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The restoration of genetic code by editing mutated genes is a potential method for the treatment of genetic

diseases/disorders. Genetic disorders are caused by the point mutations of thymine (T) to cytidine (C) or guanosine (G) to

adenine (A), for which gene editing (editing of mutated genes) is a promising therapeutic technique. In C-to-Uridine (U)

RNA editing, it converts the base C-to-U in RNA molecules and leads to nonsynonymous changes when occurring in

coding regions; for G-to-A mutations, A-to-I editing occurs. Editing of C-to-U is not as physiologically common as that of A-

to-I editing.
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1. Introduction

RNA editing is a biological process or tool for repairing or altering RNA in a mitochondrion-encoded mRNA of a

kinetoplastid trypanosome. RNA editing was first introduced to describe a process that occurs in trypanosomes and

involves the insertion and deletion of uridine monophosphate (UMP) inside nascent transcripts after transcription . Since

the discovery of the post-transcriptional sequence, the number of techniques associated with the term RNA editing has

grown. The insertion and deletion of nucleotides other than UMP, base deamination, and the co-transcriptional insertion of

non-template nucleotides are now referred to as RNA editing. RNA editing has been observed in mRNAs, tRNAs, and

rRNAs, in mitochondrial and chloroplast encoded RNAs, as well as in nuclear encoded RNAs . Examples of RNA editing

have been found in many Metazoa, unicellular eukaryotes, such as trypanosomes, and plants. RNA editing has been

observed in prokaryotes on a small scale although some researchers have made detailed study on the tRNA editing in E.
coli .

RNA editing tools are basically categorized into two types depending on their response mechanisms. For example,

insertion/deletion RNA editing, involves the insertion or deletion of targeted nucleotides with the aim of changing the

codon sequence of the targeted mRNA . However, this RNA editing can be done in another way as well, where it

turns/alters one encoded nucleotide into a new nucleotide via base alteration or modification without modifying the overall

length of the RNA. As a result, the codon sequence is ultimately changed; this is particularly used for the treatment of

single nucleotide mutations.

2. RNA Editing

RNA editing as a therapeutic approach was first conceptualized and utilized as a therapy in 1995. The main purpose of

this method is to restore RNA sequences in order to treat genetic diseases caused by point mutations. Advanced research

has enhanced and established this technology, which is now known as artificial site-directed RNA editing for restoring

RNA. This unique therapeutic approach has the potential to be utilized to cure diseases, such as numerous neurological

maladies in humans, by restoring the mutated A or C in mRNA without changing or affecting the genome sequence of the

mRNA target . A-to-I and C-to-U editing are two types of substitutional RNA editing in mammals. Due to the higher

potential of recoding point mutations, many studies have focused on changing as well as imitating RNA editing. RNA

editing of C-to-U is commonly found among flowering plants and mainly occurs within mitochondrial protein regions with

highly conserved amino acid sequences .

3. C-to-U RNA Editing

RNA editing in C-to-U is a process or therapeutic approach that converts a single or multiple C-to-U nucleotides in

transcript sequences. C-to-U RNA editing can generate start or stop codons that can change the encoded amino acids

depending on preferences towards the splice site . The C-to-U type of RNA editing was originally illustrated in

vertebrates for apolipoprotein B (apoB) encoding mRNA. Deamination through hydrolysis at the C4 site of cytidine (C)
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was later found to be involved in apoB editing . The presence of both cis-acting elements (tripartite regulatory

sequences) and trans-acting elements around the altered cytidine is required for this conversion or editing (the editosome

is a multiprotein complex that contains a catalytic cytidine deaminase and many auxiliary proteins) . Editing of C-to-U at

the RNA level has been found in higher family plants, particularly in the mitochondria and chloroplasts .

4. Artificial C-to-U RNA Editing

Both C-to-U and A-to-I conversions are included in enzymatic site-directed RNA editing. Recently, artificial site-directed

RNA editing of A-to-I has been successfully carried out in vitro and in cells as well as in vivo . However, few reports of

artificial site-directed C-to-U RNA editing have been published recently. The RNA editing machinery relies on two critical

components: complementary RNA sequences that can precisely bind to specified sequences (guide RNA) and

deamination-editing enzyme/editors. Furthermore, non-enzymatic site-directed C-to-U editing, which does not have the

same constraints as site-directed enzymatic RNA editing, was recently identified and has generated a lot of interest in this

field of research. Researchers have focused on C-to-U RNA editing with special emphasis on the enzymatic approach .

