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ABSTRACT
Antisense transcription, a prevalent occurrence in mammalian genomes, gives rise to natural antisense 
transcripts (NATs) as RNA molecules. These NATs serve as agents of diverse transcriptional and post- 
transcriptional regulatory mechanisms, playing crucial roles in various biological processes vital for cell 
function and immune response. However, when their normal functions are disrupted, they can con
tribute to human diseases. This comprehensive review aims to establish the molecular foundation 
linking NATs to the development of disorders like cancer, neurodegenerative conditions, and cardio
vascular ailments. Additionally, we evaluate the potential of oligonucleotide-based therapies targeting 
NATs, presenting both their advantages and limitations, while also highlighting the latest advancements 
in this promising realm of clinical investigation.
Abbreviations: NATs- Natural antisense transcripts, PRC1- Polycomb Repressive Complex 1, PRC2- 
Polycomb Repressive Complex 2, ADARs- Adenosine deaminases acting on RNA, BDNF-AS- Brain-derived 
neurotrophic factor antisense transcript, ASOs- Antisense oligonucleotides, SINEUPs- Inverted SINEB2 
sequence-mediated upregulating molecules, PTBP1- Polypyrimidine tract binding protein-1, HNRNPK- 
heterogeneous nuclear ribonucleoprotein K, MAPT-AS1- microtubule-associated protein tau antisense 1, 
KCNQ1OT- (KCNQ1 opposite strand/antisense transcript 1, ERK- extracellular signal-regulated kinase 1, 
USP14- ubiquitin-specific protease 14, EGF- Epidermal growth factor, LSD1- Lysine Specific Demethylase 
1, ANRIL- Antisense Noncoding RNA in the INK4 Locus, BWS- Beckwith-Wiedemann syndrome, VEGFA- 
Vascular Endothelial Growth component A
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Introduction

Formation of natural antisense transcripts (NATs) is the 
result of antisense transcription in most of the genes [1]. 
The overlapping of NATs and regulatory genes is very com
mon phenomenon. Interestingly the characteristics of NATs 
are very unique and distinct regarding their functioning and 
working as compared to their coding regions [2]. Most of 
NATs lack polyadenylation, show lower expression as com
pared to coding regions and they frequently exhibit pro
nounced specific expression patterns [3]. The diversity of 
antisense transcripts have sparked extensive research efforts 
aimed at unravelling their roles in biological processes [4]. 
Initially, an investigation into 797 evolutionarily conserved 
NATs via knockdown experiments unveiled regulatory con
nections between complementary transcripts [5]. NATs exert 
their influence by two ways either enhancing or suppressing 
the activity of their effector genes. While this regulation pre
dominantly occurs in proximity to the antisense transcript’s 
origin and impacts its sense counterpart, there are also 
instances of trans-acting mechanisms targeting transcripts 
from different genomic regions.

NATs distinguish themselves from other non-coding 
RNAs in terms of their origin, function, mechanism of action, 

and regulatory roles. Unlike other non-coding RNAs that may 
arise from introns, intergenic regions, or enhancer regions, 
NATs originate from the opposite strands of protein-coding 
genes. While NATs primarily function through RNA-RNA 
interactions, other non-coding RNAs exert their effects 
through interactions with DNA, proteins, and additional 
RNA molecules. NATs often exhibit overlap with protein- 
coding genes, whereas other non-coding RNAs are typically 
transcribed from regions situated between genes or originat
ing from enhancer RNAs [2].

Mechanistically, NATs modulate the processing and 
expression of other RNAs through various mechanisms 
(Figure 1). A significant mechanism involves engaging the 
Polycomb Repressive Complex 2 (PRC2), known for gene 
silencing, resulting in H3K27me3 trimethylation and tran
scriptional inactivity at specific genomic locations 
(Figure 1a). This represents discordant regulation, where 
increased NAT expression impedes gene activity in the sense 
direction. On the other hand, interaction of sense and anti
sense transcripts occur through specific RNA: RNA interac
tions, impacting alternative splicing by concealing splice sites 
and splicing signals. (Figure 1b). Additionally, RNA duplex 
formation can induce editing by providing double-stranded 
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RNA substrates to adenosine deaminases acting on RNA 
(ADARs).

Further mechanisms encompass influencing stability of 
transcript by directing transcripts for protein-coding towards 
degradation pathways interfering with miRNA functions 
through the concealment of miRNA binding sites in the 3’ 
untranslated regions (Figure 1d). Some NATs also serve as 
microRNA sponges, harbouring multiple binding sites that 
sequester specific miRNAs, preventing them from interacting 
with other RNAs (Figure 1c). Recognized NAT-mediated 
actions extend to transcriptional interference and interactions 
with splicing factors, among other mechanisms [6].

In the following sections, we delve into specific modes of 
action, with a focus on those relevant to human disease aetiology 
or significant for human health. Our primary emphasis remains 
on cis-NATs, those with sense partners located within the same 
genomic locus. Subsequently, we outline current approaches 
aimed at harnessing the unexplored regulatory potential of 
NATs for treating human diseases.

NATs serve as precise regulators of gene expression, per
form their functions effectively even at lower expression 
levels, a phenomenon referred to as leaky transcription of 
NATs. The word ‘leaky transcription’ is not frequently 
employed in all articles; instead, a more basic term low 
expression is often used in most articles. Essentially, NATs 
has the capability to effectively fulfil their function even at 
lower levels, making them a highly advantageous feature. 
A study conducted by Zhao et al. discovered that the reduced 
production of NATs led to a decrease in the expression of 
genes that promote cancer [7]. A further investigation carried 
out by Santos et al. revealed that NATs have demonstrated 
a reduction in cancer occurrence when expressed at low 
levels [8].

NATs exhibit distinct functions in various tissues. The 
BDNF gene, also known as Brain-Derived Neurotrophic 

Factor, has an antisense transcript called BDNF-AS. BDNF 
is essential for the survival of neurons and the capacity of 
synapses to undergo changes and adaptability (synaptic plas
ticity). BDNF-AS, an RNA molecule that is transcribed in 
the opposite direction of BDNF, has been observed to reg
ulate the level of BDNF gene expression. The function of the 
brain may vary across different regions. Antisense tran
scripts have been detected for the TP53 (p53) tumour sup
pressor gene. An example of a transcript that functions in 
the opposite direction is Wrap53, which is referred to as an 
antisense transcript. It plays a role in regulating the expres
sion of p53 and has been linked to the development of 
cancer. Wrap53 May demonstrate heterogeneity in expres
sion and functionality among several types of cancer tis
sues [8].

Types of antisense transcripts

Antisense transcripts come in various types, each with distinct 
characteristics. Two such categories are enhancer and 
PROMPTs, transcription of both of these is bidirectional [9]. 
Enhancer regions give rise to Enhancer RNAs, while promoter 
regions give rise to PROMPTs. Protein coding genes in the 
opposite DNA strands are used in the production of NATs 
(intronic and exonic). These genes are regulated by promoters 
which can be bidirectional. Another type, known as SINEUPs, 
is encoded on the antisense strand of the mRNA [10].

Antisense transcripts can be classified based on their posi
tional relationship with the sense transcript falling into cate
gories such as embedded, tail-to-tail and head-to-head [11]. 
Some NATs undergo post-transcriptional modifications like 
5′-capping and the addition of polyA tails. Additionally, they 
may undergo alternative splicing. These modifications contri
bute to the diversity and regulation of NATs [7]. Types of 
natural antisense transcripts have been shown in the Figure 2.

Figure 1. Functions of NATs. (a) NATs play a role in chromatin remodeling by facilitating the recruitment of the PRC1 or PRC2 complexes. (b) NATs are involved in the 
regulation of alternative splicing through RNA: RNA interactions. (c) NATs can act as miRNA sponges, creating a situation where an increased quantity of trans-NATs 
possesses miRNA target sites. (d) Another mechanism involving NATs is the masking of miRNA binding sites.
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Natural antisense transcripts and immune response

According to recent studies, it has been found that NATs 
which are long non-coding RNAs (lncRNAs) have 
a substantial impact on the regulation of immune cell devel
opment and activation. This includes immune cells such as 
macrophages, dendritic cells (DCs), as well as adaptive immu
nity cells like T- and B-lymphocytes [12]. Several high- 
throughput sequencing studies have elucidated the regulatory 
influence of lncRNAs on immune responses subsequent to 
infection or stimulation mediated by pattern recognition 
receptors (PRRs), both in vitro and in vivo [12]. 
Considering the functional conservation observed in immune 
signalling pathways across many infection models, it is 
imperative to investigate and analyse the role of lncRNAs in 
the modulation of immune responses. Moreover, there is 
a necessity for comprehensive examinations of their functions 
in obligatory intracellular bacterial infections.

The findings reported by Walther and Schulte provide 
evidence that the eLncRNA IL-1β and lncRNA IL-1β-RBT46 
serve as enhancers of IL1β expression in response to TLR4- 
MyD88-NFκB activation induced by LPS [12]. The nuclear 
long non-coding RNA PACER functions as a positive feed
back regulator by acting as a decoy for the NF-κB p50 sub
unit, thereby promoting the development of the NF-κB p50/ 
p65 heterodimer. The findings of Krawczyk and Emerson 
reveal that this process stimulates immunological gene expres
sion in human macrophages through a TLR-4 dependent 
mechanism [13]. Moreover, it has been observed that the 
lncRNAs CARLR is upregulated following lipopolysaccharide 
(LPS) stimulation. This upregulated CARLR then interacts 
with the p65 component of the nuclear factor kappa B (NF- 
κB), consequently facilitating the transcriptional activation of 
pro-inflammatory genes [14]. As mentioned earlier, IL7-AS 
serves as a chromatin modifier through its interaction with 
p300 and the SWI/SNF complex, leading to the upregulation 

of CCL2 and IL-6 in the TLR-MAPK/NF-κB signalling path
way [12]. According to the research conducted by Ma et al. it 
has been observed that LincRNA-TNFAIP3 interacts with the 
chromatin regulator HMGB1, resulting in the formation of an 
HMGB1/NF-κB complex [15]. This complex plays a crucial 
role in enabling the binding of NFκB to the promoter region 
of IL-6. In addition, it has been observed that long non- 
coding RNA EPAV functions as a decoy molecule, effectively 
sequestering the SFPQ protein away from the p65 promoter of 
NF-κB, thus exerting regulatory control over NF-κB activation 
in murine models [12].

The LincRNA-Cox2 exhibits two unique pathways by 
which it exerts dual regulatory roles on NF-κB. The degra
dation of IκBα is promoted, resulting in the translocation 
of NF-κB into the nucleus and subsequent production of 
pro-inflammatory cytokines. In contrast, it exerts 
a negative regulatory effect on the expression of TLR- 
induced ISG CCL5 by interacting with hnRNPA/B and 
A2/B1 within the nucleus, thereby impeding the recruit
ment of RNA polymerase II to the CCL5 promoter in cells 
stimulated with Pam3CSK4 [16]. In vitro experiments 
further demonstrate a physical correlation between NF-kB 
subunits (RelA and p50) and the SWI/SNF complex in 
lipopolysaccharide (LPS)-stimulated murine macrophages. 
The study conducted by Hu et al. demonstrates that the 
use of siRNA to suppress lincRNA-Cox2 leads to 
a reduction in the interaction between NF-kB subunits 
and the SWI/SNF complex [17]. This suggests that 
lincRNA-Cox2 binds to the SWI/SNF complex in order to 
regulate chromatin remodelling and the NF-kB dependent 
transcription of CCL5.

Moreover, it has been observed that long non-coding 
RNA IL1α-AS, when triggered by Toll-like receptor (TLR) 
activation by lipopolysaccharide (LPS), Pam3CSK4, or poly 
(I:C), facilitates the recruitment of RNA polymerase II, 

Figure 2. (a) enhancer RNAs, PROMPTs, intronic, exonic NATs and SINEUPs, NATs. (b) Embedded, tail-to-tail, and head-to-head NATs. (c) Some NATs undergo post- 
transcriptional modifications like 5′-capping and the addition of polyA tails, and they may also undergo alternative splicing. These modifications contribute to the 
diversity and regulation of NATs.
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hence leading to the upregulation of IL1α expression [18]. 
The induction of lncRNA FIRRE occurs in macrophages 
following treatment with lipopolysaccharide (LPS), hence 
facilitating the transcriptional stabilization of IL-1β, IL- 
12β, and VCAM1 in a manner dependent on heteroge
neous nuclear ribonucleoprotein U (hnRNPU) [19]. In 
contrast, TMC3-AS1 has a negative regulatory effect on 
IL-10 through its interaction with p65 within the nucleus, 
thereby impeding the binding of p65 to the NF-κB site 
within the promoter region of IL-10 in macrophages and 
intestinal epithelial cell lines [20].

NATs targeted therapeutics and control of biological 
processes

Regulation of transcription

NATs play crucial roles within the complex regulatory net
works that finely tune gene expression during transcription 
[21]. This form of regulation significantly impacts subsequent 
post-transcriptional events by dictating the mRNA’s sequence, 
chemical modifications, as well as its movement, cellular 
positioning, and proficiency in translation [22].

NATs primarily function by directing the orchestrated 
formation of transcriptional complexes at precise loci [23]. 
Concentrating on the NATs of these elements offers 
a promising avenue for crafting notably gene-tailored 
Nucleic Acid-Based Therapeutics (NBTs). Conversely, direct
ing interventions towards the broadly applicable protein con
stituents of these transcriptional complexes could lead to 
diverse unintended effects across the genome [24].

The process of X chromosome inactivation is of utmost 
importance as it enables the attainment of equitable gene 
expression from the X chromosome. Dosage compensation 
is accomplished by the establishment of heterochromatin on 
the X chromosome designated for inactivation. The process in 
question is coordinated by the X chromosome inactivation 
centre, which depends on the transcription of two lengthy 
non-protein-coding genes known as XIST (X-inactive specific 
transcript) and TSIX (X [inactive]-specific transcript, anti
sense). The transcripts originating from the X chromosome 
inactivation centre, known as sense and antisense transcripts, 
are of significant importance in the regulation of 
X chromosome silencing. The efficacy of TSIX in silencing 
XIST has been established through its ability to change the 
chromatin structure in the promoter region of XIST, thereby 
establishing the fundamental components of this regulatory 
mechanism. Significantly, the X chromosome inactivation 
centre plays a crucial role in both the initiation and comple
tion of X chromosomal inactivation. Empirical data has 
demonstrated that the premature cessation of Tsix transcrip
tion results in the removal of the inhibitory chromatin struc
ture at the XIST promoter [25].

