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Abstract: In the last two decades, RNA post-transcriptional modifications, including RNA editing,
have been the subject of increasing interest among the scientific community. The efforts of the Human
Genome Project combined with the development of new sequencing technologies and dedicated
bioinformatic approaches created to detect and profile RNA transcripts have served to further our
understanding of RNA editing. Investigators have determined that non-coding RNA (ncRNA) A-to-I
editing is often deregulated in cancer. This discovery has led to an increased number of published
studies in the field. However, the eventual clinical application for these findings remains a work
in progress. In this review, we provide an overview of the ncRNA editing phenomenon in cancer.
We discuss the bioinformatic strategies for RNA editing detection as well as the potential roles for
ncRNA A to I editing in tumor immunity and as clinical biomarkers.
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1. Introduction

In 1986, Benne and colleagues [1] first coined the term RNA editing to describe a frameshift
observed in the highly conserved cytochrome oxidase II (coxII) gene present in the kinetoplasts of
several trypanosomatid protozoans [1]. The investigators determined that genomic mitochondrial
DNA (mtDNA) and its corresponding complementary DNA (cDNA) could be differentiated by the
presence of additional thymidine residues in the cDNA sequence. Accordingly, they reasoned that this
difference stems from the addition of uridine residues into the coxII mRNA transcript [1]. Following
their observation, they identified similar editing events in related species [2].

In addition to these uridine-based modifications, other forms of RNA editing were being identified.
In 1987, Powell and colleagues [3] and Chen and colleagues [4] both proposed that a cytidine-to-uridine
(C-to-U) processing event was responsible for introducing a premature stop codon into the mammalian
apo-B100 mRNA transcript. In the following year, Bass and Weintraub [5], along with Wagner and
colleagues [6], proposed that an adenine-to-inosine (A-to-I) shift accounted for the unwinding of
dsRNA. As an extension to these initial findings, investigators sought to identify the enzymes that
were responsible for C-to-U and A-to-I editing. Collective efforts from Teng and colleagues [7] and
Navaratnam and colleagues [8] established that a cytidine deaminase, referred to as apolipoprotein
B [apoB] messenger RNA [mRNA] editing catalytic polypeptide (APOBEC), was responsible for the
C-to-U editing observed in apo-B100. Kim and colleagues [9] similarly proposed that double-stranded
adenosine deaminases (DRADA) were responsible for widespread A-to-I editing events, including
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those that were observed in neural glutamate-gated ion channels [10]. This family of enzymes, now
called adenosine deaminases acting on RNA (ADARs), consists of several members, most notably:
ADAR1, ADAR2, and ADAR3 [9,11–13].

Identifying the mechanisms responsible for these RNA editing events was initially complicated
by the lack of a template RNA for comparison [14]. Consequently, when guide RNAs (gRNAs) were
discovered by Blum and colleagues [15], researchers began generating theories for RNA editing.
Prevailing theories suggested either a cleavage-ligation or transesterification mechanism [15,16], with
the former being confirmed using in vitro systems of uridine-based modifications [17–19]. During this
period, researchers attempted to identify specific editing sites, but discoveries were limited due to the
technical complexities of available sequencing methods [20]. In response to the successes of the human
genome project [21] and development of novel sequencing technologies [22], the identification of these
editing sites increased exponentially, with the majority of A-to-I editing sites being discovered in Alu
repeats [23]. Since these early contributions, the definition of RNA editing has expanded to encompass
a host of post-transcriptional modifications, in which an RNA transcript is altered from its originating
parent gene [14]. Moreover, RNA editing is now widely observed in a diversity of organisms in both
coding and non-coding RNAs [24,25]. With this foundation established, researchers are shifting their
focus towards examining the implications of these RNA editing events on biological functioning and
disease progression [26–29]. In Figure 1, we summarize the milestones in RNA Editing Discovery.

Cancers 2020, 12, x 2 of 19 

 

family of enzymes, now called adenosine deaminases acting on RNA (ADARs), consists of several 
members, most notably: ADAR1, ADAR2, and ADAR3 [9,11–13]. 

