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Introduction

RNA processing is a crucial step in gene expression that occurs after
transcription and before translation. It involves a series of modifications
that convert the initial RNA transcript, called precursor mRNA (pre-
mRNA), into a mature mRNA molecule capable of being translated into
proteins [1]. This process is vital for the proper functioning of cells, as
it allows for the accurate expression of genes and ensures that the right
proteins are made at the right time. RNA processing plays a central
role in regulating gene activity and contributes to cellular diversity
by generating different mRNA isoforms from a single gene through
processes like alternative splicing.

Key Steps in RNA Processing

RNA processing is primarily carried out in the nucleus of
eukaryotic cells. The main steps involved include capping, splicing,
and polyadenylation, each of which is essential for the maturation
of mRNA. Additionally, RNA [2] editing can modify the nucleotide
sequence of the RNA itself. Let’s explore these processes in more detail:

5' Capping

The first modification that occurs after the initiation of transcription
is the addition of a 5' cap. This 7-methylguanosine cap is added to the 5'
end of the nascent pre-mRNA [3] shortly after transcription begins. The
5' cap serves several important functions:

Protects the RNA from degradation: The cap prevents the RNA
molecule from being recognized and degraded by exonucleases.

Facilitates nuclear export: The 5' cap is involved in the transport of
the RNA from the nucleus to the cytoplasm [4].

Regulates translation initiation: The cap helps ribosomes
recognize the mRNA for translation.

Without this capping process, mRNA would be unstable, and
translation would be less efficient or may not occur at all.

Splicing

In eukaryotic cells, genes are often composed of exons (coding
sequences) and introns (non-coding sequences). After transcription,
the pre-mRNA consists of both exons and introns, but the introns must
be removed to create a functional mRNA [5]. This process is known as
splicing, and it is performed by a complex molecular machine called the
spliceosome, which recognizes specific sequences at the intron-exon
boundaries.

The spliceosome removes the introns by cutting the RNA at the
junctions between exons and introns and then rejoining the exons to
form a continuous coding sequence [6]. This results in a mature mRNA
that is ready for translation. The process of splicing is highly regulated,
and errors in splicing can lead to diseases such as spinal muscular
atrophy and various types of cancer.

Furthermore, alternative splicing is a process in which different
combinations of exons are joined together, leading to the production
of multiple mRNA variants from a single gene. This contributes to the

diversity of proteins that a cell can produce, increasing the functional
complexity of the genome.

Polyadenylation

The final major step in RNA processing is the addition of a poly(A)
tail to the 3' end of the mRNA. This polyadenine (poly(A)) tail consists
of a string of adenine nucleotides and plays [7] several important roles:

Stabilizes the mRNA: The poly(A) tail protects the mRNA from
degradation by exonucleases in the cytoplasm.

Regulates translation: The length of the poly(A) tail can influence
the efficiency of translation. A longer poly(A) tail is generally associated
with more stable and efficiently translated mRNA.

Facilitates mRNA export: The poly(A) tail helps in the transport of
mRNA from the nucleus to the cytoplasm.

Polyadenylation occurs after transcription and is one of the last
modifications that the pre-mRNA undergoes before it is considered
mature and ready for translation.

RNA Editing

In addition to the canonical processes of capping, splicing, and
polyadenylation, some RNA molecules undergo RNA editing [8].
RNA editing involves changes to the nucleotide sequence of the RNA
itself, leading to variations in the final mRNA product. One common
form of RNA editing is adenosine-to-inosine (A-to-I) editing, where
adenosines in the RNA are converted to inosines by the enzyme ADAR
(adenosine deaminases acting on RNA).

RNA editing can result in changes to the encoded protein, altering
its function or stability. This mechanism is especially important in the
regulation of the nervous system and in immune response. For example,
RNA editing in the Kambin receptor allows for functional diversity in
neurotransmission.

RNA Processing and Gene Expression Regulation

RNA processing is not just a molecular necessity; it is also a key
mechanism for regulating gene expression. The ability to produce
different mRNA isoforms through alternative splicing allows a single
gene to produce multiple protein variants, each with potentially distinct
functions [9]. This adds an additional layer of complexity to gene
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regulation and helps cells fine-tune their responses to environmental
signals.

Moreover, RNA processing can influence the stability of mRNA.
For instance, the length of the poly(A) tail can determine how long an
mRNA remains intact in the cell, thus controlling the duration of protein
production. Additionally, the presence of RNA-binding proteins can
modulate the processing steps, ensuring that mRNA is only processed
and exported when necessary for specific cellular functions.

In some cases, defects in RNA processing can lead to disease.
For example, mutations in the spliceosome components or improper
alternative splicing can result in inherited diseases such as cystic fibrosis
and muscular dystrophy [10]. These diseases are often linked to the
misregulation of mRNA splicing, underscoring the critical importance
of accurate RNA processing for health.

Conclusion

RNA processing is a vital and intricate set of steps that ensures the
stability, diversity, and functionality of the mRNA molecules that drive
gene expression. From the addition of the 5' cap and poly(A) tail to
the precise removal of introns through splicing, these modifications are
essential for the production of functional proteins. Furthermore, RNA
editing and the regulation of mRNA stability allow cells to respond to
changes in their environment and maintain cellular homeostasis.

The complex regulation of RNA processing plays a critical role in
cellular function and development. Disruptions in these processes can
lead to a variety of diseases, making RNA processing an important
focus of research in genetics and molecular biology. Understanding
these mechanisms offers the potential for developing targeted therapies
to correct or compensate for RNA processing defects, providing new
avenues for treating genetic disorders and other diseases.
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