Genomic DNA methylation

DNA methylation, characterized by the introduction of 
a methyl group into genomic DNA, constitutes an enzymatic 
process central to numerous epigenetic mechanisms 

governing gene expression. These mechanisms encompass 
imprinting, epimutations, splicing modulation and various 
others [26].

Numerous mechanisms have been uncovered that explain 
how NATs influence DNA methylation. One approach 
involves antisense transcription that covers CpG islands, 
potentially disrupting the factors responsible for maintaining 
this phenomenon. Alternatively, NATs may form triplexes 
within promoter regions of genomic DNA [27]. This forma
tion could either facilitate the recruitment of complexes for 
protein methylation or impede the activity of demethylating 
enzymes. These triplexes arise from regions of double- 
stranded DNA containing sequences of homopolypurine/ 
homopolypyrimidine, accompanied by RNA molecules [10]. 
The stability of this triplex structure relies on hydrogen bond
ing interactions between the RNA and the double-stranded 
DNA.

Histone modification

NATs also play a role as platforms for complexes of epigenetic 
histone modifiers, influencing the expression of their corre
sponding sense partners either in a localized manner (cis) or 
on a broader scale, affecting a cluster of genes (trans) [6]. For 
example, the increased expression of the BDNF-AS (brain- 
derived neurotrophic factor antisense transcript) has the effect 
of suppressing the expression of the BDNF gene [28]. This 
heightened expression of BDNF-AS leads to an increased 
recruitment of the histone methyltransferase EZH2, which is 
a component of the enhancer of zeste 2 polycomb repressive 
complex 2 [29]. As a result, this recruitment leads to the 
addition of repressive H3K27me3 marks at regulatory regions 
within the BDNF gene.

To manipulate this process, a specific type of antisense 
oligonucleotides (ASOs) known as ‘AntagoNATs’ has been 
designed to target BDNF-AS [30]. In experimental settings, 
these AntagoNATs have been successful in effectively increas
ing BDNF expression in a gene-specific manner, both in cell 
cultures and in living organisms [31]. When the BDNF 
AntagoNAT is delivered using the MIND technique, it results 
in a widespread increase in BDNF protein levels in the brains 
of rats. Notably, the MIND technique is a patient-friendly 
method and provide a precise dosing for delivering new 
therapeutic agents to the brain. Augmenting BDNF expres
sion holds promise for addressing various neurodegenerative 
conditions, including Parkinson’s and Alzheimer’s disease 
[32]. Various mechanisms by which NATs exert their control 
on biological processes have been shown in the Figure 3.

Splicing manipulation

Removing intronic regions from pre-mRNAs activates 
another regulatory mechanism that greatly affects the parti
cular sequence and, in turn, the biological function of the 
eventual protein [33]. Currently, it is believed that RNA spli
cing is a tightly regulated co-transcriptional system that, from 
a single pre-mRNA/genomic DNA sequence, produces several 
sets of mRNA isoforms, many of which have unique 
roles [10].
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The different ways that the 5′ (donor) and 3′ (acceptor) 
splice sites are used within the pre-mRNA sequence dic
tate the organization of each isoform [34]. These splice 
site sequences are distinguished by having an initial intron 
5′ region that is specified by the GU dinucleotide [35]. 
Then comes a pyrimidine-rich region (composed of C and 
U, called the polypyrimidine tract) located downstream, 
a ‘branch point’ sequence indicated by an A, and a splice 
acceptor site indicated by an AG sequence that indicates 
the end of the intron at the 3′ end. LncRNAs and protein 
splicing factors that identify particular sequence patterns 
in the intronic or exonic regions around the splice site can 
both affect the selection of these splice sites [36]. The 
tissue type and developmental stage influence the expres
sion of these lncRNAs and protein factors.

Regulation occurring after transcription

NATs also participate in the direct control of translation. 
While NBTs aimed at targeting these regulatory mechanisms 
have not yet reached clinical testing, there is substantial 
ongoing research and development in this area. Below, we 
delve into several illustrative examples.

Inverted SINEB2 sequence-mediated upregulating 
molecules (SINEUPs)

A novel category of NATs called SINEUPs, which are char
acterized by their ability to up regulate gene expression via the 
mediation of inverted SINEB2 sequences, has been identified 
in recent studies [37]. The SINEUPs are encoded on the 
antisense strand of the target mRNA’s 5′ end and exhibit 
a distinctive capability to augment translation without con
comitant elevation of mRNA levels [38]. SINEUP NATs pos
sess unique characteristics, characterized by the presence of 
specialized binding and effector domains. The binding 
domain consists of an antisense region that coincides with 
the start codon of the target mRNA, therefore assuring speci
ficity for the protein-coding transcript [39]. Effector domains 
located at the 3′ end of a SINEUP include transposable ele
ment sequences that are embedded within them. These 
sequences include inverted short interspersed nuclear element 
B2 (invSINEB2), Alu, or MIR elements [10]. The translation 
process may be augmented by the binding of effector domains 
to activating protein complexes.

The successful operation of SINEUPs relies on the proper 
localization of both the SINEUP protein and its mRNA target 
inside the cytoplasm [40]. The subcellular localization of 
SINEUPs and the assembly of translational initiation 

Figure 3. Nats exert control over several essential biological processes through various mechanisms. Firstly, they interact with specific DNA loci, where they serve as 
scaffolds for epigenetic regulatory enzymes, including DNA methyltransferases (DNMT) and histone modifiers. Secondly, NATs participate in scaffolding 3D 
chromosomal interactions, particularly in maintaining an active chromatin state. Thirdly, NATs are involved in PROMPT-mediated promoter-proximal pause release. 
Fourthly, NATs participate in imprinting processes by acting as scaffolds, decoys, or blockers for repressor and activator proteins, ultimately regulating transcription 
repression of specific parental alleles. Additionally, NATs play a role in DNA damage repair by interacting with proteins involved in double-stranded DNA break repair. 
They also mediate m6A RNA modification by recruiting regulators or enzymes associated with methyltransferase complexes (Mettl3/Mettl14) or m6A demethylases 
(ALKBH5), thereby influencing the availability and processing of RNA molecules. Furthermore, NATs can alter the transcription rate of specific isoforms by either 
antagonizing or activating alternative promoters. They also have the capacity to repress or activate polyadenylation signals, thereby affecting the transcription of 
alternative isoforms. Finally, NATs modulate splicing by influencing the binding and activity of splicing-promoting or -inhibiting factors (sp), which in turn facilitates 
the production of specific RNA isoforms.
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complexes are enabled by RNA-binding proteins, namely 
PTBP1 (polypyrimidine tract binding protein-1) and 
HNRNPK (heterogeneous nuclear ribonucleoprotein K). 
SINEUPs have the ability to engage with PTBP1, hence facil
itating the recruitment of ribosome subunits to the target 
mRNAs [41]. The recruitment process that follows results in 
the establishment of translational initiation complexes, which 
consist of EF1A1 (eukaryotic translation elongation factor 1, 
alpha-1).

MIR-NATs

NATs containing repeats derived from retrotransposons, spe
cifically mammalian-wide interspersed repeats (MIR), referred 
to as MIRNATs, have been found to contain functional 
regions that impact interactions between mRNA and ribo
somes (Figure 4). This category of MIR-NATs has the poten
tial to overlap with the functions of SINEUPs.

In the realm of illnesses, an illustrative case pertains to 
MAPT-AS1 (microtubule-associated protein tau anti
sense 1), a MIR-NAT positioned in a head-to-head config
uration with the MAPT 5′UTR. The area of overlap 
encompasses the domain 2 of MAPT-IRES, which engages 

in interactions with 40S ribosomes [10]. The MAPT-AS1 
molecule functions by engaging in a competitive contact 
with the MAPT mRNA, so impeding the translation pro
cess of the MAPT gene’s protein product, often referred to 
as protein tau, which relies on the internal ribosome entry 
site (IRES) mechanism [42]. The up regulation of MAPT- 
AS1 or its particular crucial parts, such as the MIR ele
ment, led to a translocation of MAPT mRNA from high- 
density to low-density polysomes and a decrease in tau 
protein levels in neurons produced from human induced 
pluripotent stem cells [43]. Engineered iterations of the 
minimum essential sequence of MAPT-AS, formulated as 
nucleic acid-based therapeutics (NBTs), may have thera
peutic promise in disorders linked to tauopathies, including 
Alzheimer’s disease and Parkinson’s disease.

Regulation of miRNA activity

Numerous NATs have been demonstrated to exert control 
over the translation and transcription of specific gene groups 
or individual genes through their capacity to sequester endo
genous miRNAs (Figure 4). In certain instances, the knock
down of these NATs emerges as a valuable therapeutic avenue 

Figure 4. Nats play a pivotal role in the regulation of post-transcriptional processes. Firstly, they are involved in miRNA sponging, thereby influencing mRNA 
degradation. Secondly, NATs regulate mRNA stability by acting as sponges for proteins that control mRNA degradation and stability. Thirdly, a specific subtype of 
NATs called MIR-NATs, which overlap with 5’ untranslated regions (5‘UTRs) in a head-to-head manner, compete with internal ribosome entry sites (IRES) for the 40S 
ribosome subunit, leading to repression of translation. Fourthly, NATs known as SINEUPs modulate translation initiation to facilitate the assembly of the translation 
initiation complex (TIC), resulting in the up regulation of translation. Fifthly, NATs can encode mini-proteins with regulatory functions downstream, providing an 
additional layer of control over cellular processes. Sixthly, NATs are involved in regulating protein stability by protecting target proteins from degradation. They 
achieve this by either sponging proteins involved in the ubiquitin-proteasome degradation pathway, such as SMURF1/2 and MDM2, or by inhibiting their activity. 
Lastly, NATs have a role in modulating protein subcellular distribution, thereby influencing cellular processes related to protein localization.
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[44]. For instance, in the context of an in vitro model of 
diabetic nephropathy, the upregulation of KCNQ1OT1 
(KCNQ1 opposite strand/antisense transcript 1) led to 
increased inflammation and apoptosis of podocytes [45]. 
This effect was attributed to KCNQ1OT1’s ability to sponge 
miR-23b-3p and enhance Sema3A expression, a direct target 
of miR-23b-3p. Targeting KCNQ1OT1 through NAT-based 
interventions could offer promise for addressing diabetes and 
related inflammatory disorders [46].

The orchestration of biological clock components is 
responsible for harmonizing numerous cellular processes 
with the circadian rhythms of the organism as a whole [47]. 
Various disorders have been associated with disruptions to 
this synchronization. NATs, namely PER2AS and CRY1AS, 
are generated from the genomic loci of major circadian clock 
genes (PER2 and CRY1, respectively). These NATs exhibit 
rhythmic expression patterns that are synchronized with 
their corresponding coding genes, following a 24-hour cycle 
[48]. NATs enhance the expression of their corresponding 
messenger RNAs (mRNAs) by binding to and sequestering 
the binding sites of certain microRNAs (miRNAs) that would 
otherwise bind to these mRNAs [49]. This interaction ulti
mately affects the dynamics of the core clock genes.

mRNA stability

NATs have an intriguing capability to engage in interactions 
with their respective mRNA counterparts, therefore exerting 
an influence on mRNA stability that is independent of 
miRNA activity (Figure 4). The process under consideration 
is shown by Nqo1-AS1, which is an antisense RNA molecule 
associated with NAD(P)H dehydrogenase, quinone 1. It is also 
referred to as Fantom3_F830212L20 [10]. This molecule is 
mostly found in the cytoplasm of alveolar epithelial cells in 
mice. Furthermore, its expression is increased in response to 
exposure to cigarette smoke. The elevated expression of 
Nqo1-AS1 serves to mitigate the detrimental effects of oxida
tive stress by augmenting the transcriptional and translational 
levels of Nqo1 and Serpina1 (a member of the serpin pepti
dase inhibitor, clade a) by direct binding of the antisense RNA 
to the 3′ untranslated region (UTR) of Nqo1 [38]. The devel
opment of ASO mimics that specifically target the area where 
Nqo1-AS1 forms a duplex has promise as a treatment 
approach for chronic obstructive pulmonary disease.

In an alternative scenario with ramifications for patholo
gical conditions, the involvement of FAM83A-AS1 in the 
advancement of lung adenocarcinoma is shown via its facil
itation of FAM83A upregulation and subsequent activation of 
the ERK (extracellular signal-regulated kinase 1) signalling 
cascades. The process by which FAM83A-AS1 increases the 
stability and subsequent production of FAM83A mRNA is 
achieved by the creation of an RNA duplex [50]. It is worth 
mentioning that the inhibition of FAM83A-AS1 May be 
accomplished by the use of NBTs.

Protein stability

NATs extend their influence beyond mRNA stability and are 
also recognized as modulators of protein stability (Figure 4). 

One notable mechanism employed by NATs to enhance pro
tein stability involves the prevention of proteasomal degrada
tion [51]. An illustrative case is demonstrated by the antisense 
transcript KDM4A-AS1, which forms a binding partnership 
with the androgen receptor (AR) protein [52]. This connec
tion facilitates the stabilization of the Androgen Receptor 
(AR) by facilitating the process of deubiquitination of AR 
via the formation of the USP14 (ubiquitin-specific protease 
14)-AR complex. This mechanism efficiently inhibits the 
degradation of androgen receptor (AR) via the MDM2- 
mediated ubiquitin-proteasome pathway [50]. The enhanced 
up regulation of KDM4A-AS1 in castration-resistant prostate 
cancer highlights its functional significance. Significantly, the 
use of antisense oligonucleotides (ASOs) specifically engi
neered to target KDM4A-AS1 has shown a notable ability to 
effectively inhibit the development of tumours in instances 
when resistance to enzalutamide is seen.

Another pertinent example concerning sickness is the involve
ment of ARHGAP5-AS1 (NR_027263), which exerts its influence 
by engaging with SMAD7 (SMAD family member 7) through its 
PY motif [53]. The present relationship serves as an impediment 
to the connection between SMAD7 and the E3 ubiquitin ligases 
SMURF1 (SMAD-specific E3 ubiquitin protein ligase 1) and 
SMURF2 [54]. The outcome of this interaction manifests as the 
stabilization of SMAD7 protein levels, hence resulting in the 
suppression of migratory capabilities in breast cancer cells. The 
therapeutic potential of synthetic NBT mimics that precisely 
target the interaction domain of SMAD7 inside ARHGAP5-AS1 
shows promise in the treatment of breast cancer [55].