5. Enzymes (Editors) for Artificial C-to-U RNA Editing

The artificial or enzymatic approach of deamination from C-to-U is mainly dependent on the enzymes from the

apolipoprotein B mRNA editing catalytic polypeptide-like (APOBEC) family proteins. Eleven genes code for members of

the APOBEC family that have been discovered to date (APOBEC1, APOBEC2, APOBEC3A, APOBEC3B, APOBEC3C,

APOBEC3D, APOBEC3F, APOBEC3G, APOBEC3H, APOBEC4, and AICDA/AID). They all have a zinc-dependent

deaminase domain (ZDD) . Among all of these APOBEC subfamily proteins only APOBEC-1, 3A, 3 B, and 3G

(Figure 1) have been proven to mediate the C-to-U RNA editing . APOBEC-1 was the first member of the

APOBEC family to be discovered and researched, and its significance in apolipoprotein B (ApoB) mRNA editing has been

well documented.

Figure 1. APOBEC family proteins for C to U editing.

For the enzymatic approach, the MS2 system along with the APOBEC family protein enzyme has been a very promising

technique for the therapeutic RNA editing technique. C-to-U editing (Figure 2) using the MS2 system (MS2 stem loop

along with MS2 coat protein) and APOBEC1 has been previously performed by Bhakta et al.  by converting BFP (Blue

Fluorescence Protein having a single mutated T-to-C) to GFP (Green Fluorescence Protein- which is restored after the

editing from C-to-U) (Figure 3).
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Figure 2. RNA editing (A to I and C to U) .

Figure 3. Enzymatic C to U RNA editing by APOBEC 1 deaminase.

Only vertebrates have APOBECs, and this type of RNA editing is the second most common after ADAR (Adenosine

Deaminase acting on RNA) editing. Unlike ADARs, the APOBEC family of proteins, including the Alu (Arthrobacter luteus)

sequence, primarily affects non-coding and intronic sequences . Surprisingly, the APOBEC family of proteins are not

just for RNA editing. They were first introduced as tools for the editing of single-stranded DNA (ssDNA) and genomic DNA

(gDNA), respectively. As a result, APOBEC-mediated DNA editing has received more attention and is better understood

than APOBEC-mediated RNA editing. The efficiency of genome/DNA editing cannot be compared to RNA editing,

however, because the deamination of C in DNA results in U; APOBEC-mediated DNA editing can result in the degradation

of viral DNA, resulting in a reduction of virus replication or multiplication. Moreover, uracil-rich viral DNA can trigger DNA

damage and stress–response pathways, causing natural killer (NK) cells to up-regulate activating ligands (NKG2D

ligands) and destroy infected cells .

The APOBEC family of proteins plays a vital role in the introduction of mutations in cancerous tissues .

These mutations are primarily caused by genome/DNA editing or abnormal APOBEC enzyme production. DNA editing

mediated by APOBECs for C-to-U editing has been thoroughly characterized by Knisbacher et al. . DNA editing aids in

the natural mechanisms of the body. However, DNA or genome editing is essential for a good and efficient adaptive

immune response. Somatic hypermutation is the most commonly known example, occurring in sequences encoding

hypervariable portions of immunoglobulins, which result in the formation of high-affinity antibodies .

ApoB-100, the full-length form of ApoB protein, is expressed in hepatic cells (hepatocytes) in the liver. APOBEC-1 RNA

editing, on the other hand, causes an early stop codon in ApoB mRNA in the small intestine, resulting in the premature

termination of translation. Consequently, another isoform of ApoB-48 was created. The full-length form (ApoB-100) carries

cholesterol in the bloodstream, whereas the shortened form (ApoB-48) transports triglycerides .

There are seven APOBEC-3 paralogs in the human genome (APOBEC-3A, 3 B, 3C, 3D, 3F, 3G, and 3H). Although all of

these paralogs bind to RNA , only three of them have shown RNA editing activity (APOBEC-3A, APOBEC-3B, and

APOBEC-3G). These roles have an impact on the immune system. Under hypoxic conditions and IFN activation, they
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were found to be expressed in macrophages, monocytes, and NK cells . Furthermore, they are expressed in

human natural Tregs in response to CD3/CD28 stimulation, especially APOBEC-3G, 3D, and 3H . Single gene

encoded APOBEC-3 was identified for the first time as the Friend leukemia virus resistance (Fvr) gene  in mice. Mouse

APOBEC3 is most similar to human APOBEC3G and contributes to viral resistance by mutating viral DNA. In recent times

the CRISPR-Cas9-APOBEC editing system has had a significant impact on DNA editing, but off-target effects are a major

concern in this case .

