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Abstract

Recently, there has been a surge of interest in understanding gene regulation following the
discovery that a significant portion of the human genome does not code for proteins but rather
produces molecules of non-coding RNA (ncRNA) that perform complex and essential regulatory
functions in various cellular processes. This discovery overturned the previously held belief that
ncRNA was a functionless nucleic acid. Modern studies have demonstrated that these molecules
are among the most important regulators of gene expression at the transcriptional, post-
transcriptional, and epigenetic levels, and are involved in controlling cell growth, differentiation,
apoptosis, immune response, and maintaining homeostasis. These molecules are diverse,
including microRNA, long ncRNA, circular RNA, small interfering RNA, and other types that
play specialized roles in regulating gene networks. Recent research has shown that disruptions in
the expression of these molecules are closely linked to the development of many diseases,
including cancer, cardiovascular diseases, neurodegenerative disorders, and immune and
metabolic diseases. In recent years, ncRNA has become a major focus in precision medicine due
to its great potential as a highly sensitive and specific biomarker for early diagnosis, predicting
disease course, and assessing therapeutic response, as well as its role as a promising therapeutic
target in the development of modern molecular therapies.
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INTRODUCTION

The regulation of gene expression is one of the most complex biological processes, as it relies on
molecular mechanisms that control the level of gene expression to ensure the maintenance of
normal cellular functions [1], [2]. Scientific attention has focused on protein-coding genes because
they are responsible for producing proteins that regulate various biological processes [3].
Advances in gene sequencing technologies, particularly the Human Genome Project, have
revealed that less than 2% of the human genome codes for proteins, while the majority is
transcribed into RNA molecules that are not translated into proteins and are known as ncRNA [4].
These molecules play essential regulatory roles in controlling gene expression and maintaining
cellular homeostasis. They are not a byproduct of transcription or a non-functional part of the
genome, but rather among the most important regulatory elements that control many biological
processes such as cell growth, division, cell differentiation, apoptosis, DNA repair, and the
regulation of immune and inflammatory responses[5], [6]. These molecules exert their functions
through interaction with DNA, proteins, and messenger RNA (mRNA), enabling the formation of
complex regulatory networks that influence gene expression at the transcriptional, post-
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transcriptional, and epigenetic levels [7]. The ncRNA family includes species that differ in their
molecular structure, mechanisms of action, and biological functions. Among the most prominent
are microRNA, long ncRNA, circular RNA, and small interfering RNA, in addition to other types
[8]. Studies have shown a close relationship between impaired ncRNA expression and the
development of many human diseases [9]. It has been shown that abnormal expression levels of
some of its molecules lead to disruptions in cellular signaling pathways,[10]cell cycle
disruption,[11] increased oxidative stress,[12] and the development of chronic inflammation,[13].
which contribute to the development of cancer [14] and cardiovascular diseases [15].
Neurodegenerative diseases [16], autoimmune diseases, and many genetic disorders [17] have all
contributed to the development of ncRNA in precision medicine, which relies on personalized
diagnostic and therapeutic strategies[18]. Numerous studies have demonstrated that certain
ncRNA molecules exhibit high stability in blood and other body fluids, making them promising
biomarkers for early disease detection, assessment of disease severity, prediction of treatment
response, and monitoring disease progression[19]. Modern technologies have paved the way for
the development of therapies that inhibit or enhance the expression of these molecules using gene
therapy techniques, representing a significant advancement in molecular medicine [20]. This
scientific review aims to provide a comprehensive analysis of the latest research on ncRNA,
focusing on its classification, its mechanisms of action in regulating gene expression, its role in
the development of human diseases, and its potential as a biomarker and therapeutic tool in
precision medicine. It also discusses the most prominent challenges and future trends that may
contribute to enhancing its clinical applications.