Localization of proteins at subcellular level

NATs have unveiled their capability to influence the sub
cellular distribution of proteins, a facet depicted in 
Figure 4. However, exploration of this dimension of their 
activity remains relatively uncharted territory. A case that 
illuminates this mechanism is exemplified by panRNA- 
DMP1, an NAT originating from the promoter region of 
the dentin matrix protein-1 (DMP1) gene. Following the 
prompt of EGF (epidermal growth factor) stimulation, 
panRNA-DMP1 emerges into action. Intriguingly, the 
depletion of panRNA-DMP1 in this context triggered 
a surge in the nuclear localization of EGFR (epidermal 
growth factor receptor) upon EGF treatment. This effect, 
in turn, conferred stability to EGFR’s interactions with 
STAT3 (signal transducer and activator of transcription 3) 
[56]. As a consequential outcome, this intricate interplay 
amplified the migratory capacity of cancer cells [57].

NAT-encoded peptides

One intriguing characteristic of NATs is their ability to 
encode concise open reading frames (ORFs) that lead to the 
production of peptides with unique biological functions, as 
seen in Figure 4. One notable instance of this phenomena 
pertains to HNF4A-AS1, also known as hepatocyte nuclear 
factor 4 alpha antisense RNA 1 [58]. This particular entity 
encompasses a peptide consisting of 51 amino acids, often 
denoted as sPEP1. The process of converting sPEP1 into 
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a functional entity is regulated by the interaction among 
HNF4A-AS1, miRNA-409-5p, and the recruitment of EIF3G, 
which is a component of eukaryotic translation initiation 
factor 3 [10]. The crucial function of sPEP1 becomes evident 
when it establishes a direct interaction with eEF1A1, a protein 
involved in the elongation phase of eukaryotic translation. 
This interaction enhances the binding of eEF1A1 to 
SMAD4, a tumour suppressor belonging to the SMAD family. 
Consequently, this particular interaction has a suppressive 
impact on the transactivation of SMAD4 [59]. The overex
pression of sPEP1 has been seen to result in a decrease in the 
advancement of senescence produced by serum deprivation, 
as well as an augmentation in the proliferation and metastatic 
potential of neuroblastoma stem cells. Potential therapeutic 
applications may be found in relevant cancer scenarios via the 
implementation of strategies such as the suppression of 
HNF4A-AS1 or the inhibition of sPEP1 translation [60].

Human diseases and the molecular significance of 
natural antisense transcripts

Histone methylation and acetylation

The well-established regulatory role of NATs in gene expression 
control through the recruitment of complex epigenetic machin
ery has been extensively documented [61]. Polycomb Repressive 
Complexes 1 (PRC1) and 2 (PRC2) are well-known participants 
in chromatin remodelling and have been the focus of substantial 
study [62]. They start important processes such as monoubiqui
tination of histone 2A at lysine 119 (H2AK119ub) and lysine 27 
(H3K27me3) methylation of histone H3, respectively. Lysine 
Specific Demethylase 1 (LSD1), which demethylates histone 
H3 at lysine 4 (H3K4), and G9a Methyltransferase, which is in 
charge of di- and tri-methylating histone H3 at lysine 9, are two 
additional important contributors to chromatin restructur
ing [63].

Antisense Intergenic RNA (HOTAIR) serves as 
a prominent illustration of a NAT that employs this regula
tory mechanism [6]. HOTAIR has a pivotal role in the repres
sion of HOX genes by facilitating their localization to certain 
chromosomal domains, primarily via its interactions with 
PRC2 and LSD1. The overexpression of HOTAIR has been 
associated with the progression of many forms of cancer [64]. 
Breast cancer, being a prevalent malignancy among women, is 
associated with the suppression of metastasis-inhibiting genes, 
including Protocadherin 10 (PCDH10), Protocadherin Beta 5 
(PCDHB5), and Junctional Adhesion Molecule 2 (JAM2), via 
the action of HOTAIR [65].

A similar occurrence may be seen inside the domain of 
Antisense Noncoding RNA in the INK4 Locus (ANRIL), first 
identified in persons afflicted with melanoma [66]. ANRIL 
has been shown to be overexpressed in several human can
cers, including breast, gastric, liver, lung, melanoma, and 
prostate carcinomas [67]. The available body of data indicates 
that ANRIL has the ability to modify the structure of chro
matin and inhibit the tumour suppressor locus INK4b-ARF- 
INK4a via its interaction with Chromobox 7 (CBX7) and 
Suppressor of Zeste 12 Protein Homologue (SUZ12), which 
are key components of PRC1 and PRC2, respectively. 

Furthermore, have shown a notable upregulation of ANRIL 
expression in hepatocellular carcinoma (HCC), establishing 
a correlation with tumour size. In hepatocellular carcinoma 
(HCC), the long non-coding RNA ANRIL engages in 
a molecular interaction with Enhancer of Zeste Homologue 
2 (EZH2), a constituent of the PRC2, specifically in the 
promoter region of Kruppel-Like Factor 2 (KLF2) gene [68]. 
This interaction ultimately results in the imposition of epige
netic modifications that lead to the transcriptional repression 
of the KLF2 gene.

CpG islands methylation

CpG islands, which are CG dinucleotide-rich areas, are fre
quently observed in gene promoters within vertebrate gen
omes [69]. It is noteworthy that almost 70% of annotated gene 
promoters in the human genome are linked to CpG islands. 
According to Wanowska et al. (2018) the process of methyla
tion occurring in these islands can result in the inhibition of 
gene transcription by impeding the accessibility of DNA to 
the transcription machinery [6]. The regulatory process in 
question involves the participation of certain antisense tran
scripts, as evidenced in the case of α-thalassaemia, 
a hereditary type of anaemia resulting from disturbances in 
the synthesis of α-Globin [70].

Mutations in the α-Globin (HBA2) gene sequence are 
considered the primary factor responsible for the abnormal 
gene expression seen in α-thalassaemia [71]. Nevertheless, it is 
important to acknowledge that changes in the methylation 
status of α-Globin CpG islands also play a role in the progres
sion of this disorder [72]. The observed phenomenon is linked 
to an antisense transcript that arises from the LUC7-Like 
(LUC7L) gene, which is located on the opposite DNA strand 
in a convergent orientation with respect to the α-Globin 
cluster [6]. There has been a proposition indicating that the 
transcription of LUC7L results in the repression of HBA2 
expression by promoting the methylation of CpG islands. 
The notion presented is supported by studies carried out on 
individuals who exhibited a deletion affecting the 3’ region of 
the α-Globin locus, while leaving the 5’ segment of the HBA2 
gene unaltered. The LUC7L gene is affected by the deletion 
event since it leads to the removal of its transcription termi
nation signal [73]. Consequently, an extended antisense tran
script is generated, which stretches towards the HBA2 
promoter region. Recent research has shown that the produc
tion of this unconventional antisense transcript leads to the 
methylation of CpG islands in HBA2. Furthermore, the repla
cement of LUC7L with the Human Ubiquitin C promoter 
leads to the methylation of the HBA2 promoter [6,73,74,,]. 
This implies that the regulatory mechanism relies mostly on 
the antisense transcription process per se, rather than on 
particular activities of the atypical antisense RNA transcript.

Parent-specific gene expression

In species possessing diploid genomes, it is customary for the 
majority of autosomal genes to be expressed from both homo
logous pairs of chromosomes [75]. Nonetheless, there is 
a distinct fraction of genes that demonstrate parent-specific 
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expression, which is commonly referred to as genomic 
imprinting. Genomic imprinting is a biological phenomenon 
characterized by epigenetic alterations occurring at the DNA 
or histone level during the process of gametogenesis [76,77]. 
Imprinted genes frequently exhibit a clustered arrangement, 
wherein their regulation is governed by a central imprinting 
control centre [78].

NATs play a crucial role in the process of genomic 
imprinting [79]. These transcripts contribute by forming dou
ble-stranded structures with their mRNA counterparts, which 
can lead to RNA interference (RNAi) or the encapsulation of 
specific chromosomal regions [80]. This encapsulation, in 
turn, recruits repressive chromatin proteins to target DNA 
sequences, further influencing gene expression.

Beckwith-Wiedemann syndrome (BWS) serves as an 
example of an illness that arises due to disturbances in geno
mic imprinting [81]. Abnormal gene expression patterns are 
frequently reported in individuals diagnosed with Beckwith- 
Wiedemann syndrome (BWS). These aberrant patterns are 
often attributed to the loss of maternal-specific methylation 
within the KvDMR1 cluster, which is situated at the chromo
somal region 11p15.5 [82]. It is noteworthy that 
a considerable number of persons diagnosed with Beckwith- 
Wiedemann syndrome (BWS) demonstrate the manifestation 
of the KCNQ1OT1 antisense transcript, which is generally 
suppressed. The utilization of mouse models has played 
a crucial role in understanding the mechanism of NAT action 
in the context of the imprinted cluster situated at the far end 
of chromosome [83].

Regulation of alternative splicing

The phenomenon of alternative splicing of pre-mRNA mole
cules during the post-transcriptional process is a mechanism 
that significantly amplifies the range of transcripts derived 
from a solitary gene. This process has a substantial role in 
the reported variability in both transcriptional and protein 
levels in eukaryotic species [84]. One example that serves as 
an illustration is UXT-AS1, a long noncoding RNA that 
exhibits an antisense orientation. The UXT-AS1 gene plays 
a substantial role in the modulation of alternative splicing of 
the Ubiquitously Expressed Prefoldin-Like Chaperone (UXT) 
gene, and its correlation with the progression of colorectal 
cancer (CRC) has been shown. The UXT gene produces two 
alternatively spliced transcripts, U×T1and UXT2, which have 
divergent expression patterns in colorectal cancer (CRC) [85]. 
It has been shown that the expression of U×T1is decreased, 
whilst the expression of U×T2is increased. Prior research has 
provided empirical support for the notion that the overex
pression of UXT-AS1 in cells affected by colorectal cancer 
(CRC) induces a discernible modification in the process of 
splicing, particularly in the transition from U×T1to UXT2. 
The observed shift may be aided by the interactions between 
UXT-AS1 and UXT pre-mRNA, particularly via the process of 
base pairing [86].

Another notable example is ZEB2 Antisense RNA 1 
(ZEB2-AS1), which plays a role in the regulation of alternative 
splicing of the Zinc Finger E-Box Binding Homeobox 2 
(ZEB2) gene [87]. ZEB2 serves as a transcriptional regulator 

of E-Cadherin and has a robust association with the phenom
enon of carcinogenesis [88]. ZEB2-AS1, similar to UXT-AS1, 
has an impact on splicing processes by direct interactions with 
RNA molecules. ZEB2-AS1 has a strong affinity for binding to 
the 5’ splice site situated inside the principal intron of ZEB2 
pre-mRNA, leading to the retention of the intron. It is note
worthy that the preserved intron under consideration har
bours an internal Ribosome Entry Site (IRES), which plays 
a pivotal role in facilitating the heightened production of the 
ZEB2 protein [89]. ZEB2 isoforms lacking the intron exhibit 
a deficiency in encoding functional proteins [6]. As a result, 
the upregulation of the NAT serves as an indirect mechanism 
for enhancing the production of the ZEB2 protein.

NATs exert a significant influence on the modulation of 
alternative splicing in the brain, particularly in regions char
acterized by a substantial abundance of tissue-specific alter
native splicing isoforms. An illustrative example is the 17A 
noncoding RNA, which has been identified as a regulator of 
splicing for the Gamma-Aminobutyric Acid Type B Receptor 
Subunit 2 (GABBR2 or GPR51). Alzheimer’s disease patients 
exhibit a pronounced upregulation of 17A within their cere
bral cortices [90]. Research conducted on neuroblastoma cells 
has demonstrated that this particular NAT 
(N-acetyltransferase) stimulates the generation of alternative 
splice variants of GABBR2. The disruption in the splicing 
process results in anomalies in intracellular signalling, which 
subsequently leads to an excessive generation of the neuro
toxic β-Amyloid peptide. The GABBR2 protein functions as 
a component of a heterodimeric G-protein coupled receptor, 
which is accountable for the binding of gamma-aminobutyric 
acid (GABA) [91]. The central nervous system is primarily 
responsible for regulating the release of neurotransmitters.

miRNA sequestering molecules

Multiple NATs function as competitive endogenous RNAs 
(ceRNAs) or miRNA sponges. The ceRNAs possess several 
binding sites that facilitate their interaction with miRNAs, 
hence impeding the interaction between these miRNAs and 
their respective target mRNAs [92]. The complex interplay 
described above results in the adjustment of expression levels 
for both the miRNAs that are readily available and the 
mRNAs that they control.

The case of Phosphatase and Tensin Homologue 
Pseudogene 1 (PTENP1, also known as PTENpg1), The 
PTENpg1 locus is responsible for encoding three distinct 
functional transcripts, namely PTENpg1 sense, PTENpg1 
antisense α, and PTENpg1 antisense β [93]. These transcripts 
play a collective role in the regulation of the tumour suppres
sor gene known as Phosphatase and Tensin Homologue 
(PTEN). PTENpg1 functions as a competitive inhibitor 
against miR-21, thereby suppressing the interaction between 
PTEN and miR-21, consequently hindering the advancement 
of cancer [94]. The function of PTENpg1 as a miRNA sponge 
is mediated by an interaction between RNA molecules, speci
fically the PTENpg1 antisense β transcript, which appends 
a polyA tail to the PTENpg1 sense transcript [95]. The pre
sence of a polyA tail is essential for the effective transporta
tion of PTENpg1 as a competitive endogenous RNA (ceRNA) 
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molecule from the nucleus to the cytoplasm, as well as for its 
proper functioning in the cytoplasm. Another antisense splice 
variant, known as PTENpg1 α, plays a significant role in the 
recruitment of chromatin remodelling complexes to the 
PTEN promoter [96]. This recruitment ultimately leads to 
the transcriptional silence of PTEN and contributes to the 
complicated regulatory cascade [97].