Identifying the mechanisms responsible for these RNA editing events was initially complicated 
by the lack of a template RNA for comparison [14]. Consequently, when guide RNAs (gRNAs) were 
discovered by Blum and colleagues [15], researchers began generating theories for RNA editing. 
Prevailing theories suggested either a cleavage-ligation or transesterification mechanism [15,16], with 
the former being confirmed using in vitro systems of uridine-based modifications [17–19]. During 
this period, researchers attempted to identify specific editing sites, but discoveries were limited due 
to the technical complexities of available sequencing methods [20]. In response to the successes of the 
human genome project [21] and development of novel sequencing technologies [22], the 
identification of these editing sites increased exponentially, with the majority of A-to-I editing sites 
being discovered in Alu repeats [23]. Since these early contributions, the definition of RNA editing 
has expanded to encompass a host of post-transcriptional modifications, in which an RNA transcript 
is altered from its originating parent gene [14]. Moreover, RNA editing is now widely observed in a 
diversity of organisms in both coding and non-coding RNAs [24,25]. With this foundation 
established, researchers are shifting their focus towards examining the implications of these RNA 
editing events on biological functioning and disease progression [26–29]. In Figure 1, we summarize 
the milestones in RNA Editing Discovery. 

  
Figure 1. Milestones in RNA Editing Discovery. 

2. RNA Editing Subtypes 

Editing events involve either C-to-U or A-to-I base substitutions. Mechanistically, these events 
are derived from a hydrolytic deamination reaction: C-to-U substitutions are catalyzed by APOBEC, 
while A-to-I substitutions are catalyzed by ADAR [7–9,30]. Consequently, these deamination 
reactions cause an alteration in the original RNA sequence and disrupt the pre-existing nucleotide 
base pairing. As such, C-G bonds become U-A bonds, and A-U bonds become I(G)-C bonds. 

2.1. Adenosine Deaminases Acting on RNA (ADARs) 

The ADAR family of adenosine deaminases catalyzes A-to-I editing[9,31] (Box 1). In particular, 
this family consists of ADAR1, ADAR2, and ADAR3, which, in humans, are encoded in chromosomes 
1, 21, and 10, respectively [32]. Structurally, the ADAR catalytic deaminase domain is localized in the 
C-terminal and its amino acid sequence is similar among the ADARs [33,34]. X-ray crystallography 
of ADAR2 reveals an active site that consists of four core amino acid residues involved in the 
coordination of a zinc ion: His394, Glu396, Cys451, and Cys516 [35]. Furthermore, an inositol 
hexakisphosphate (IP6) has been identified near the catalytic site, and it contributes to ADAR’s 
enzymatic activity and overall stability [35]. ADARs also contain up to three dsRNA binding domains 
(dsRBD) that directly interact with RNA [36,37]. One dsRBD (65 kDa) shows a αβββα secondary 

Figure 1. Milestones in RNA Editing Discovery.

2. RNA Editing Subtypes

Editing events involve either C-to-U or A-to-I base substitutions. Mechanistically, these events
are derived from a hydrolytic deamination reaction: C-to-U substitutions are catalyzed by APOBEC,
while A-to-I substitutions are catalyzed by ADAR [7–9,30]. Consequently, these deamination reactions
cause an alteration in the original RNA sequence and disrupt the pre-existing nucleotide base pairing.
As such, C-G bonds become U-A bonds, and A-U bonds become I(G)-C bonds.