THE CONCEPT OF NCRNAAND ITS HISTORICAL DEVELOPMENT

The ncRNA is defined as a group of RNA molecules that are transcribed from the genome but are
not translated into proteins. Instead, they perform regulatory, structural, and catalytic functions
within the cell [21]. These molecules do not participate directly in protein synthesis and play a
pivotal role in controlling gene expression, maintaining genome stability, and regulating vital
processes that ensure normal cell growth [22], [23]. Scientists believed that most of the human
genome consisted of non-functional sequences and termed it “junk DNA" because the focus was
on protein-coding genes, which represent only a small percentage of the genome [24]. This
concept began to change with the development of molecular biology techniques and high-
throughput sequencing, which revealed that most of the genome is transcribed into RNA
molecules that perform complex regulatory functions, leading to a radical shift in the
understanding of gene regulation mechanisms[25] The discovery of microRNA in the 1990s
represented a major turning point in this field[26] Studies have shown that small RNA molecules
can regulate gene expression by binding to messenger RNA (MRNA), preventing its translation or
inducing its degradation[27] Further discoveries have led to the identification of numerous types
of ncRNA, such as long ncRNA (IncRNA), circular RNA (circRNA), small interfering RNA
(siRNA), and others[8] Recent studies have shown that ncRNA is involved in regulating gene
expression at multiple levels[7] Genomic studies indicate that over 98% of the human genome
does not code for proteins, but a significant portion is transcribed into ncRNA molecules with
diverse functions, as shown in Figure 1 [28]. Understanding these molecules is fundamental to
explaining many biological and pathological phenomena, as any disruption in their production or
expression can lead to genetic network disturbances and the emergence of numerous diseases [9].
Therefore, ncRNA has become a central focus in molecular biology and precision medicine
research, representing one of the most rapidly developing scientific fields in the last.
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Figure 1. The relative distribution of the components of the human genome, showing the ratio of
protein-coding genes to non-coding elements such as introns, mobile elements, and repetitive
sequences [29].

CLASSIFICATION AND TYPES OF NCRNA

MicroRNA (miRNA)

MicroRNA, or miRNA, is the most studied type of ncRNA. It consists of short molecules,
typically 20 to 24 nucleotides in length [29]. These molecules act post-transcriptionally, binding to
specific sequences in messenger RNA (mRNA), thereby inhibiting its translation or promoting its
degradation and reducing the production of target proteins [30]. Studies have shown that miRNA
molecules regulate thousands of human genes and are involved in controlling the cell cycle, cell
division, apoptosis, cell differentiation, immune response, and angiogenesis [31]. Disruptions in
their expression are associated with the development of many diseases, particularly cancer, as
some miRNA molecules may act as tumor suppressors while others may promote tumor growth
and spread [32].

Long ncRNA (IncRNA)

This type includes molecules longer than 200 nucleotides and is characterized by great diversity in
its structure and function [33]. It was previously thought to have no function, but recent research
has shown that it participates in regulating gene transcription, epigenetic modifications, chromatin
remodeling, and regulating messenger RNA stability, in addition to its role in regulating protein
synthesis [34]. IncRNA affects gene expression through interaction with DNA, proteins, and
transcription factors. It also sometimes acts as aggregation of several regulatory proteins within
the cell or as molecular structures that bind to miRNA molecules and prevent them from binding
to their targets, thus indirectly altering the level of gene expression [35].

Circular RNA

Circular RNA (circRNA) is characterized by a closed-loop structure that makes it more resistant to
degradation compared to other types of RNA. This stability has led to increased interest in it as a
promising biomarker for various diseases [8]. Recent studies indicate that circRNA plays an
important role in regulating gene expression by binding to microRNA molecules and acting as a
molecular sponge that reduces their regulatory effect. It also participates in regulating transcription
and translation processes and is associated with the development of many diseases, especially
cancer, neurological diseases, and heart disease [8].
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Small Interfering RNA (siRNA)

Small interfering RNA (SiRNA) consists of short, double-stranded molecules, approximately 21—
23 nucleotides in length. It plays a key role in gene silencing by binding to specialized proteins to
form a complex that recognizes and breaks down target mMRNA molecules, thus preventing the
production of encoding proteins. This property has been used in the development of modern
therapeutic techniques based on silencing disease-causing genes and has become a promising tool
in gene therapy and precision medicine [36], [37].

Other Types of ncRNA

Other types of RNA perform specialized functions, such as: PIWI-interacting RNA (piRNA),
which contributes to maintaining genome stability, particularly in germ cells, by inhibiting mobile
genetic elements; small nucleolar RNA (snoRNA), which is involved in modifying and processing
ribosomal RNA; and small nuclear RNA (snRNA), which [38]. It plays a key role in the process of
removing introns (RNAsplicing) during messenger RNA maturation [39]. See Table 1 summarizes
the key differences among major ncRNA classes and Figure 2.

Table 1. comparison of major non-coding RNA classes

NcRNA type Typical size

miRNA 18-25 nt

SiRNA 20-25 nt

piRNA 24-31 nt

InNcRNA >200 nt

CircRNA Hundreds-thousands nt
SNORNA 60-300 nt

SNRNA ~150 nt

tRNA-derived fragments 18-40 nt

Types of Coding & Non-Coding RNA

RNA polymerase

Figure 2. Classification of RNA molecules into major types according to their sizes and regulatory
functions in gene expression [40].