There exist numerous NATs that have the capacity to 
operate as competitive endogenous RNAs (ceRNAs), hence 
bearing significant significance in the context of cancer devel
opment and progression [98]. The tumour suppressor gene 
miR-150 has been found to have a notable impact on several 
forms of cancer, such as colorectal cancer (CRC) and osteo
sarcoma [99,100]. In the context of hepatocellular carcinoma 
(HCC), it has been observed that miR-150 has a role in the 
regulation of Zinc Finger E-box Binding Homeobox 1 (ZEB1), 
leading to the inhibition of cell invasion and metastasis. The 
antisense transcript known as ZFAS1 functions as a molecular 
sponge for miR-150 and is recognized as an oncogene in 
hepatocellular carcinoma [76]. The computational analysis 
reveals a potential role of ZFAS1 as a miR-590-3p sponge in 
colorectal cancer (CRC) tissues. However, it is important to 
note that experimental validation is required to confirm this 
hypothesis [101].

Another illustrative instance is TUG1, an overexpressed 
antisense long noncoding RNA that functions as 
a competitive endogenous RNA in the context of endometrial 
cancer. TUG1 plays a regulatory role in the expression levels 
of Vascular Endothelial Growth component A (VEGFA), 
a critical component in tumour angiogenesis in different 
human malignancies, by functioning as a sponge for miR- 
299 and miR-34a-5p [102].

Blocking miRNA binding regions

Antisense transcripts have the ability to attach to messenger 
RNA (mRNA) molecules, therefore obstructing the binding 
sites of microRNA (miRNA) [103]. This interaction facil
itates their involvement in regulatory processes. The 
enhanced stability of mRNA molecules, which are typically 
susceptible to degradation by miRNAs. The process of β- 
Secretase 1 (BACE1) expression, which is a crucial enzyme in 
the development of Alzheimer’s disease, has been recognized 
as a significant regulatory mechanism [104; 105]. BACE1 is 
involved in the generation of neurotoxic β-Amyloid peptides 
via a series of proteolytic cleavages of the amyloid precursor 
protein [100]. Prior studies have shown a notable elevation 
in both BACE1 levels and enzymatic activity inside the 
cerebral regions of individuals afflicted with Alzheimer’s 
disease.

The role of BACE1 Antisense Transcript (BACE1-AS) in 
modulating the stability of BACE1 mRNA and its potential 
implication in disease pathogenesis has been shown. The 
deregulation of BACE1-AS and miR-485-5p has been pro
posed as a potential mechanism behind this phenomenon 
[106]. The binding location of miR-485-5p inside the 
BACE1 gene is located precisely at the region where 
BACE1-AS intersects with the sixth exon of the BACE1 
gene. The aforementioned notion is substantiated by 

empirical evidence indicating that brains afflicted with 
Alzheimer’s disease exhibit elevated levels of BACE1-AS 
and concomitantly reduced expression of miR-485-5p. It is 
noteworthy that the down regulation of BACE1 expression 
has been correlated with the concurrent up regulation of 
miR-485-5p and BACE1-AS [107]. Subsequent experimental 
investigations have corroborated the notion that the anti
sense transcript of BACE1 enhances its stability via RNA: 
RNA interactions, hence concealing a critical miRNA bind
ing site within BACE1.

Regulatory pathways involving dicer

The c-MYC oncogene, known for its involvement in various 
human cancers and its role in promoting cell growth and 
proliferation, has been a subject of study for understanding 
complex gene expression regulation [108]. The intricate net
work of interactions involving both the c-MYC gene itself and 
several overlapping NATs found in its 3’ distal region [89]. 
This comprehensive investigation unveiled a multifaceted 
mechanism governing c-MYC expression.

Among these NATs, one named NAT6531 was identified 
as forming a stem-loop structure that can be recognized by 
Dicer – an enzyme responsible for cleaving double-stranded 
RNAs, generating microRNAs or endo-siRNAs [6]. In this 
case, the NAT6531-derived small RNAs appear to target spe
cific sequences within the c-MYC promoter and intron 1 
[109]. Napoli and colleagues proposed that this interaction- 
based regulation, facilitated by the interplay between NATs 
and the small RNAs they generate, could contribute signifi
cantly to fine-tuning the transcriptome, extending beyond the 
boundaries of the c-MYC locus.

Importantly, this mode of antisense-mediated regulation 
doesn’t solely revolve around NAT6531. Another NAT 
known as NAT7281 plays a role in repressing c-MYC tran
scription [110]. It also plays a crucial part in silencing the 
expression of NAT6531 and the small RNAs it produces. This 
added layer of complexity exemplified by NAT7281 further 
enriches the intricate regulatory dynamics at the c-MYC 
locus.

In Huntington’s disease, a neurodegenerative disorder 
stemming from CAG trinucleotide repeat expansion within 
the first exon of the Huntingtin (HTT) gene, a mechanism 
involving Dicer has also been proposed [111]. The Huntingtin 
Natural Antisense Transcript (HTTAS) emerges as a potential 
key player in modulating HTT gene activity. Combination of 
mouse Dicer-null and wild-type embryonic stem cells along 
with various HTTAS constructs to delve into the potential 
influence of Dicer on HTT silencing [112].

Consistent with prior research conducted on human 
embryonic kidney cells, heightened levels of a specific 
HTTAS isoform referred to as HTTASv1 were linked to 
diminished HTT expression in wild-type mouse embryonic 
cells [113]. Notably, this relationship took a divergent turn in 
Dicer-null cell lines. In the absence of functional Dicer, the 
presence of HTTAS_v1 did not lead to the anticipated reduc
tion in HTT expression [6]. These observations collectively 
underscore the significance of Dicer’s role in orchestrating the 
regulatory effects of NATs on the HTT gene.
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Other associations with diseases

While some NATs have well-established mechanisms of 
action in diseases, the precise molecular functions of many 
remain elusive. This is attributed to both a lack of experi
mental evidence and the intricate nature of the underlying 
processes. This complexity often leads to ambiguities in result 
interpretation, particularly since numerous NATs are believed 
to be involved in multiple modes of action, as exemplified 
earlier [114]. Another instance of such an antisense noncod
ing RNA is TRAF3IP2-AS1, which has been associated with at 
least two distinct mechanisms [43].

Firstly, TRAF3IP2-AS1 May play a role in epigenetically 
modulating the TRAF3 Interacting Protein 2 gene (TRAF3IP2) 
by influencing chromatin state alterations [115]. This is in line 
with findings demonstrating that heightened TRAF3IP2-AS1 
expression correlates with significantly reduced expression of 
at least one TRAF3IP2 transcript [43]. Secondly, an alternate 
proposition is that TRAF3IP2-AS1 might exert posttranscrip
tional control over TRAF3IP2 by forming RNA: RNA duplexes. 
Notably, TRAF3IP2-AS1 overlaps with the second exon of the 
TRAF3IP2 gene, where the start codon of one of its protein- 
coding isoforms resides [116]. Enhanced understanding of 
TRAF3IP2-AS1’s exclusive nuclear presence, in contrast to 
TRAF3IP2’s global cellular distribution, further underscores its 
potential regulatory functions. Despite these proposed mechan
isms, the precise mode of action for TRAF3IP2-AS1 remains to 
be definitively resolved.

The interactions between proteins and NATs are another area 
of unresolved instances [117]. High-mobility group box 2 
(Hmgb2) is a multifunctional protein that has been linked to 
interactions with the antisense transcript LPR1-AS, which is 
especially pertinent in relation to Alzheimer’s disease [6]. It is 
well-known for its impact on gene transcription through influ
encing the activity of transcription factors. The gene Low 
Density Lipoprotein Receptor-Related Protein 1 (LRP1) is the 
source of LPR1-AS [118]. LRP1 is a multifunctional endocytic 
receptor that plays a role in several physiological processes, 
including the elimination of β-Amyloid. It has been established 
that LPR1-AS binds to Hmgb2, and Hmgb2 interacts with the 
transcription factor Sterol Regulatory Element-Binding Protein 
1a (Srebp1a), which is connected to LRP1. In the end, this 
interaction results in the suppression of Srebp1a’s transcriptional 
activity, which lowers LRP1 expression. It’s interesting to note 
that Lrp1 mRNA and Lrp1-AS RNA bind base-pairingly, block
ing the contact between Lrp1-AS and Hmgb2. The intricacy of 
comprehending the roles of NATs in diverse biological contexts 
is increased by this complicated interaction [44].

While many NATs’ underlying functions are still 
unknown, a sizable portion of them show potential as mole
cular indicators for diseases in humans [119]. Their function 
as diagnostic and prognostic markers in a wide range of 
malignancies is especially remarkable. A good example is 
HOTAIR, which is significantly overexpressed in several 
tumours, such as colorectal, pancreatic, hepatocellular, and 
breast carcinomas. An adverse prognosis in patients is corre
lated with this increased expression. Importantly, ideal indi
cators should not only be dysregulated in illness conditions 
but also stable and simple to identify in biological fluids [120].

Prostate Cancer Associated 3 (PCA3) offers a convincing 
scenario. Differentiating prostate cancer (PC) from prostate- 
specific antigen (PSA), a widely recognized predictor of PC 
risk, is the elevated levels of PCA3 [121]. Interestingly, the 
PCA3 test is a non-invasive technique with improved specifi
city that allows PCA3 expression to be measured from patient 
urine samples.

ASO based therapies

ASOs, or antisense oligonucleotides, provide a variety of 
structural and functional diversity [122]. The most notable 
of them are gapmers, which are made up of chemically altered 
nucleotides on either side of a DNA gap. These changes 
increase their resistance to nucleases and increase their bind
ing affinity to complementary RNAs [123]. As substrates for 
RNase H1, a non-sequence-specific endonuclease that cleaves 
the RNA strand, gapmers create heteroduplexes with target 
RNAs (Figure 5a). A different family of ASOs binds with RNA 
molecules, preventing splicing factors from accessing the 
molecule and affecting RNA splicing patternsThese ASOs do 
not have a central gap [124].

On the other hand, duplex RNAs work similarly to 
endogenous siRNAs through RNA interference (RNAi) 
mechanisms, cleaving the targeted RNA molecules 
(Figure 5b). Duplex RNAs, however, have other modes of 
activity. Similar to ASOs, they have the ability to target 
promoter-associated RNAs in order to alter chromatin 
and control transcription (Figure 5c). The target antisense 
transcripts cellular location frequently influences the deci
sion between ASOs and duplex RNAs. When it comes to 
regulating the expression of nuclear antisense RNAs, ASOs 
are generally more efficient in the nucleus [125]. On the 
other hand, it is assumed that the target operates inside the 
cytoplasm, duplex RNAs would be more appropriate.

While most therapeutic oligonucleotides have been 
designed to target mRNAs and miRNAs and have shown 
clinical benefits, using oligonucleotides to target antisense 
lncRNAs presents unique challenges [126]. One significant 
challenge is the potential for off-target effects, where unin
tended interactions occur, leading to undesired outcomes. 
These off-target effects can occur through various mechan
isms, including binding to proteins and triggering non- 
specific reactions like the interferon response. Additionally, 
oligonucleotides may exhibit partial complementarity to unin
tended targets, leading to various toxicological challenges such 
as proinflammatory responses, nephrotoxicity, thrombocyto
penia, and hepatotoxicity [127]. Strategies exist to mitigate 
off-target effects, such as comprehensive bioinformatics ana
lysis to identify potential targets displaying both full and 
partial complementarity.

Understanding the mechanisms of action of antisense 
lncRNAs is crucial for successful therapeutic development 
[128]. Clinical trials have shown that targeting NATs with
out a clear understanding of their mechanisms can lead to 
unexpected results. Functional studies are essential to com
prehend how oligonucleotides and NATs interact before 
embarking on clinical trials [129]. Additionally, it is vital 
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to determine whether the NATs of interest primarily act in 
the nucleus or the cytoplasm, as this knowledge informs 
targeting strategies.

A significant challenge in implementing oligonucleotide- 
based therapies lies in their limited ability to effectively reach 
target organs and tissues following systemic administration, 
with less than 1% of oligonucleotides typically reaching the 
intended cellular compartments [130]. Overcoming this chal
lenge requires a deeper understanding of cellular uptake, 
transport, and metabolism mechanisms. Administering higher 
intravenous doses is constrained by potential toxicity, and 
natural tissue barriers, such as the blood-brain barrier, hinder 
systemic distribution [95]. Direct delivery methods to specific 
sites, such as intracerebroventricular or intrathecal injections 
for the central nervous system, can be effective but are costly 
and require specialized expertise.

Despite the challenges outlined earlier in the development 
of NAT-based therapies, notable advancements have been 
made in recent times. These advances can be attributed to 
the evolution of chemistry and technology, coupled with 
improved insights into the biological intricacies of antisense 
transcription and its associated RNA molecules. 
Consequently, a number of fruitful research endeavours 
have been undertaken, and certain therapies have progressed 
to clinical stages. Specific instances are now under meticulous 
investigation and hold promising prospects for the effective 
treatment of previously untreatable disorders. Several of these 
examples are elaborated below.

Targeting inhibitory NATs with oligonucleotide-based 
techniques to increase gene expression shows promise in 

treating disorders like Angelman syndrome that result from 
haploinsufficiency [131]. The lack of a functional maternal 
UBE3A gene, which encodes E3 Ubiquitin Protein Ligase, is 
the cause of Angelman syndrome, a neurodevelopmental con
dition for which there is no known cure [132]. These muta
tions, which are usually deletions, disrupt the gene. The 
reason for this absence is that the paternal allele lacks an 
active gene copy due to epigenetically suppressed by its anti
sense transcript [133].

The reactivation of the parental gene is anticipated to 
occur via the inhibition of the antisense transcript’s func
tion, therefore compensating for the absence of maternal 
allele expression [134]. The upregulation of the paternal 
allele Ube3a is significantly enhanced in mice by the reduc
tion of antisense RNA Ube3a-ATS, achieved by using two 
ASO gapmers. The administration of ASO therapy demon
strated a modest improvement in mice exhibiting cognitive 
deficits [135]. Significantly, there was an absence of altera
tion in the transcription of supplementary genes originating 
from the same chromosomal region, namely Snorpn, 
Snord115, and Snord116.