2.1. Adenosine Deaminases Acting on RNA (ADARs)

The ADAR family of adenosine deaminases catalyzes A-to-I editing [9,31] (Box 1). In particular,
this family consists of ADAR1, ADAR2, and ADAR3, which, in humans, are encoded in chromosomes
1, 21, and 10, respectively [32]. Structurally, the ADAR catalytic deaminase domain is localized in the
C-terminal and its amino acid sequence is similar among the ADARs [33,34]. X-ray crystallography of
ADAR2 reveals an active site that consists of four core amino acid residues involved in the coordination
of a zinc ion: His394, Glu396, Cys451, and Cys516 [35]. Furthermore, an inositol hexakisphosphate
(IP6) has been identified near the catalytic site, and it contributes to ADAR’s enzymatic activity and
overall stability [35]. ADARs also contain up to three dsRNA binding domains (dsRBD) that directly
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interact with RNA [36,37]. One dsRBD (65 kDa) shows a αβββα secondary structure, which is highly
conserved among the ADARs, and helps to facilitate contact with the RNA target [38,39].

2.1.1. ADAR 1

ADAR1 consists of two isoforms. The interferon-inducible isoform ADAR1L (150 kDa) is involved
in immune responses [40] and it is mainly expressed in the cytoplasm due to the presence of a nuclear
export signal (NES) in its N-terminal domain [41,42]. The constitutive isoform ADAR1S (110 kDa)
lacks a NES, so it is primarily localized in the nucleus [43,44]. Investigators have suggested that a
shuffling system is responsible for the cytosolic expression of ADAR1S [45].

2.1.2. ADAR2

ADAR2 is mainly localized in the nucleus and primarily expressed in brain tissue, where it has a
fundamental role in neuronal development and activity [46]. It has been found expressed in other
tissues, such as arterial vasculature, esophagus, and lung [31,47]. ADAR2 expression is regulated by
the c-Jun transcription factor and by the transcriptional activator CREB [48,49] and it is predominately
nuclear [32]. In 2015, Tommaselli and colleagues proposed the ADAR2 enzyme as a key factor for the
editing balance of miRNAs involved in cancer [50].

2.1.3. ADAR 3

ADAR3 is exclusively localized to the brain [13,51–53]. Although ADAR3 has a C-terminal region
similar to the deaminase domain of ADAR2, its enzymatic activity has not yet been demonstrated [51,54].
The catalytic activity of ADAR1 and ADAR2 requires subunit homodimerization, while this event
in vitro has not been reported for ADAR3 [55]. As such, the absence of ADAR3 homodimerization
might explain its enzymatic inactivity [55]. Interestingly, ADAR3 expression negatively correlates with
editing levels in the brain [56]. ADAR3 has been reported as a regulator of RNA editing in the brain by
competing with ADAR2 for dsRNA substrates [57].

Box 1. Adenosine Deaminases Acting on RNA (ADARs).
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In 2015, Paz-Yaacov and colleagues determined that ADAR1 and ADAR2 were elevated in cancer
as compared with normal tissues in a variety of tumors (invasive breast carcinoma, hepatocellular
carcinoma, head and neck squamous cell carcinoma, bladder urothelial carcinoma lung adenocarcinoma,
prostate adenocarcinoma, and thyroid carcinoma) [58]. This upregulation correlated with an increased
number of edited sites detected and the Alu editing index (AEI). In the same year, Han and
colleagues investigated the alteration in the number of editing events in tissues of several types
of tumors as compared to the relative normal tissues. They reported an increase in A-to-I editing
levels in lung adenocarcinoma, breast, bladder, head, and neck squamous cell, kidney renal cell
carcinomas, and thyroid. Decreased editing events were found in kidney chromophobe and renal
papillary carcinoma, while no difference was reported in liver, lung squamous, prostate, and stomach
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adenocarcinoma. The researchers also showed a positive correlation between the RNA editing and
ADAR1 expression, but not ADAR2 and ADAR3, although a possible role of ADAR2 in editing
regulation was not excluded [59].

2.2. Apolipoprotein B messenger RNA Editing Catalytic Polypeptide (APOBEC)

The human APOBEC protein family consists of 11 cytidine deaminases acting on nucleic acids
and comprises both primary gene products and their alternatively spliced variants: activation-induced
deaminase (AID), APOBEC1A (A1), APOBEC2A (A2), APOBEC3A (A3A), APOBEC3B (A3B),
APOBEC3C (A3C), APOBEC3D (A3D), APOBEC3F (A3F), APOBEC3G (A3G), APOBEC3H (A3H),
and APOBEC4 (A4) [60]. AID and A1 are encoded on chromosome 12; A2 and A4 are encoded on
chromosomes 6 and 1, respectively, whereas all of the A3 are on chromosome 22 [61].

