease  [129]
miR-103/107

IE2: Immediate-early region 2 protein; VEGF: vascular endothelial growth factor; ISS-NT1: intronic splicing silencer N1; ALAST: 8-aminolevulinic acid
synthase 1; GalNAc: N-acetylgalactosamine; scAAV: self-complementary adeno-associated virus; SOD1: superoxide dismutase 1, HAOT:
hydroxyacid oxidase 1.

Structural and molecular diversity

LncRNAs can have several domains that are involved in different interactions; blocking these interactions
could have therapeutic value. Understanding the pertinent RNA motifs and their structural complexity is
necessary for finding ligands that can bind IncRNAs with high specificity and affinity. Currently, this level
of knowledge is only attainable for a small number of IncRNAs. The progress in this field will increase as
more information about IncRNAs' structural and molecular features becomes available"*".

Immunogenicity and tolerability

As a defense mechanism against viruses, our immune system identifies both single-stranded and double-
stranded RNA through various extracellular and intracellular pathogen-associated molecular pattern
receptors, including Toll-like receptors, which can trigger diverse immune responses"**. Additionally,
research has demonstrated that single-stranded RNA is more likely to induce immune stimulation
compared to double-stranded RNA. Consequently, all currently used or under-development siRNAs in
clinical applications are designed as double-stranded structures"****".
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Figure 4. RNA-based therapeutics. This illustration shows the different types of RNA-based therapeutics. Antisense oligonucleotides
can act by degrading paired mRNA through the activity of RNase H endonuclease or by directly binding to proteins through their 3D
structure, acting as aptamers. siRNAs can be introduced directly or produced from short hairpin RNAs through the action of the enzyme
Dicer. siRNAs then bind with complete affinity to mRNAs and mediate their degradation through RISC cleavage. MicroRNA mimics, on
the other hand, bind with partial affinity to mMRNAs and follow the same pathway. Other types of microRNAs interfere with this type of
binding by either directly binding with microRNAs through oligonucleotides, using sponges to sequester multiple microRNAs at once, or
indirectly by blocking the binding site on mRNA targets. IncRNAs can be used to stimulate agonistic functions through mimics or
targeted for antagonistic functions. ASOs: Antisense oligonucleotides; LncRNAs: long non-coding RNAs; miRNAs: microRNAs; shRNA:
short hairpin RNA; siRNAs: small interfering RNAs; RISC: RNA-induced silencing complex; Dicer: RNAase Il enzyme.

The primary pathway for recognizing RNA therapeutics involves Toll-like receptor signaling, mediated
through myeloid differentiation factor-88. This activation triggers various pathways, leading to the
activation of NF-«xB and subsequent production of pro-inflammatory cytokines (such as IL-6, IL-8, IL-12,
and TNF). Alternatively, it can induce a type I interferon response, culminating in the activation of diverse
downstream immune responses'*’. A notable example is the miR-34 mimic MRX34, which resulted in
substantial adverse reactions in five patients during a multicenter phase I clinical trial for individuals with
advanced malignancies. These reactions included a case of cytokine release syndrome!*'*,

Specificity and off-target effects

The efficacy of an RNA therapeutic is determined by the precision of its on-target specificity and the
absence of off-target and unintended on-target effects"*.. For instance, Oblimersen, a first-generation
18 nucleotide ASO targeting BCL2 mRNA, underwent testing in several clinical trials but exhibited limited
effectiveness. An oft-target effect was observed as Oblimersen induced apoptosis in BCL-2-negative cell
lines"*!. Interestingly, BCL2-targeting Oblimersen demonstrated various off-target effects, including the
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upregulation of stress-response genes, downregulation of proliferation-associated genes, and reduced levels
of several apoptosis- and glycolysis-related proteins"**'l. Another instance of an off-target effect is the
termination of the anti-miR-122 therapeutic RG-101 due to elevated levels of bilirubin in the blood"*.

Delivery methods

The efficient delivery of RNA therapeutics, ensuring they reach the intended organ and cell type and
successfully traverse the cell membrane to exert their intracellular functions, remains a formidable challenge
in the field. Various strategies address the formulation of RNA therapeutics and their delivery mechanisms.
Nucleotide modifications play a role in enhancing stability by evading nucleases and reducing interactions
with proteins. Delivery mechanisms encompass lipid nanoparticles, polymers like polyethylene imine,
polylactic-co-glycolic acid, poly-amidoamine, and chitosan. Additionally, conjugation to active molecules,
such as N-acetylgalactosamine, is employed to enhance delivery efficiency"*.