An illustrative case illustrating the involvement of an anti
sense transcript in gene regulation may be noticed in the 
context of apolipoprotein A1 (APOA1), a crucial constituent 
of high-density lipoprotein (HDL) in plasma. The APOA1 
gene locus contains an antisense transcript called APOA1- 
AS, which serves as a negative regulator of APOA1 at both 
the cellular and organismal levels [136]. As a consequence, the 
inhibition of APOA1-AS in cultured cells leads to an upregu
lation of APOA1 expression [137]. The findings derived from 

Figure 5. (a) ASO gapmers facilitate the downregulation of RNA levels. These ASOs form a duplex with the target RNA molecule. This duplex is then recognized by an 
enzyme called RNase H, which cleaves the RNA molecule, leading to its degradation. (b) Another method for downregulating RNA levels is through small interfering 
RNA (siRNA). When siRNA molecules are introduced, they are incorporated into a complex known as the RNA-induced silencing complex, along with the argonaute-2 
protein (AGO2). This complex guides the siRNA to the target RNA, where it induces cleavage and subsequent degradation of the RNA within the RNA interference 
(RNAi) pathway. (c) ASOs can also be utilized to modulate repressive epigenetic changes. In this case, chromatin modifiers recognize the duplex formed by the ASO 
and the target RNA. This recognition can lead to alterations in repressive epigenetic marks, such as H3K27me3 histone modification, potentially influencing gene 
expression. These changes occur in proximity to the transcription start site (TSS) and can include the addition or removal of histone modifications like H3K27ac.
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chromatin immuno precipitation investigations indicate that 
APOA1-AS has the potential to modulate histone methylation 
patterns, hence exerting an influence on the transcriptional 
activity of the APOA1 gene.

Moreover, utilizing ASOs to target APOA1-AS results in 
elevated APOA1 expression in liver cells, both in humans and 
monkeys [82]. Taken together, these discoveries offer 
a potential strategy for regulating cholesterol levels, which is 
particularly significant as low HDL cholesterol levels are asso
ciated with an increased risk of cardiovascular diseases. 
Pharmacologically increasing HDL levels remains a proposed 
approach to mitigating the risk of cardiovascular dis
eases [138].

Another instance of discordant regulation can be observed 
in the context of the SCN1A gene. When the expression of the 
antisense transcript of SCN1A, known as SCN1ANAT or 
AC010127.3, is reduced or its interactions with epigenetic 
proteins are disrupted using oligonucleotides, it leads to an 
elevation in the expression of the protein-coding SCN1A gene 
[6]. Studies have shown that the application of ASOs can 
partially ameliorate disease-related characteristics in a mouse 
model of Dravet syndrome.

BDNF (brain-derived neurotrophic factor) is a member of 
the neurotrophin family, a group of growth factors crucial for 
various aspects of neuronal biology, such as growth, differ
entiation, and maintenance [139]. Disruptions in the expres
sion of neurotrophins have been linked to certain psychiatric 
and neurodegenerative disorders, implying that increasing 
their levels might have potential benefits in specific conditions 
[140]. BDNF has an antagonist in the form of an antisense 
transcript called BDNF-AS or BDNFOS, which negatively 
regulates BDNF expression both in vivo and in vitro, as 
demonstrated in the three scenarios mentioned earlier. 
Furthermore, targeted inhibition of BDNF-AS transcripts 
using antisense oligonucleotides (ASOs) has led to the specific 
enhancement of BDNF expression (Figure 2a).

The peptide-conjugated PNAs 1 and 2 (PPNA1 and 
PPNA2), which are classified as antisense oligonucleotides 
(ASOs), have been specifically engineered to exhibit comple
mentarity with distinct segments of the filamentous tempera
ture-sensitive protein Z (ftsZ) gene. This gene is of paramount 
importance for the replication process of methicillin-resistant 
Staphylococcus aureus (MRSA). Both PPNA1 ASO and 
PPNA2 ASO had bactericidal properties, significantly inhibit
ing the growth of methicillin-resistant Staphylococcus aureus 
(MRSA) in cell culture. A different ASO, known as peptide- 
conjugated LNA (PLNA787 ASO), has been designed to spe
cifically target the mRNA of ftsZ in Staphylococcus aureus. 
The administration of PLNA787 ASO shown a notable sup
pression of methicillin-resistant Staphylococcus aureus prolif
eration in cellular cultures. Moreover, the therapeutic 
effectiveness of the treatment was observed in in vivo experi
ments, as demonstrated by an elevated survival rate in mice 
that were infected with the Mu50 strain of S. aureus [141].

The CPP-PNA, specifically referred to as rpoA-PNA ASO, 
has exhibited successful targeting of the RNA polymerase α 
subunit (rpoA) in Listeria monocytogenes, which is a crucial 
component involved in transcription activities. The growth of 
L. monocytogenes in broth culture was significantly reduced by 

the rpoA-PNA ASO, which effectively inhibited bacterial 
DNA transcription. The introduction of rpoA-PNA to 
Caenorhabditis elegans nematodes that were infected with 
L. monocytogenes resulted in a significant decrease of 72% in 
their growth [142].

A unique ASO known as 3’-SLT PPMO was developed 
with the purpose of targeting the 3′ stem-loop (3′SLT) region 
present in the Dengue viral genome. This region plays 
a critical role in the translation and synthesis of viral RNA. 
The 3’-sialyllactose-conjugated peptide-conjugated phosphor
odiamidate morpholino oligomer (3′SLT PPMO) shown nota
ble efficiency in Baby Hamster Kidney fibroblasts (BHK) cells, 
resulting in a substantial decrease in viral RNA levels by more 
than 450-fold. The observed decrease effectively impeded the 
process of viral translation and RNA production. 
Additionally, Vivo-MO-1, an alternative ASO, demonstrated 
significant efficacy in its ability to specifically target the 3′ 
stem-loop (3′ SLT) located within the 3′ untranslated region 
(UTR) of the Dengue viral genome. Dendritic cells that were 
exposed to ASO Vivo-MO-1 demonstrated inhibition of 
Dengue infection, leading to a significant reduction in viral 
RNA levels exceeding 1000-fold [143].

Promising results were noted in the therapeutic interven
tion of Ebola infection in murine subjects by employing 
a peptide-conjugated PMO antisense oligonucleotide 
(PPMO) incorporating an arginine-rich peptide. The PPMO 
ASO under consideration was specifically engineered to selec
tively target the VP24 mRNA, thereby inhibiting viral replica
tion in an efficient manner. The injection of VP24-AUG 
PPMO at doses of 50 μg and 5 μg resulted in total protection 
(100%) and significant protection (90%), respectively, against 
deadly Ebola infection in mice [144].

The Beta-Site Cleavage Enzyme 1 (BACE1) and its corre
sponding antisense transcript (BACE1-AS) provide an exam
ple of concordant regulation [145]. In this scenario, the 
antisense transcript boosts the stability of BACE1 by conceal
ing microRNA binding sites. Both BACE1 and BACE1-AS are 
elevated in Alzheimer’s disease (AD) patients [146]. Given 
BACE1’s role in producing the pathogenic β-Amyloid peptide 
fragment in AD, it represents a significant target for potential 
pharmaceutical interventions. However, conventional drug- 
based inhibition of BACE1 activity has been associated with 
undesired effects, likely due to the enzymes additional mole
cular functions.

Notably, research has indicated that the introduction of 
siRNAs targeting BACE1-AS into mouse brains results in 
reduced levels of both BACE1-AS and its sense counterpart, 
BACE1, at both the mRNA and protein levels. Consequently, 
a decrease in β-amyloid aggregation and soluble levels was 
observed in vivo. This indirect approach to reducing BACE1 
levels by targeting its antisense transcript offers a potential 
pharmacological strategy for mitigating AD-associated β- 
Amyloid aggregation when traditional methods prove 
insufficient.

The most cutting-edge and promising method for treating 
disorders linked to NATs is through oligonucleotide-based 
therapeutics; however, other strategies, such the CRISPR- 
Cas9 system (clustered regularly interspaced short palindro
mic repeats-associated nuclease 9) are also being explored. 
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According to recent research, CRISPR-Cas9 components can 
improve the disease phenotype and fix gene mutations in 
animal models of Duchenne muscular dystrophy [147]. 
However, issues including immunogenicity of CRISPR-Cas9 
components, off-target effects, and decreased fitness of altered 
cells must be resolved [148]. Since cis-NATs and their corre
sponding genes share genomic regions, it may be even more 
challenging to apply the CRISPR-Cas9 system to the field of 
antisense RNAs and prevent off-target effects.

Conclusion

NATs have emerged as essential components of the human 
transcriptome, although our understanding of their biolo
gical roles and regulatory mechanisms is still in its early 
stages. They possess a dual role in both normal cellular 
processes and the development of human diseases, making 
them valuable resources for medical research and potential 
clinical applications. NATs hold promise as disease bio
markers due to their functional activity at the RNA level, 
offering more precise disease indicators compared to pro
tein-coding transcripts. Moreover, they present exciting 
opportunities for innovative therapeutic approaches.

Pharmaceutical companies are interested in NATs and other 
long noncoding RNAs that can be successfully manipulated 
utilizing oligonucleotide technology in both living species and 
laboratory settings. Some pharmaceutical companies are work
ing on developing a CURNA platform that suppresses the func
tion of disease-associated NATs by using antagoNATs (antisense 
oligonucleotides targeting NAT transcripts). They are searching 
for proteins that are predominantly linked to orphan diseases by 
preclinical research, and it is actively screening over 400 gene 
targets. These are uncommon illnesses, as defined by the FDA’s 
Orphan Drug Act, affecting fewer than 200,000 Americans. 
These illnesses include conditions such as mucopolysaccharido
sis I, Rett syndrome, and Dravet syndrome.

Despite the technical challenges mentioned earlier, it is 
foreseeable that NATs will soon become central to the devel
opment of noncoding RNA-based strategies to combat a wide 
range of human ailments. These conditions encompass var
ious categories, including cancer, cardiovascular diseases, neu
rological disorders, and muscular diseases.

Disclosure statement
No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the National Natural Science Foundation of 
China (NSFC) grants [No. 31870745] to Zhongjing Su.

Author contributions
AA, ZS and AK developed the idea, AA wrote the manuscript, BM and 
QT helped in formatting the manuscript.

References

[1] Zinad HS, Natasya I, Werner A. Natural antisense transcripts at 
the interface between host genome and mobile genetic elements. 
Front Microbiol. 2017;8:2292. doi: 10.3389/fmicb.2017.02292

[2] Cruz de Carvalho MH, Bowler C. Global identification of 
a marine diatom long noncoding natural antisense transcripts 
(NATs) and their response to phosphate fluctuations. Sci Rep. 
2020;10:14110. doi: 10.1038/s41598-020-71002-0

[3] Le Béguec C, Wucher V, Lagoutte L, et al. Characterisation and 
functional predictions of canine long non-coding RNAs. Sci Rep. 
2018;8:13444. doi: 10.1038/s41598-018-31770-2

[4] Patil K, Khan FB, Akhtar S, et al. The plasticity of pancreatic 
cancer stem cells: implications in therapeutic resistance. Cancer 
Metastasis Rev. 2021;40(3):691–720. doi: 10.1007/s10555-021- 
09979-x

[5] Han C, Peng Q, Su X, et al. A male-specific doublesex isoform 
reveals an evolutionary pathway of sexual development via dis
tinct alternative splicing mechanisms. Commun Biol. 2022;5 
(1):728. doi: 10.1038/s42003-022-03664-7

[6] Wanowska E, Kubiak MR, Rosikiewicz W, et al. Natural antisense 
transcripts in diseases: from modes of action to targeted therapies. 
Wiley Interdiscip Rev RNA. 2018;9(2):e1461. doi: 10.1002/wrna. 
1461

[7] Zhao BS, Roundtree IA, He C. Post-transcriptional gene regula
tion by mRNA modifications. Nat Rev Mol Cell Biol. 2017;18 
(1):31–42. doi: 10.1038/nrm.2016.132

[8] Santos F, Capela AM, Mateus F, et al. Non-coding antisense 
transcripts: fine regulation of gene expression in cancer. Comput 
Struct Biotechnol J. 2022;20:5652–5660. doi: 10.1016/j.csbj.2022. 
10.009

[9] Sartorelli V, Lauberth SM. Enhancer RNAs are an important 
regulatory layer of the epigenome. Nat Struct Mol Biol. 2020;27 
(6):521–528. doi: 10.1038/s41594-020-0446-0

[10] Khorkova O, Stahl J, Joji A, et al. Natural antisense transcripts as 
drug targets. Front Mol Biosci. 2022;9:978375. doi: 10.3389/fmolb. 
2022.978375

[11] Pagani G, Pandini C, Gandellini P. Navigating the multiverse of 
antisense RNAs: the transcription-and RNA-dependent dimension. 
Noncoding RNA. 2022;8(6):74. doi: 10.3390/ncrna8060074

[12] Walther K, Schulte LN. The role of lncRnas in innate immunity 
and inflammation. RNA Biol. 2021;18(5):587–603. doi: 10.1080/ 
15476286.2020.1845505

[13] Krawczyk M, Emerson BM. p50-associated COX-2 extragenic 
RNA (PACER) activates COX-2 gene expression by occluding 
repressive NF-κB complexes. Elife. 2014;3:e01776. doi: 10.7554/ 
eLife.01776

[14] Castellanos-Rubio A, Kratchmarov R, Sebastian M, et al. 
Cytoplasmic form of carlr lncRNA facilitates inflammatory gene 
expression upon NF-κB activation. J Immunol. 2017;199 
(2):581–588. doi: 10.4049/jimmunol.1700023

[15] Ma S, Ming Z, Gong A-Y, et al. A long noncoding RNA, 
lincRNA-Tnfaip3, acts as a coregulator of NF-κB to modulate 
inflammatory gene transcription in mouse macrophages. FASEB 
J. 2017;31(3):1215. doi: 10.1096/fj.201601056R

[16] Xue Z, Zhang Z, Liu H, et al. lincRNA-Cox2 regulates NLRP3 
inflammasome and autophagy mediated neuroinflammation. Cell 
Death Differ. 2019;26(1):130–145. doi: 10.1038/s41418-018-0105-8

[17] Hu S, Wang X, Shan G. Insertion of an Alu element in a lncRNA 
leads to primate-specific modulation of alternative splicing. Nat 
Struct Mol Biol. 2016;23(11):1011–1019. doi: 10.1038/nsmb.3302

[18] Chan J, Atianand M, Jiang Z, et al. Cutting edge: a natural anti
sense transcript, AS-IL1α, controls inducible transcription of the 
proinflammatory cytokine IL-1α. J Immunol. 2015;195 
(4):1359–1363. doi: 10.4049/jimmunol.1500264