The cytidine deaminase catalytic domain is folded to form a structure containing
five-stranded mixed β-sheets that are stabilized by six α-helices, where the overall sequence is
α1-β1-β2-α2-β3-α3-β4-α4-β5-α5-α6 [62]. The reaction of C-to-U deamination requires a zinc ion that
is coordinated by two conserved Cys and His residues; importantly, the maintenance of this zinc ion is
necessary for the enzymatic activity of cytidine deaminases (reviewed in [62]).

Most of the APOBEC proteins contain one cytidine deaminase domain. However, A3B, A3D,
A3G, and A3F comprise two domains in tandem, although only the C-terminal domain is catalytically
active [62]. Thus, all of the APOBECs components have a zinc-coordinating deaminase domain (ZDD)
motif (HxEx25-30PCx2-4C) within the cytidine deaminase fold [61]. Mechanistically, ZDD induce
the hydrolytic removal of the exocyclic amine from cytidine or deoxycytidine with the consequential
formation of uridine or deoxyuridine in single-strand DNA (ssDNA) or RNA [63].

AID activity is involved in immunoglobulin diversification [64,65] and its mutations have been
found in patients with the autosomal recessive form of Hyper IgM syndrome [66]. Immunoglobulin
diversification depends on genetic alteration, including gene conversion (GC), somatic hypermutation
(SHM), and class-switch recombination (CSR), and AID seems to be involved in all of these
events [65–68].

A1 catalyzes the editing of C-to-U- in position 6666 and 6802 of Apolipoprotein B (ApoB) mRNA
in the small mammal intestine and the liver of small species [60,69], although new targets have been
identified [70]. Its activity requires the binding to a cofactor (A1CF), and a cis-acting nucleotide
sequence (called mooring sequence) needed to recognize the editing site (reviewed in [71])

A2 is expressed in skeletal muscles and cardiac tissue; A2 action is required for muscle
development [72]. Interestingly, an increased expression of A2 has been linked to lung and liver
tumorigenesis, and its constitutive expression induces accumulation of aberrant RNA sequence of
PTEN and Eif4g2 genes in hepatocytes [73].

The main function of the A3 subfamily consists of the modification of endogenous and exogenous
RNA and DNA (i.e., endogenous retroelements and exogenous viruses) [63]. Indeed, their antiviral
activity against retroviruses and non-related viruses has been demonstrated [74–76]. Additionally,
A3 overexpression has been found in several cancers, which suggests a possible function as a
protooncogene [67].

When A4 is overexpressed in yeast and bacteria, this protein does not show any detectable cytidine
deamination activity in DNA [77]. In fact, it weakly interacts with ssDNA [78]. A4 is mainly expressed
in human testis, and it has been shown that it enhances the HIV-1 replication [78].

The APOBEC protein family plays an important role in cancer development and progression [60].
In 1995, Yamanaka and colleagues demonstrated, for the first time, that there exists a link between
A1 and cancer by discovering that A1 transgenic mice and rabbits developed hepatocellular
carcinoma [79]. Specifically, this finding appeared to be associated with hyper-editing and the
subsequent downregulation of Novel A1 Target no.1 (NAT1; also known as eukaryotic translation
initiation factor 4 gamma 2, or EIF4G2) [80]. Furthermore, A1 can bind and stabilize c-myc mRNA
independently of its RNA-cytidine deaminase role [81]. Additionally, in a recent paper from Niavarani
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and colleagues, the researchers hypothesized a prognostic role for A1 in cancer [82]. Similarly,
AID has also been associated with colorectal cancer [83], and it is aberrantly expressed in non-B cells,
causing mutation(s) of non-IG genes that lead to an accumulation of p53 nucleotide alteration [84].
Recently, the important role of A3A and A3B in carcinogenesis has been well-established; specifically,
their contribution to mutations in different cancers, such as bladder, cervical, breast, head and neck,
and lung [85–88]. Chan and colleagues have also discovered that the A3A and A3B mutation signature
is distinguishable in human cancer [89].