Toxicity

Toxicity is another crucial consideration in the administration of RNA therapeutics. For instance, it has
been demonstrated that off-target effects are more sensitive to small concentrations of siRNAs than on-
target silencing"*. Many RNA therapeutics leverage endogenous RNA interference machinery, and
excessive dosing can lead to system saturation, impeding the function of endogenous microRNAs. The
initial report of this phenomenon indicated that robust shRNA overexpression in hepatocytes resulted in a
global downregulation of microRNAs, leading to liver toxicity and mortality in mice"*. A comprehensive
screening study confirmed that the global upregulation of microRNA target genes is a general occurrence
triggered by the introduction of exogenous small RNAs"*').

Undesired on-target effects can contribute to the toxicity of RNA therapeutics. For example, in the case of
MRX34, it was observed that the therapeutic was taken up by white blood cells"*”. Since miR-34a plays a
significant role in T cells and macrophages, incubation with a miR-34a mimic led to changes in chemokine
profiles in macrophages and T cells"*?. This is believed to be a factor in the low response rate and adverse
immune effects observed in the clinical trial of MRX34"*\. Similarly, the increased chemotherapy-induced
neuropathy in patients receiving the AEG35156 ASO may be attributed to the downregulation of the XIAP
gene not only in tumor cells but also in oligodendrocytes, glial cells, or neuronal cells, leading to these
undesirable effects"*”.

CONCLUDING REMARKS

LncRNAs are a class of RNA transcripts that are long (i.e., more than 200 nucleotides) and not translated
into proteins'. LncRNAs vary considerably in function and play critical roles in many pathophysiological
processes, such as RNA splicing and X-chromosome inactivation'”. LncRNAs often exhibit low expression
levels and are typically associated with specific tissues or cell types”. They have been growing as new
contributors to cancer in both oncogenic and tumor suppressive pathways®. Being involved in various
physiological functions, IncRNAs can be involved in pathology and the potential treatment of different
diseases.

LncRNAs have shown their involvement as either pathological markers and/or therapeutic potential targets
in diseases such as brain injury”*!, spinal cord injury"**!, Alzheimer’s disease*”, Huntington’s
disease™””, prostate cancer”*”, breast cancer®™*’, and many other diseases"**'*. Recently, researchers have
begun to target RNAs as potential drug targets or formulate RNA-based drugs for which they offer greater
specificity and stability than proteins"*. Different RNA-based drugs include antisense oligonucleotides"*,
microRNA mimics"""), anti-microRNAs"", microRNA sponges"'”, microRNA masks""'”, small interfering
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RNAs", short hairpin RNAs", and long non-coding RNAs"*"\. Different examples of RNA-based drugs,
either in preclinical or clinical trials, can be shown in Table 1.

However, despite the greater functional ability of IncRNAs, there has not been any attempt to formulate
IncRNA-based drugs, and they have not entered clinical trials. Nonetheless, IncRNAs have been used as a
therapeutic target in many studies***”.. The complications that can face the development of IncRNA-based
drugs are the sequence variation in IncRNA sequences that is present between humans and animal models
used for experimentation"*”, the variation of the subcellular localization of IncRNAs, which requires
different silencing strategies with varying effectiveness***”, the limited knowledge about the structural
complexity of IncRNAs"", and the immunogenicity of some RNAs, which may elicit pro-inflammatory
responses and diminish therapeutic efficacy*'**.. Additionally, the presence of off-target effects poses a risk
of causing adverse effects in patients"*. Toxicity-related concerns arise from undesirable off-target effects
or on-target non-specific effects"*>'*”. Lastly, the choice of an appropriate delivery method is a critical
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consideration in developing IncRNA-based therapeutics'*.

Finally, we conclude that IncRNA research is still in progress and that there is a huge potential in the field of
IncRNA therapeutics, either as drug targets or IncRNA-based drugs, which can alter the way we understand
and treat both common and rare diseases.
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