[19] Lu Y, Liu X, Xie M, et al. The NF-κB–responsive long noncoding 
RNA FIRRE regulates posttranscriptional regulation of inflamma
tory gene expression through interacting with hnRNPU. 
J Immunol. 2017;199(10):3571–3582. doi: 10.4049/jimmunol. 
1700091

14 A. ALI ET AL.

https://doi.org/10.3389/fmicb.2017.02292
https://doi.org/10.1038/s41598-020-71002-0
https://doi.org/10.1038/s41598-018-31770-2
https://doi.org/10.1007/s10555-021-09979-x
https://doi.org/10.1007/s10555-021-09979-x
https://doi.org/10.1038/s42003-022-03664-7
https://doi.org/10.1002/wrna.1461
https://doi.org/10.1002/wrna.1461
https://doi.org/10.1038/nrm.2016.132
https://doi.org/10.1016/j.csbj.2022.10.009
https://doi.org/10.1016/j.csbj.2022.10.009
https://doi.org/10.1038/s41594-020-0446-0
https://doi.org/10.3389/fmolb.2022.978375
https://doi.org/10.3389/fmolb.2022.978375
https://doi.org/10.3390/ncrna8060074
https://doi.org/10.1080/15476286.2020.1845505
https://doi.org/10.1080/15476286.2020.1845505
https://doi.org/10.7554/eLife.01776
https://doi.org/10.7554/eLife.01776
https://doi.org/10.4049/jimmunol.1700023
https://doi.org/10.1096/fj.201601056R
https://doi.org/10.1038/s41418-018-0105-8
https://doi.org/10.1038/nsmb.3302
https://doi.org/10.4049/jimmunol.1500264
https://doi.org/10.4049/jimmunol.1700091
https://doi.org/10.4049/jimmunol.1700091


[20] Ye M, Xie M, Zhu J, et al. LPS-inducible lncRNA TMC3-AS1 
negatively regulates the expression of IL-10. Front Immunol. 
2020;11:1418. doi: 10.3389/fimmu.2020.01418

[21] Liz J, Esteller M. lncRnas and microRnas with a role in cancer 
development. Biochim Biophys Acta (BBA)-Gene Regul Mech. 
Biochim Biophys Acta Gene Regul Mech. 2016;1859(1):169–176. 
doi: 10.1016/j.bbagrm.2015.06.015

[22] Wang D, Sung HM, Wang TY, et al. Expression evolution in yeast 
genes of single-input modules is mainly due to changes in trans- 
acting factors. Genome Res. 2007;17(8):1161–1169. doi: 10.1101/ 
gr.6328907

[23] Herman AB, Tsitsipatis D, Gorospe M. Integrated lncRNA func
tion upon genomic and epigenomic regulation. Mol Cell. 2022;82 
(12):2252–2266. doi: 10.1016/j.molcel.2022.05.027

[24] Henning AN, Roychoudhuri R, Restifo NP. Epigenetic control of 
CD8+ T cell differentiation. Nat Rev Immunol. 2018;18 
(5):340–356. doi: 10.1038/nri.2017.146

[25] Ohhata T, Hoki Y, Sasaki H, et al. Crucial role of antisense 
transcription across the xist promoter in Tsix-mediated xist chro
matin modification. Development. 2008;135(2):227–235. doi: 10. 
1242/dev.008490

[26] Muylaert C, Van Hemelrijck LA, Maes A, et al. Aberrant DNA 
methylation in multiple myeloma: A major obstacle or an 
opportunity? Front Oncol. 2022;12:979569. doi: 10.3389/fonc. 
2022.979569

[27] Zong D, Oberdoerffer P, Batista PJ, et al. RNA: a double-edged 
sword in genome maintenance. Nat Rev Genet. 2020;21 
(11):651–670. doi: 10.1038/s41576-020-0263-7

[28] Ghafouri-Fard S, Khoshbakht T, Taheri M, et al. A concise review 
on the role of BDNF-AS in human disorders. Biomed 
Pharmacother. 2021;142:112051. doi: 10.1016/j.biopha.2021. 
112051

[29] Shi Z-D, Pang K, Wu Z-X, et al. Tumor cell plasticity in targeted 
therapy-induced resistance: mechanisms and new strategies. 
Signal Transduct Target Ther. 2023;8(1):113. doi: 10.1038/ 
s41392-023-01383-x

[30] Winkle M, El-Daly SM, Fabbri M, et al. Noncoding RNA ther
apeutics—challenges and potential solutions. Nat Rev Drug 
Discov. 2021;20(8):629–651. doi: 10.1038/s41573-021-00219-z

[31] Qadir MI, Bukhat S, Rasul S, et al. RNA therapeutics: identifica
tion of novel targets leading to drug discovery. J Cell Biochem. 
2020;121(2):898–929. doi: 10.1002/jcb.29364

[32] Villavicencio Tejo F, Quintanilla RA. Contribution of the Nrf2 
pathway on oxidative damage and mitochondrial failure in 
Parkinson and Alzheimer’s disease. Antioxidants. 2021;10 
(7):1069. doi: 10.3390/antiox10071069

[33] Chen L-L. The expanding regulatory mechanisms and cellular 
functions of circular RNAs. Nat Rev Mol Cell Biol. 2020;21 
(8):475–490. doi: 10.1038/s41580-020-0243-y

[34] Marasco LE, Kornblihtt AR. The physiology of alternative 
splicing. Nat Rev Mol Cell Biol. 2023;24(4):242–254. doi: 10. 
1038/s41580-022-00545-z

[35] JMNGL S, Osterhoudt K, Cartwright-Acar CH, et al. A genetic 
screen in C. elegans reveals roles for KIN17 and PRCC in main
taining 5' splice site identity. PLoS Genet. 2022;18(2):e1010028. 
doi: 10.1371/journal.pgen.1010028

[36] Mattick JS, Amaral PP, Carninci P, et al. Long non-coding RNAs: 
definitions, functions, challenges and recommendations. Nat Rev 
Mol Cell Biol. 2023;24(6):430–447. doi: 10.1038/s41580-022- 
00566-8

[37] Fort V, Khelifi G, Hussein SMI. Long non-coding RNAs and 
transposable elements: a functional relationship. Biochim 
Biophys Acta (BBA)-molecular Cell Res. Biochim Biophys Acta, 
Mol Cell Res. 2021;1868(1):118837. doi: 10.1016/j.bbamcr.2020. 
118837

[38] Khorkova O, Stahl J, Joji A, et al. miR-155-3p: miR-155-3p: 
processing by-product or rising star in immunity and cancer? 
Front Mol Biosci. 2022;12:978375. doi: 10.3389/fmolb.2022. 
978375

[39] Richardson KL. Genetic characterization of early renal changes in 
a novel mouse model of diabetic kidney disease. Kidney Int. 
2019;96(4):918–926. doi: 10.1016/j.kint.2019.04.031

[40] Espinoza S, Bon C, Valentini P, et al. Sineups: a novel toolbox for 
RNA therapeutics. Essays Biochem. 2021;65:775–789. doi: 10. 
1042/EBC20200114

[41] Toki N, Takahashi H, Sharma H, et al. SINEUP long non-coding 
RNA acts via PTBP1 and HNRNPK to promote translational 
initiation assemblies. Nucleic Acids Res. 2020;48 
(20):11626–11644. doi: 10.1093/nar/gkaa814

[42] da Costa PJ, Hamdane M, Buée L, et al. Tau mRNA metabolism in 
neurodegenerative diseases: a tangle journey. Biomedicines. 
2022;10:241. doi: 10.3390/biomedicines10020241

[43] Yang S, Lim K-H, Kim S-H, et al. Molecular landscape of long 
noncoding RNAs in brain disorders. Mol Psychiatry. 2021;26 
(4):1060–1074. doi: 10.1038/s41380-020-00947-5

[44] Su S, Kang PM. Systemic review of biodegradable nanomaterials 
in nanomedicine. Nanomaterials. 2020;10(4):656. doi: 10.3390/ 
nano10040656

[45] Hussein RM. Long non-coding RNAs: the hidden players in 
diabetes mellitus-related complications. Diabetes Metab Syndr. 
2023;17(10):102872. doi: 10.1016/j.dsx.2023.102872

[46] Sang Y, Tsuji K, Nakanoh H, et al. Role of semaphorin 3A in 
kidney development and diseases. Diagnostics. 2023;13(19):3038. 
doi: 10.3390/diagnostics13193038

[47] Sinturel F, Spaleniak W, Dibner C. Circadian rhythm of lipid 
metabolism. Biochem Soc Trans. 2022;50(3):1191–1204. doi: 10. 
1042/BST20210508

[48] Hanjani PN, Golalipour M. Circadian oscillation of natural anti
sense transcripts related to human core clock genes. Reports 
Biochem Mol Biol. 2021;10(3):471. doi: 10.52547/rbmb.10.3.471

[49] Sebastian-DelaCruz M, Gonzalez-Moro I, Olazagoitia-Garmendia 
A, et al. The role of lNon-coding RNAs in gene expression 
regulation through mRNA stabilization. ncRna. 2021;7(1):3. doi:  
10.3390/ncrna7010003

[50] Fang Q, Cole RN, Wang Z. Mechanisms and targeting of 
proteosome-dependent androgen receptor degradation in prostate 
cancer. Am J Clin Exp Urol. 2022;10:366.

[51] Tao R, Zhang B, Li Y, et al. HDAC-mediated deacetylation of 
KLF5 associates with its proteasomal degradation. Biochem 
Biophys Res Commun. 2018;500(3):777–782. doi: 10.1016/j.bbrc. 
2018.04.153

[52] Eun JW, Cheong JY, Jeong J-Y, et al. A New understanding of 
long non-coding RNA in hepatocellular carcinoma—from m6A 
modification to blood biomarkers. Cells. 2023;12(18):2272. doi:  
10.3390/cells12182272

[53] Khorkova O, Myers AJ, Hsiao J, et al. Natural antisense 
transcripts. Hum Mol Genet. 2014;23(R1):R54–63. doi: 10.1093/ 
hmg/ddu207

[54] Wang D, Zou Y, Huang X, et al. The role of SMURFs in non- 
cancerous diseases. FASEB J. 2023;37(8):e23110. doi: 10.1096/fj. 
202300598R

[55] Shams A. Re-evaluation of the myoepithelial cells roles in the 
breast cancer progression. Cancer Cell Int. 2022;22(1):1–16. doi:  
10.1186/s12935-022-02829-y

[56] Lin S-R, Yeh H-L, Liu Y-N. Interplay of epidermal growth factor 
receptor and signal transducer and activator of transcription 3 in 
prostate cancer: beyond androgen receptor transactivation. 
Cancers (Basel). 2021;13(14):3452. doi: 10.3390/cancers13143452

[57] Tesfamariam B. Involvement of platelets in tumor cell metastasis. 
Pharmacol Ther. 2016;157:112–119. doi: 10.1016/j.pharmthera. 
2015.11.005

[58] Jin J, Zhong X. Epigenetic mechanisms contribute to intraindivi
dual variations of drug metabolism mediated by cytochrome P450 
enzymes. Drug Metab Dispos. 2023;51(6):672–684. doi: 10.1124/ 
dmd.122.001007

[59] Qin H, Rasul A, Li X, et al. CD147-induced cell proliferation is 
associated with Smad4 signal inhibition. Exp Cell Res. 2017;358 
(2):279–289. doi: 10.1016/j.yexcr.2017.07.003

RNA BIOLOGY 15

https://doi.org/10.3389/fimmu.2020.01418
https://doi.org/10.1016/j.bbagrm.2015.06.015
https://doi.org/10.1101/gr.6328907
https://doi.org/10.1101/gr.6328907
https://doi.org/10.1016/j.molcel.2022.05.027
https://doi.org/10.1038/nri.2017.146
https://doi.org/10.1242/dev.008490
https://doi.org/10.1242/dev.008490
https://doi.org/10.3389/fonc.2022.979569
https://doi.org/10.3389/fonc.2022.979569
https://doi.org/10.1038/s41576-020-0263-7
https://doi.org/10.1016/j.biopha.2021.112051
https://doi.org/10.1016/j.biopha.2021.112051
https://doi.org/10.1038/s41392-023-01383-x
https://doi.org/10.1038/s41392-023-01383-x
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.1002/jcb.29364
https://doi.org/10.3390/antiox10071069
https://doi.org/10.1038/s41580-020-0243-y
https://doi.org/10.1038/s41580-022-00545-z
https://doi.org/10.1038/s41580-022-00545-z
https://doi.org/10.1371/journal.pgen.1010028
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1016/j.bbamcr.2020.118837
https://doi.org/10.1016/j.bbamcr.2020.118837
https://doi.org/10.3389/fmolb.2022.978375
https://doi.org/10.3389/fmolb.2022.978375
https://doi.org/10.1016/j.kint.2019.04.031
https://doi.org/10.1042/EBC20200114
https://doi.org/10.1042/EBC20200114
https://doi.org/10.1093/nar/gkaa814
https://doi.org/10.3390/biomedicines10020241
https://doi.org/10.1038/s41380-020-00947-5
https://doi.org/10.3390/nano10040656
https://doi.org/10.3390/nano10040656
https://doi.org/10.1016/j.dsx.2023.102872
https://doi.org/10.3390/diagnostics13193038
https://doi.org/10.1042/BST20210508
https://doi.org/10.1042/BST20210508
https://doi.org/10.52547/rbmb.10.3.471
https://doi.org/10.3390/ncrna7010003
https://doi.org/10.3390/ncrna7010003
https://doi.org/10.1016/j.bbrc.2018.04.153
https://doi.org/10.1016/j.bbrc.2018.04.153
https://doi.org/10.3390/cells12182272
https://doi.org/10.3390/cells12182272
https://doi.org/10.1093/hmg/ddu207
https://doi.org/10.1093/hmg/ddu207
https://doi.org/10.1096/fj.202300598R
https://doi.org/10.1096/fj.202300598R
https://doi.org/10.1186/s12935-022-02829-y
https://doi.org/10.1186/s12935-022-02829-y
https://doi.org/10.3390/cancers13143452
https://doi.org/10.1016/j.pharmthera.2015.11.005
https://doi.org/10.1016/j.pharmthera.2015.11.005
https://doi.org/10.1124/dmd.122.001007
https://doi.org/10.1124/dmd.122.001007
https://doi.org/10.1016/j.yexcr.2017.07.003