MECHANISMS OF GENE EXPRESSION REGULATION BY NCRNA

This regulation operates through a complex network of molecular interactions that control gene
activity at multiple stages, starting with the regulation of transcription within the nucleus,
extending to the processing of messenger RNA (mMRNA), regulating its translation, and finally
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determining its lifespan within the cell [34] These mechanisms ensure the cell's response to
environmental and physiological changes and the maintenance of homeostasis [41].

Transcriptional Regulation

The ncRNA participates in the control of transcription by interacting with transcription factors and
enzymes responsible for gene transcription, such as RNA polymerase Il. Some IncRNA molecules
attract or inhibit transcription factors at specific regions of the genome, leading to an increase or
decrease in the transcription rate of target genes [42]. Additionally, some IncRNA molecules can
bind directly to chromatin and direct regulatory protein complexes to specific sites in the genome,
thus activating or inhibiting certain genes according to the cell's needs [34].

Epigenetic Regulation

Epigenetic regulation is one of the most important pathways through which ncRNA influences
gene expression without altering the DNA sequence. This occurs through DNA methylation,
histone modification, and chromatin remodeling [43]. These modifications alter the accessibility
of transcription factors to genes, leading to their activation or silencing. Studies have shown that
disruption of these mechanisms is associated with the development of many diseases, particularly
cancer and neurological disorders [44].

Post-Transcriptional Regulation

After messenger RNA (MRNA) is produced, a new regulatory phase begins, primarily driven by
microRNA molecules. These microRNA molecules bind to complementary sequences, often at the
untranslated end (3’'UTR) of mRNA molecules. This leads to one of two possibilities: inhibition of
MRNA translation into protein or stimulation of mMRNA degradation and a reduction in its
intracellular quantity [45]. This mechanism allows the cell to precisely regulate the amount of
proteins produced, which is crucial in regulating cell division, stress response, inflammation, and
the immune response [46].

Interaction Between ncRNA Types

The ncRNA forms an integrated regulatory network and does not function independently. For
example, circular RNA (circRNA) or long ncRNA (IncRNA) can bind to microRNA (miRNA)
molecules and prevent them from reaching their targets, a process called miRNA sponging
(competing endogenous RNA, ceRNA, activity). This results in increased gene expression rather
than suppression by the microRNA. This is where the importance of these molecules in the
development of cancer and many chronic diseases lies [47].

Cell Cycle Regulation and Apoptosis

The ncRNA (nRNA) contributes to cell cycle regulation by controlling the expression of genes
responsible for cell division, DNA repair, and apoptosis. When the expression of certain miRNA
or IncRNA molecules is disrupted, cells may continue to divide uncontrollably or fail to undergo
apoptosis when damaged, which is one of the most important steps leading to the development of
cancerous tumors [48].

Regulation of The Immune and Inflammatory Response

Recent research has shown that ncRNA plays a crucial role in regulating the immune system by
controlling the production of cytokines and inflammatory factors, as well as regulating the activity
of various immune cells. It also participates in regulating the innate and adaptive immune
response. Disruption in the expression of some of its molecules has been linked to an increased
risk of autoimmune and chronic inflammatory diseases [15].
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Maintaining Genome Stability

The ncRNA contributes to the protection of genetic material stability by regulating the activity of
mobile genetic elements, participating in DNA repair, and maintaining chromosome integrity
during cell division. This is a key reason for preventing the accumulation of genetic mutations that
could lead to cancer [49].

APPLICATIONS OF NCRNA IN PRECISION MEDICINE

Precision medicine is one of the most significant transformations in modern healthcare. It relies on
designing diagnostic, treatment, and prevention strategies based on the genetic and molecular
characteristics of each patient, rather than following a standardized treatment approach for all
patients [50]. In this context, ncRNA has emerged as one of the most important tools contributing
to the development of precision medicine due to its high sensitivity in detecting molecular changes
associated with diseases, in addition to its role in predicting disease progression and response to
treatment [18].

NCRNA as a biomarker

Molecular biomarkers are fundamental to precision medicine. Studies have shown that many
NcRNA molecules possess properties that make them ideal biomarkers, including: their
detectability in blood, urine, saliva, cerebrospinal fluid, and other body fluids; their relative
stability in biological samples compared to many other molecules; their direct correlation with the
early stages of disease; and the fact that their levels change in proportion to disease severity and
response to treatment [51]. For these reasons, these molecules have become a primary target for
developing accurate, non-invasive diagnostic tests that can be used in clinical practice.