6. C-to-U RNA Editing in Mammals

The restoration of genetic code from A-to-I and C-to-U are the two most common RNA editing processes in mammalian

cells . Deamination has been reported to occur from A-to-I in hundreds of thousands of places, with the most

common occurring in intronic and non-coding regions, notably with Alu sequence repeated targets . A-to-I RNA

editing in coding domains is frequently incorporated with brain proteins that can recode . However, C-to-U editing is

less commonly found in humans than is A-to-I . The pre-mRNA of apolipoprotein B (apoB) is predominantly located in

intestinal cells, and currently approved targets in mRNA are among the physiologically minimum recognized C-to-U RNA

editing targets. In an earlier investigation, previously unknown 32 APOBEC1 (apoB editing catalytic subunit 1) editing sites

were identified in the 3′-untranslated regions (3′-UTRs) of diverse mRNA transcripts . Furthermore, in the AU-rich parts

of the 3′-UTRs, 56 novel modifying sites were identified, among which 54 were intestinal mRNAs, within which 22 unique

editing points were discovered in mRNAs of the liver . In macrophages derived from bone marrow, 410 C-to-U RNA

editing events were found, among which 97% of C-to-U events were found to occur in 3′-UTRs . Moreover, C-to-U RNA

editing events of apoB pre-mRNA occur in the nucleus . At the C6666U editing site, the conversion from glutamine

(CAA) to a stop codon (UAA) occurs at the in-frame translational site. The ApoB48 protein is produced by C6666U-edited

apoB RNA, whereas ApoB100 protein is produced by C6666-unedited apoB RNA .

In the C6802U editing site, the threonine codon (ACA) is changed to an isoleucine (AUA). Because the C6802U editing

event occurs concurrently with the C6666U editing event, C6802U is not expressed in the truncated ApoB48 protein but in

the mRNA . The RNA editing of C-to-U is necessary for the stoichiometric modulation of trans-acting components within

the macromolecular enzyme complex (editosome), which is responsible for targeted deamination. These cis-acting

elements, in combination with trans-acting factors, are required for C-to-U RNA editing in vitro. They are made up of 50

nucleotides modifying the edited cytidine that contains a regulatory tripartite motif, which contains an 11-nt motif

(UGAUCAGUAUA) located in a sequence (the mooring sequence) downstream of the edited base . To

generate a stable secondary structure that increases specificity, the 3′ mooring sequence is combined with a 5′ efficiency

sequence .

The editosome of C-to-U editing consists of a minimum of three protein components: ApoB1 and two essential cofactors,

ApoB1-complementary factor (ACF) and RNA binding motif 47 (RBM47) . The cytidine deaminases (RNA-specific)

APOBEC family includes APOBEC1. Like the cytidine deaminase family-derived members, APOBEC1 possesses a zinc-

dependent deaminase domain that is essential for the deamination of C . In the catalytic domain of APOBEC1,

specific amino acids are bound to AU-rich areas in apoB pre-mRNA, producing homodimers. In vitro, this interaction is

inadequate for mRNA association, which needs to be used as a cofactor of ACF, a potential RNA-binding protein (RBP). In

vitro experiments revealed that this cofactor has a high affinity for the mooring sequence and forms a minimal editosome

with APOBEC1 . Elav/HelN1/HuR is a protein that consists of an RNA-recognition motif (RRM) of single-stranded RNA,

repeated several times. The N- and C-terminal areas bordering many RRMs are required for the interaction of ACF with

the APOBEC1 enzyme .

While ACF knockout animals may die during early pregnancy, ACF+/mutant mice show a higher editing efficiency,

contradicting the idea that cofactors are essential for editosome editability in vitro. Despite the abundance of scientific

evidence for cofactors and C-to-U APOBEC-derived deaminase editing in vitro, there is no strong proof that cofactors are

essential for C to-U RNA editing in vivo. As a result, the function of cofactors (ACF) in vivo remains unclear . C-to-U

RNA editing in vivo requires an extra cofactor, which has recently been discovered as RBM47 . In the holoenzyme of

the editosome, RBM47 interacts with APOBEC1 and ACF, and works with APOBEC1 to edit transcripts of ApoB. However,

the consequences of the ACF-RBM47 interaction in vivo are not yet fully known. In vitro, RBM47 can also play the role of

ACF cofactors in the RNA editing of the C-to-U enzyme complex. The C-to-U RNA editing of apoB and four other C-to-U

RNA editing targets (Sult1d1—sulfotransfer RBM47) is an editosome component that is essential for C-to-U RNA editing

. A novel enzyme for C-to-U RNA editing has been identified as APOBEC3A (A3A) (Figure 4), DYW, a structurally

related member of the cytidine deaminase family, which is expressed mostly in myeloid cells such as macrophages and

monocytes .
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Figure 4. RNA-binding protein RBM47 is required for normal Cytidine to Uridine RNA editing in mammals and is sufficient

for the C to U RNA editinf activity of APOBEC demainase domain .
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