[60] Jahangiri L, Ishola T. The role of lncRnas and miRnas in 
therapy-induced senescence in neuroblastoma. Curr Mol Bio 
Rep. 2022;8(3):23–33. doi: 10.1007/s40610-022-00149-8

[61] Statello L, Guo C-J, Chen L-L, et al. Gene regulation by long 
non-coding RNAs and its biological functions. Nat Rev Mol 
Cell Biol. 2021;22(2):96–118. doi: 10.1038/s41580-020-00315-9

[62] Alexandrova E, Giurato G, Saggese P, et al. Interaction proteo
mics identifies ERbeta association with chromatin repressive 
complexes to inhibit cholesterol biosynthesis and exert an 
oncosuppressive role in triple-negative breast cancer. Mol & 
Cell Proteomics. 2020;19(2):245–260. doi: 10.1074/mcp.RA119. 
001817

[63] Oss-Ronen L, Sarusi T, Cohen I. Histone mono-ubiquitination in 
transcriptional regulation and its mark on life: emerging roles in 
tissue development and disease. Cells. 2022;11(15):2404. doi: 10. 
3390/cells11152404

[64] Gupta RA, Shah N, Wang KC, et al. Long non-coding RNA 
HOTAIR reprograms chromatin state to promote cancer 
metastasis. Nature. 2010;464(7291):1071–1076. doi: 10.1038/ 
nature08975

[65] Koohestanimobarhan S, Salami S, Imeni V, et al. Lipophilic statins 
antagonistically alter the major epithelial-to-mesenchymal transi
tion signaling pathways in breast cancer stem–like cells via inhibi
tion of the mevalonate pathway. J Cell Biochem. 2019;120 
(2):2515–2531. doi: 10.1002/jcb.27544

[66] Kong Y, Hsieh C-H, Alonso LC. ANRIL: a lncRNA at the 
CDKN2A/B locus with roles in cancer and metabolic disease. 
Front Endocrinol. 2018;9:405. doi: 10.3389/fendo.2018.00405

[67] Lou N, Liu G, Pan Y. Long noncoding RNA ANRIL as a novel 
biomarker in human cancer. Futur Oncol. 2020;16(35):2981–2995. 
doi: 10.2217/fon-2020-0470

[68] Nadhan R, Dhanasekaran DN. Decoding the oncogenic signals 
from the long non-coding RNAs. Onco. 2021;1(2):176–206. doi:  
10.3390/onco1020014

[69] Jaglan A, Satija S, Singh D, et al. Intra-genomic heterogeneity in 
CpG dinucleotide composition in dengue virus. Acta Trop. 
2022;232:106501. doi: 10.1016/j.actatropica.2022.106501

[70] Wanowska E, Kubiak MR, Rosikiewicz W, et al. Natural antisense 
transcripts as drug targets. Am J Cancer Res. 2017;9 
(2):1742–1755. doi: 10.1002/wrna.1461

[71] Zakaria NA, Islam MA, Abdullah WZ, et al. Epigenetic insights 
and potential modifiers as therapeutic targets in β–thalassemia. 
Biomolecules. 2021;11(5):755. doi: 10.3390/biom11050755

[72] Yu C-H, Li Y, Zhao X, et al. Benzene metabolite 1, 2, 
4-benzenetriol changes DNA methylation and histone acetylation 
of erythroid-specific genes in K562 cells. Arch Toxicol. 2019;93 
(1):137–147. doi: 10.1007/s00204-018-2333-6

[73] Guéant J-L, Siblini Y, Chéry C, et al. Epimutation in inherited 
metabolic disorders: the influence of aberrant transcription in 
adjacent genes. Hum Genet. 2022;141(7):1309–1325. doi: 10. 
1007/s00439-021-02414-9

[74] Malecová B, Morris KV. Transcriptional gene silencing through 
epigenetic changes mediated by non-coding RNAs. Curr Opin 
Mol Ther. 2010;12(2):214–222.

[75] Sagi I, Benvenisty N. Haploidy in humans: an evolutionary and 
developmental perspective. Dev Cell. 2017;41(6):581–589. doi: 10. 
1016/j.devcel.2017.04.019

[76] Stuppia L, Franzago M, Ballerini P, et al. Epigenetics and male 
reproduction: the consequences of paternal lifestyle on fertility, 
embryo development, and children lifetime health. Clin 
Epigenetics. 2015;7(1):1–15. doi: 10.1186/s13148-015-0155-4

[77] Tirot L, Jullien PE. Epigenetic dynamics during sexual reproduc
tion: at the nexus of developmental control and genomic integrity. 
Curr Opin Plant Biol. 2022;69:102278. doi: 10.1016/j.pbi.2022. 
102278

[78] Melloni A, Serani A, Tucci V. Parental genome and brain func
tions: the case of genomic imprinting. In: Principles of gender- 
specific medicine. Netherland: Elsevier; Academic Press; 2023. p. 
301–312.

[79] Dhanoa JK, Sethi RS, Verma R, et al. Long non-coding RNA: its 
evolutionary relics and biological implications in mammals: a 
review. J Anim Sci Technol. 2018;60(1):1–10. doi: 10.1186/ 
s40781-018-0183-7

[80] Mussabekova A, Daeffler L, Imler J-L. Innate and intrinsic anti
viral immunity in Drosophila. Cell Mol Life Sci. 2017;74 
(11):2039–2054. doi: 10.1007/s00018-017-2453-9

[81] Prawitt D, Haaf T. Basics and disturbances of genomic 
imprinting. Medizinische Genet. 2020;32(4):297–304. doi: 10. 
1515/medgen-2020-2042

[82] Singh VB, Sribenja S, Wilson KE, et al. Blocked transcription 
through KvDMR1 results in absence of methylation and gene 
silencing resembling Beckwith-Wiedemann syndrome. 
Development. 2017;144:1820–1830. doi: 10.1242/dev.145136

[83] Park K-S, Mitra A, Rahat B, et al. Loss of imprinting mutations 
define both distinct and overlapping roles for misexpression of 
IGF2 and of H19 lncRNA. Nucleic Acids Res. 2017;45 
(22):12766–12779. doi: 10.1093/nar/gkx896

[84] Seymour DK, Becker C. The causes and consequences of DNA 
methylome variation in plants. Curr Opin Plant Biol. 
2017;36:56–63. doi: 10.1016/j.pbi.2017.01.005

[85] Yin J, Luo W, Zeng X, et al. UXT-AS1-induced alternative splicing 
of UXT is associated with tumor progression in colorectal cancer. 
Am J Cancer Res. 2017;7:462.

[86] Walsh EC, Bonetti A. Functional characterization of lncRnas. 
Navigating non-coding RNA. Netherland: Elsevier; 2023. p. 139– 
173.

[87] Mahboobeh Z, Pegah M, Fatemeh S, et al. lncRNA ZEB2-AS1: 
a promising biomarker in human cancers. IUBMB Life. 2020;72 
(9):1891–1899. doi: 10.1002/iub.2338

[88] Zhu G, Song P, Zhou H, et al. Role of epithelial-mesenchymal 
transition markers E-cadherin, N-cadherin, β-catenin and ZEB2 
in laryngeal squamous cell carcinoma. Oncol Lett. 
2018;15:3472–3481. doi: 10.3892/ol.2018.7751

[89] Pisignano G, Ladomery M. Epigenetic regulation of alternative 
splicing: how lNon-coding RNAs tailor the message. ncRna. 
2021;7(1):21. doi: 10.3390/ncrna7010021

[90] Fischer M, Ruhnau J, Schulze J, et al. Spermine and spermidine 
modulate T-cell function in older adults with and without cogni
tive decline ex vivo. Aging. 2020;12(13):13716. doi: 10.18632/ 
aging.103527

[91] Huang D, Alexander PB, Li Q-J, et al. Gabaergic signaling beyond 
synapses: an emerging target for cancer therapy. Trends Cell Biol. 
2023;33(5):403–412. doi: 10.1016/j.tcb.2022.08.004

[92] Gebert LFR, MacRae IJ. Regulation of microRNA function in 
animals. Nat Rev Mol Cell Biol. 2019;20(1):21–37. doi: 10.1038/ 
s41580-018-0045-7

[93] Poliseno L, Salmena L, Zhang J, et al. A coding-independent function 
of gene and pseudogene mRNAs regulates tumour biology. Nature. 
2010;465(7301):1033–1038. doi: 10.1038/nature09144

[94] Yu G, Yao W, Gumireddy K, et al. Pseudogene PTENP1 functions 
as a competing endogenous RNA to suppress clear-cell renal cell 
carcinoma progression. Mol Cancer Ther. 2014;13(12):3086–3097. 
doi: 10.1158/1535-7163.MCT-14-0245

[95] Vidarsdottir L Functional analysis of long non-coding RNAs in 
cancer. Inst för onkologi-patologi/Dept of Oncology-Pathology. 
2017.

[96] Wanowska E, Kubiak MR, Rosikiewicz W, et al. Natural antisense 
transcripts in diseases: from modes of action to targeted therapies. 
Wiley Interdiscip Rev RNA. 2018;9(2):e1461. doi: 10.1002/wrna. 
1461

[97] Grandér D, Johnsson P. Pseudogene-expressed RNAs: emerging 
roles in gene regulation and disease. Curr Top Microbiol 
Immunol. 2016;394:111–126. doi: 10.1007/82_2015_442

[98] Yao Z, Yang Y, Sun M, et al. New insights into the interplay 
between long non-coding RNAs and RNA-binding proteins in 
cancer. Cancer Commun. 2022;42(2):117–140. doi: 10.1002/cac2. 
12254

16 A. ALI ET AL.

https://doi.org/10.1007/s40610-022-00149-8
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1074/mcp.RA119.001817
https://doi.org/10.1074/mcp.RA119.001817
https://doi.org/10.3390/cells11152404
https://doi.org/10.3390/cells11152404
https://doi.org/10.1038/nature08975
https://doi.org/10.1038/nature08975
https://doi.org/10.1002/jcb.27544
https://doi.org/10.3389/fendo.2018.00405
https://doi.org/10.2217/fon-2020-0470
https://doi.org/10.3390/onco1020014
https://doi.org/10.3390/onco1020014
https://doi.org/10.1016/j.actatropica.2022.106501
https://doi.org/10.1002/wrna.1461
https://doi.org/10.3390/biom11050755
https://doi.org/10.1007/s00204-018-2333-6
https://doi.org/10.1007/s00439-021-02414-9
https://doi.org/10.1007/s00439-021-02414-9
https://doi.org/10.1016/j.devcel.2017.04.019
https://doi.org/10.1016/j.devcel.2017.04.019
https://doi.org/10.1186/s13148-015-0155-4
https://doi.org/10.1016/j.pbi.2022.102278
https://doi.org/10.1016/j.pbi.2022.102278
https://doi.org/10.1186/s40781-018-0183-7
https://doi.org/10.1186/s40781-018-0183-7
https://doi.org/10.1007/s00018-017-2453-9
https://doi.org/10.1515/medgen-2020-2042
https://doi.org/10.1515/medgen-2020-2042
https://doi.org/10.1242/dev.145136
https://doi.org/10.1093/nar/gkx896
https://doi.org/10.1016/j.pbi.2017.01.005
https://doi.org/10.1002/iub.2338
https://doi.org/10.3892/ol.2018.7751
https://doi.org/10.3390/ncrna7010021
https://doi.org/10.18632/aging.103527
https://doi.org/10.18632/aging.103527
https://doi.org/10.1016/j.tcb.2022.08.004
https://doi.org/10.1038/s41580-018-0045-7
https://doi.org/10.1038/s41580-018-0045-7
https://doi.org/10.1038/nature09144
https://doi.org/10.1158/1535-7163.MCT-14-0245
https://doi.org/10.1002/wrna.1461
https://doi.org/10.1002/wrna.1461
https://doi.org/10.1007/82_2015_442
https://doi.org/10.1002/cac2.12254
https://doi.org/10.1002/cac2.12254


[99] Feng J, Yang Y, Zhang P, et al. miR-150 functions as a tumour 
suppressor in human colorectal cancer by targeting c-Myb. J Cell 
Mol Med. 2014;18(10):2125–2134. doi: 10.1111/jcmm.12398

[100] Qu Y, Pan S, Kang M, et al. MicroRNA-150 functions as a tumor 
suppressor in osteosarcoma by targeting IGF2BP1. Tumor Biol. 
2016;37(4):5275–5284. doi: 10.1007/s13277-015-4389-8

[101] Thorenoor N, Faltejskova-Vychytilova P, Hombach S, et al. Long 
non-coding RNA ZFAS1 interacts with CDK1 and is involved in 
p53-dependent cell cycle control and apoptosis in colorectal 
cancer. Oncotarget. 2016;7(1):622. doi: 10.18632/oncotarget.5807

[102] Teppan J, Barth DA, Prinz F, et al. Involvement of long 
non-coding RNAs (lNon-coding RNAs) in tumor angiogenesis. 
ncRna. 2020;6(4):42. doi: 10.3390/ncrna6040042

[103] Jorge AL, Pereira ER, de OC, et al. MicroRNAs: understanding 
their role in gene expression and cancer. Einstein (Sao Paulo). 
2021;19. doi: 10.31744/einstein_journal/2021RB5996

[104] Faghihi MA, Zhang M, Huang J, et al. Evidence for natural 
antisense transcript-mediated inhibition of microRNA function. 
Genome Biol. 2010;11:1–13. doi: 10.1186/gb-2010-11-5-r56

[105] Taylor HA, Przemylska L, Clavane EM, et al. BACE1: More than 
just a β-secretase. Obes Rev. 2022;23(7):e13430. doi: 10.1111/obr. 
13430

[106] Chen L, Zhou Y, Li H. LncRNA, miRNA and lncRNA-miRNA 
interaction in viral infection. Virus Res. 2018;257:25–32. doi: 10. 
1016/j.virusres.2018.08.018

[107] Nuzziello N, Liguori M. The microRNA centrism in the orches
tration of neuroinflammation in neurodegenerative diseases. 
Cells. 2019;8(10):1193. doi: 10.3390/cells8101193

[108] Arman K, Möröy T. Crosstalk between MYC and lncRnas in 
hematological malignancies. Front Oncol. 2020;10:579940. doi:  
10.3389/fonc.2020.579940

[109] Napoli S, Piccinelli V, Mapelli SN, et al. Natural antisense tran
scripts drive a regulatory cascade controlling c-MYC 
transcription. RNA Biol. 2017;14(12):1742–1755. doi: 10.1080/ 
15476286.2017.1356564