Early Disease Diagnosis

Early diagnosis is one of the most important factors in improving treatment outcomes [52].
Studies have shown that changes in the levels of certain microRNA and IncRNA molecules can
occur long before the onset of clinical symptoms. This has led to the development of diagnostic
models based on the expression patterns of these molecules for the early detection of cancer, heart
disease, diabetes, and neurological diseases, thus increasing the chances of therapeutic
intervention in the early stages of the disease [53].

Predicting Disease Course

The role of ncRNA is not limited to disease diagnosis but extends to predicting its clinical
behavior. Certain gene expression patterns are associated with the rate of disease progression, the
likelihood of complications, survival rates, and the probability of disease recurrence after
treatment. This information helps the physician identify patients most susceptible to complications
and choose the most appropriate treatment plan for each case [54].

Predicting Treatment Response

Patients respond to treatment differently due to genetic and molecular differences. Studies have
shown that certain ncRNA molecules are associated with the degree of cell sensitivity to drugs
[55]. Decreased or increased expression of certain miRNA molecules may be related to factors
such as targeted therapy, immunotherapy in some types of cancer, or resistance to chemotherapy,
allowing for the selection of the most effective treatment for each patient [56].

Personalized Medicine and Targeted Therapy
Understanding the regulatory networks driven by ncRNA has enabled the design of targeted
therapies that directly target the molecules responsible for disease progression [57]. This is crucial
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for tailoring treatment plans based on a patient's molecular profile. This strategy contributes to
increased treatment efficacy, reduced side effects, and improved patient quality of life [58].

Artificial Intelligence and ncRNA Data Analysis

With the expansion of high-throughput gene sequencing technologies, the volume of data
generated from ncRNA studies has become enormous, leading to reliance on artificial
intelligence and machine learning techniques to analyze this data and discover complex
molecular patterns [59]. These techniques are used to build models capable of predicting
disease risk, classifying patients, discovering new biomarkers, and supporting clinical
decision-making—a key future trend in precision medicine.

MODERN THERAPEUTIC APPLICATIONS OF ncRNA

Recent years have witnessed significant advancements in the therapeutic use of ncRNA. It has
transitioned from a tool for understanding the molecular mechanisms of disease to a promising
therapeutic target for precisely modulating gene expression. Advances in genetic engineering and
nanotechnology have accelerated the development of miRNA, IncRNA, and siRNA-based
therapies, with some of these strategies reaching early clinical trial phases [60].

MiRNA-Based Therapy

This approach relies on restoring or inhibiting the function of microRNAs, depending on the
nature of the disease.In cases where tumor suppressor miRNAs are underexpressed, mimics
(miRNASs) can be used to restore the normal activity of genes regulating cell growth [61].
Conversely, in cases of overexpression of oncogenic miRNAs, specific inhibitors (antagomiRs or
antimiRs) can be used to disrupt their activity and reduce their pathogenic effects. These strategies
have demonstrated promising results. Promising in several early clinical trials [62].

SiIRNA Therapy

Small Interfering RNA (siRNA) is one of the most advanced therapeutic applications of RNA. It
relies on silencing disease-causing genes by stimulating the degradation of targeted mRNA
molecules and preventing the production of harmful proteins [63]. This approach has led to the
development of RNA interference (RNAI)-based drugs, and some siRNA-based therapies have
demonstrated clinical success, confirming the great potential of RNA-based therapy in modern
medicine [64].

Targeting LncRNA and circRNA

InNcRNA and circRNA molecules have become promising therapeutic targets, particularly in
cancer, heart disease, and neurological diseases. Technologies are currently being developed that
utilize antisense oligonucleotides, which are short, synthetically produced strands of DNA or RNA
designed to bind to specific gene sequences, and gene-editing techniques that target these
pathogenic RNA molecules within cells to modify their expression [65]. Gene therapy and small
molecules capable of modulating the activity of certain types of IncRNA. Although most of these
applications are still in early clinical trials, their initial results are encouraging and open new
horizons for molecular therapy [66].

RNA Delivery Systems

Delivering RNA molecules to target cells is one of the biggest challenges facing gene therapy, as
these molecules are subject to rapid degradation within the body [67]. To overcome this, several
methods have been developed, the most important of which are: lipid nanoparticles [68], modified
viral vectors [69], natural exosomes [70], and bio-nanoparticles. These technologies have
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contributed to improving the stability of RNA molecules and increasing their efficiency of
delivery to target tissues [71]. Several representative strategies illustrate this potential, including
miRNA mimics, antagomiRs, siRNA therapeutics such as patisiran and inclisiran, and RNA
delivery systems based on lipid nanoparticles and GalNAc conjugates.

Current Challenges

Several challenges limit the widespread clinical application of ncRNA-based therapies, the most
important of which are: the difficulty of delivering molecules to target tissues with high efficiency,
the possibility of unintended effects on other genes, the stimulation of an immune response in
some cases, and the high costs of production and development. To long-term clinical studies to
prove safety and efficacy [72].

STRENGTHS AND LIMITATIONS:

- Covers multiple ncRNA types.

- Links molecular mechanisms to medical applications.

- Emphasizes precision medicine.

- Discusses therapeutic applications.

- Highlights Al and bioinformatics integration.

- Varying strength of evidence across ncCRNA types.

- Limited clinical studies for certain types, especially IncRNAs and circRNAs.
- Differences in measurement and analysis methods across studies.

- Delivery efficiency, off-target effects, immunogenicity, and long-term safety remain challenges.

FUTURE PROSPECTS

Recent research trends indicate that integrating artificial intelligence and bioinformatics with gene
sequencing and genetic engineering will contribute to the discovery of new therapeutic targets
based on ncRNA. Furthermore, the development of nano-delivery systems and gene editing
technologies is expected to improve treatment efficacy and reduce side effects, thus enhancing the
role of ncRNA in disease diagnosis and treatment within the framework of precision and
personalized medicine in the future [73].

DISCUSSION

Available scientific evidence has shown that ncRNA is one of the most important molecular
regulators of gene expression, and its functions have challenged traditional notions that emphasize
the importance of the genome in protein-coding genes [74]. Most recent studies confirm that
miRNA, IncRNA, and circRNA molecules play complementary roles in regulating many cellular
processes, such as cell division, differentiation, apoptosis, immune response, and homeostasis
[75]. The majority of studies agree that disruptions in the expression of these molecules are
closely linked to the development of many diseases, although the nature of this link varies.
Depending on the type of disease and the affected tissue, in cancer, ncRNA molecules play a dual
role, with some being tumor suppressors and others tumor promoters, reflecting the great
complexity of regulatory networks within the cell [76]. Evidence also indicates that the use of
ncRNA as a biomarker offers significant advantages over traditional markers, including the
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possibility of early disease detection, high sensitivity and specificity, and the possibility of
measuring it in non-invasive samples such as blood, plasma, or saliva [77].The difference in
measurement methods, the variation in sample characteristics, and the small sample sizes in some
studies limit the widespread adoption of these markers in clinical practice [78]. Preclinical studies
and early clinical trials have shown promising potential for therapies based on modifying the
expression of ncRNA molecules by enhancing molecules with a protective effect or inhibiting
molecules associated with the disease [79]. Studies agree that the challenges related to delivery
methods, biostability, and off-target effects still require further development before full clinical
adoption [80]. A significant development in recent years has been the integration of artificial
intelligence and bioinformatics with ncRNA studies. This has contributed to the analysis of vast
amounts of genomic data, the discovery of new biomarkers, and a better understanding of the
complex relationships between different molecules [81].

CONCLUSION

The ncRNA (nRNA) is a fundamental component in regulating gene expression and cellular
processes.Its various types contribute to RNA modification, transcriptional control, and the
regulation of disease-associated gene activity. Rapid advancements in gene sequencing
technologies and artificial intelligence are enhancing our understanding of the functions of these
molecules and their use as biomarkers and therapeutic targets in precision medicine. However,
challenges remain in defining the functions of many types of nRNA and their clinical applications,
necessitating continued research to achieve more precise and effective therapeutic applications.

RECOMMENDATIONS

e Fundamental and Translational Research: Prioritize mechanistic investigations into the
regulatory networks of NnRNAs and their interactions with coding genes across diverse
physiological and pathological contexts

¢ Implement universal protocols for biospecimen handling, RNA extraction, and data
normalization (e.g., gPCR/sequencing).

e Leverage advanced bioinformatics pipelines and machine learning algorithms to mine high-
dimensional genomic datasets .

e Advanced Delivery Systems: Intensify research into next-generation delivery platforms (e.g.,
modified lipid nanoparticles, targeted exosomes, and tissue-specific conjugates) to overcome
biological barriers, ensure cell-type-specific targeting, and minimize off-target toxicity and
immunogenicity, thereby addressing the principal translational bottleneck

e Foster collaborative consortia bridging molecular biology, clinical medicine, pharmacology,
bioengineering, and data science. A critical objective is the seamless integration of multi-
omics NRNA data with comprehensive genomic and phenotypic clinical records to design
tailored therapeutic regimens.
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