[110] Stasevich EM, Murashko MM, Zinevich LS, et al. The role of 
non-coding RNAs in the regulation of the proto-oncogene MYC 
in different types of cancer. Biomedicines. 2021;9(8):921. doi: 10. 
3390/biomedicines9080921

[111] Gatto EM, Rojas NG, Persi G, et al. Huntington disease: advances 
in the understanding of its mechanisms. Clin Park Relat Disord. 
2020;3:100056. doi: 10.1016/j.prdoa.2020.100056

[112] Chung DW, Rudnicki DD, Yu L, et al. A natural antisense tran
script at the Huntington’s disease repeat locus regulates HTT 
expression. Hum Mol Genet. 2011;20(17):3467–3477. doi: 10. 
1093/hmg/ddr263

[113] Mills JD, Chen BJ, Ueberham U, et al. The antisense transcrip
tome and the human brain. J Mol Neurosci. 2016;58(1):1–15. doi:  
10.1007/s12031-015-0694-3

[114] Wolfender J-L, Marti G, Thomas A, et al. Current approaches and 
challenges for the metabolite profiling of complex natural extracts. 
J Chromatogr A. 2015;1382:136–164. doi: 10.1016/j.chroma.2014. 
10.091

[115] Yang L, Chen Y, Liu N, et al. 5mC and H3K9me3 of TRAF3IP2 
promoter region accelerates the progression of translocation renal 
cell carcinoma. Biomark Res. 2022;10(1):1–17. doi: 10.1186/ 
s40364-022-00402-3

[116] Khorkova O, Stahl J, Joji A, et al. Natural antisense transcripts as 
drug targets. Front Mol Biosci. 2022;9:978375. doi: 10.3389/fmolb. 
2022.978375

[117] Chekanova JA, Hon CC. Plant long non-coding RNAs in the 
regulation of transcription. Essays Biochem. 2021;65(4):751–760. 
doi: 10.1042/EBC20200090

[118] Chen K, Martens YA, Meneses A, et al. LRP1 is a neuronal 
receptor for α-synuclein uptake and spread. Mol Neurodegener. 
2022;17(1):57. doi: 10.1186/s13024-022-00560-w

[119] Zhang L, Meng X, Zhu X, et al. Long non-coding RNAs in oral 
squamous cell carcinoma: biologic function, mechanisms and 
clinical implications. Mol Cancer. 2019;18(1):1–19. doi: 10.1186/ 
s12943-019-1021-3

[120] He B, Huang Z, Huang C, et al. Clinical applications of plasma 
proteomics and peptidomics: towards precision medicine. 
PROTEOMICS–Clinical Appl. 2022;16(6):2100097. doi: 10.1002/ 
prca.202100097

[121] Duffy MJ. Biomarkers for prostate cancer: prostate-specific anti
gen and beyond. Clin Chem Lab Med. 2020;58(3):326–339. doi:  
10.1515/cclm-2019-0693

[122] Bratkovič T, Božič J, Rogelj B. Functional diversity of small 
nucleolar RNAs. Nucleic Acids Res. 2020;48(4):1627–1651. doi:  
10.1093/nar/gkz1140

[123] Lima JF, Cerqueira L, Figueiredo C, et al. Anti-miRNA oligonu
cleotides: A comprehensive guide for design. RNA Biol. 2018;15 
(3):338–352. doi: 10.1080/15476286.2018.1445959

[124] Shilo A, Siegfried Z, Karni R. The role of splicing factors in 
deregulation of alternative splicing during oncogenesis and 
tumor progression. Mol Cell Oncol. 2015;2(1):e970955. doi: 10. 
4161/23723548.2014.970955

[125] Bajan S, Hutvagner G. RNA-based therapeutics: from antisense 
oligonucleotides to miRnas. Cells. 2020;9(1):137. doi: 10.3390/ 
cells9010137

[126] Ratti M, Lampis A, Ghidini M, et al. MicroRNAs (miRnas) and 
long non-coding RNAs (lncRnas) as new tools for cancer therapy: 
first steps from bench to bedside. Target Oncol. 2020;15 
(3):261–278. doi: 10.1007/s11523-020-00717-x

[127] Hammond SM, Aartsma-Rus A, Alves S, et al. Delivery of oligo
nucleotide-based therapeutics: challenges and opportunities. 
EMBO Mol Med. 2021;13(4):e13243. doi: 10.15252/emmm. 
202013243

[128] Fatima R, Akhade VS, Pal D, et al. Long noncoding RNAs in 
development and cancer: potential biomarkers and therapeutic 
targets. Mol And Cell Ther. 2015;3(1):1–19. doi: 10.1186/s40591- 
015-0042-6

[129] Tambuyzer E, Vandendriessche B, Austin CP, et al. Therapies for 
rare diseases: therapeutic modalities, progress and challenges 
ahead. Nat Rev Drug Discov. 2020;19(2):93–111. doi: 10.1038/ 
s41573-019-0049-9

[130] Gupta R, Salave S, Rana D, et al. Versatility of liposomes for antisense 
oligonucleotide delivery: a special focus on various therapeutic areas. 
Pharmaceutics. 2023;15(5):1435. doi: 10.3390/pharmaceutics15051435

[131] Germain ND, Chung WK, Sarmiere PD. RNA interference 
(RNAi)-based therapeutics for treatment of rare neurologic 
diseases. Mol Aspects Med. 2023;91:101148. doi: 10.1016/j.mam. 
2022.101148

[132] Elgersma Y, Sonzogni M. UBE3A reinstatement as a disease-mod
ifying therapy for Angelman syndrome. Dev Med Child Neurol. 
2021;63(7):802–807. doi: 10.1111/dmcn.14831

[133] Loda A, Collombet S, Heard E. Gene regulation in time and space 
during X-chromosome inactivation. Nat Rev Mol Cell Biol. 
2022;23(4):231–249. doi: 10.1038/s41580-021-00438-7

[134] Tan W, Bird LM. Angelman syndrome: current and emerging 
therapies in 2016. Am J Med Genetics Part C: Seminars In 
Medical Genetics Wiley Online Library. 2016;172(4):384–401. 
doi: 10.1002/ajmg.c.31536

[135] Goldberg NRS, Caesar J, Park A, et al. Neural stem cells rescue 
cognitive and motor dysfunction in a transgenic model of dementia 
with lewy bodies through a BDNF-dependent mechanism. Stem Cell 
Rep. 2015;5(5):791–804. doi: 10.1016/j.stemcr.2015.09.008

[136] Zeng Y, Ren K, Zhu X, et al. Long noncoding RNAs: advances in 
lipid metabolism. Adv Clin Chem. 2018;87:1–36.

[137] Wang ET, Ward AJ, Cherone JM, et al. Antagonistic regulation of 
mRNA expression and splicing by CELF and MBNL proteins. 
Genome Res. 2015;25(6):858–871. doi: 10.1101/gr.184390.114

[138] Balakumar P, Maung-U K, Jagadeesh G. Prevalence and preven
tion of cardiovascular disease and diabetes mellitus. Pharmacol 
Res. 2016;113:600–609. doi: 10.1016/j.phrs.2016.09.040

[139] Chan CB, Ye K. Sex differences in brain-derived neurotrophic 
factor signaling and functions. J Neurosci Res. 2017;95(1– 
2):328–335. doi: 10.1002/jnr.23863

[140] Lima Giacobbo B, Doorduin J, Klein HC, et al. Brain-derived 
neurotrophic factor in brain disorders: focus on 

RNA BIOLOGY 17

https://doi.org/10.1111/jcmm.12398
https://doi.org/10.1007/s13277-015-4389-8
https://doi.org/10.18632/oncotarget.5807
https://doi.org/10.3390/ncrna6040042
https://doi.org/10.31744/einstein_journal/2021RB5996
https://doi.org/10.1186/gb-2010-11-5-r56
https://doi.org/10.1111/obr.13430
https://doi.org/10.1111/obr.13430
https://doi.org/10.1016/j.virusres.2018.08.018
https://doi.org/10.1016/j.virusres.2018.08.018
https://doi.org/10.3390/cells8101193
https://doi.org/10.3389/fonc.2020.579940
https://doi.org/10.3389/fonc.2020.579940
https://doi.org/10.1080/15476286.2017.1356564
https://doi.org/10.1080/15476286.2017.1356564
https://doi.org/10.3390/biomedicines9080921
https://doi.org/10.3390/biomedicines9080921
https://doi.org/10.1016/j.prdoa.2020.100056
https://doi.org/10.1093/hmg/ddr263
https://doi.org/10.1093/hmg/ddr263
https://doi.org/10.1007/s12031-015-0694-3
https://doi.org/10.1007/s12031-015-0694-3
https://doi.org/10.1016/j.chroma.2014.10.091
https://doi.org/10.1016/j.chroma.2014.10.091
https://doi.org/10.1186/s40364-022-00402-3
https://doi.org/10.1186/s40364-022-00402-3
https://doi.org/10.3389/fmolb.2022.978375
https://doi.org/10.3389/fmolb.2022.978375
https://doi.org/10.1042/EBC20200090
https://doi.org/10.1186/s13024-022-00560-w
https://doi.org/10.1186/s12943-019-1021-3
https://doi.org/10.1186/s12943-019-1021-3
https://doi.org/10.1002/prca.202100097
https://doi.org/10.1002/prca.202100097
https://doi.org/10.1515/cclm-2019-0693
https://doi.org/10.1515/cclm-2019-0693
https://doi.org/10.1093/nar/gkz1140
https://doi.org/10.1093/nar/gkz1140
https://doi.org/10.1080/15476286.2018.1445959
https://doi.org/10.4161/23723548.2014.970955
https://doi.org/10.4161/23723548.2014.970955
https://doi.org/10.3390/cells9010137
https://doi.org/10.3390/cells9010137
https://doi.org/10.1007/s11523-020-00717-x
https://doi.org/10.15252/emmm.202013243
https://doi.org/10.15252/emmm.202013243
https://doi.org/10.1186/s40591-015-0042-6
https://doi.org/10.1186/s40591-015-0042-6
https://doi.org/10.1038/s41573-019-0049-9
https://doi.org/10.1038/s41573-019-0049-9
https://doi.org/10.3390/pharmaceutics15051435
https://doi.org/10.1016/j.mam.2022.101148
https://doi.org/10.1016/j.mam.2022.101148
https://doi.org/10.1111/dmcn.14831
https://doi.org/10.1038/s41580-021-00438-7
https://doi.org/10.1002/ajmg.c.31536
https://doi.org/10.1016/j.stemcr.2015.09.008
https://doi.org/10.1101/gr.184390.114
https://doi.org/10.1016/j.phrs.2016.09.040
https://doi.org/10.1002/jnr.23863


neuroinflammation. Mol Neurobiol. 2019;56(5):3295–3312. doi:  
10.1007/s12035-018-1283-6

[141] Ebisuya M, Yamamoto T, Nakajima M, et al. Ripples from neigh
bouring transcription. Nat Cell Biol. 2008;10(9):1106–1113. doi:  
10.1038/ncb1771

[142] Li G, Ruan X, Auerbach RK, et al. Extensive promoter-centered 
chromatin interactions provide a topological basis for transcription 
regulation. Cell. 2012;148(1–2):84–98. doi: 10.1016/j.cell.2011.12.014

[143] Sun L, Goff LA, Trapnell C, et al. Long noncoding RNAs 
regulate adipogenesis. Proc Natl Acad Sci. 2013;110 
(9):3387–3392. doi: 10.1073/pnas.1222643110

[144] Kondo M. Lymphoid and myeloid lineage commitment in multi
potent hematopoietic progenitors. Immunol Rev. 2010;238 
(1):37–46. doi: 10.1111/j.1600-065X.2010.00963.x

[145] Ala U. Competing endogenous RNAs, non-coding RNAs and 
diseases: an intertwined story. Cells. 2020;9(7):1574. doi: 10. 
3390/cells9071574

[146] Fotuhi SN, Khalaj-Kondori M, Hoseinpour Feizi MA, et al. 
Long non-coding RNA BACE1-AS may serve as an 
Alzheimer’s disease blood-based biomarker. J Mol Neurosci. 
2019;69(3):351–359. doi: 10.1007/s12031-019-01364-2

[147] Jacinto FV, Link W, Ferreira BI. CRISPR/Cas9-mediated gen
ome editing: from basic research to translational medicine. 
J Cell Mol Med. 2020;24(7):3766–3778. doi: 10.1111/jcmm. 
14916

[148] Dai W-J, Zhu L-Y, Yan Z-Y, et al. CRISPR-Cas9 for in vivo 
gene therapy: promise and hurdles. Mol Ther Acids. 2016;5: 
e349. doi: 10.1038/mtna.2016.58

18 A. ALI ET AL.

https://doi.org/10.1007/s12035-018-1283-6
https://doi.org/10.1007/s12035-018-1283-6
https://doi.org/10.1038/ncb1771
https://doi.org/10.1038/ncb1771
https://doi.org/10.1016/j.cell.2011.12.014
https://doi.org/10.1073/pnas.1222643110
https://doi.org/10.1111/j.1600-065X.2010.00963.x
https://doi.org/10.3390/cells9071574
https://doi.org/10.3390/cells9071574
https://doi.org/10.1007/s12031-019-01364-2
https://doi.org/10.1111/jcmm.14916
https://doi.org/10.1111/jcmm.14916
https://doi.org/10.1038/mtna.2016.58

	Abstract
	Introduction
	Types of antisense transcripts
	Natural antisense transcripts and immune response
	NATs targeted therapeutics and control of biological processes
	Regulation of transcription
	Genomic DNA methylation
	Histone modification
	Splicing manipulation

	Regulation occurring after transcription
	Inverted SINEB2 sequence-mediated upregulating molecules (SINEUPs)
	MIR-NATs
	Regulation of miRNA activity
	mRNA stability
	Protein stability
	Localization of proteins at subcellular level
	NAT-encoded peptides

	Human diseases and the molecular significance of natural antisense transcripts
	Histone methylation and acetylation
	CpG islands methylation
	Parent-specific gene expression
	Regulation of alternative splicing
	miRNA sequestering molecules
	Blocking miRNA binding regions
	Regulatory pathways involving dicer

	Other associations with diseases
	ASO based therapies

	Conclusion
	Disclosure statement
	Funding
	Author contributions
	References