3. Editing of Non-Coding RNA in Cancer

Non-coding RNAs (ncRNAs) are untranslated RNA transcripts that are involved in the
post-transcriptional and post-translational regulation of gene expression [24,25,90]. NcRNAs encompass:
housekeeping RNAs, such as ribosomal RNA (rRNA) and transfer RNA (tRNA); small nuclear RNA
(snRNA); small nucleolar RNA (snoRNA); and, regulatory RNAs. Regulatory RNAs can be further
categorized by size into: small ncRNAs and long ncRNAs (lncRNAs). Small ncRNAs are less than
30 bp and they include: microRNA (miRNA), short interfering RNA (siRNA), piwi-interacting RNAs
(piRNA), tRNA-derived fragments (tRFs), and tRNA halves (tiRNAs). lncRNAs are greater than 200
nucleotides [91–94]. With respect to post-transcriptional processing, A-to-I editing has been most
studied in miRNAs and lncRNAs [32].

3.1. MicroRNAs (miRNAs)

During the last decade, an increasing number of investigators have analyzed the role and effect
of A-to-I editing on microRNAs (miRNAs) [32,95]. MiRNAs are single-stranded RNA sequences
that contribute to post-transcriptional regulation of gene expression [96]. They are transcribed into
pri-miRNAs, which then undergo a series of cleavage reactions, catalyzed by Dicer and Drosha, to
form a mature miRNA sequence [97]. RNA editing events that alter the pri-miRNA sequence have
been shown to interfere with Dicer- and Drosha- mediated cleavage events, which in turn disrupts
overall miRNA biogenesis [50,95,98,99]. It is estimated that 10–20% of miRNAs undergo editing
at the pri-miRNA level. For example, approximately 20% of pri-miRNAs found in the brain are
edited [95,100]. Furthermore, pri-miRNAs encoded by DNA viruses, such as Epstein–Barr and Kaposi,
are found to be edited, as well [95]

RNA editing can also target mature miRNAs. To date, 2654 mature miRNA sequences have
been identified in humans (miRbase 22.1, October 2018) [101]. Mature miRNAs are loaded into a
multiprotein complex, called the RNA-induced silencing complex (RISC) [97,102]. The miRNA has a
seed region, which helps to guide RISC to complementary mRNA sequences [97]. Mechanistically,
miRNAs base-pair with target mRNAs, typically within the 3′ UTR, to negatively regulate their
expression [97]. Therefore, when considering the miRNA’s modus operandi, editing of either the mRNA
3′UTR miRNA consensus site or the miRNA seed region can disrupt or induce miRNA silencing
interactions [103–105]. Interestingly, it is rare to find new edited sites in mature miRNAs, which
indicates that the expression of edited miRNA is relatively uncommon [95].

The altered expression of miRNA editing has been associated with cancer [106–108]. In general,
miRNA editing is downregulated while the editing of the 3′ UTR of mRNAs is upregulated in
cancers [106]. Interestingly, elevated miRNA editing levels are associated with longer survival [106].
As examples, ADAR1 can regulate miR-222 biogenesis at a transcriptional level and affect melanoma
immunoresistance [109]. MiR-214 and miR-122 precursor and antisense editing mediated by ADAR2 is
deregulated during hepatocarcinogenesis [110]. ADAR2 can reduce the expression of many oncomiRs
and, in particular, ADAR2 can edit miR-222/221 and miR-21 precursors in vitro and in vivo with
important effects on cell proliferation and migration [50].

To better distinguish cancer from non-cancer, investigators have proposed miRNA editing
patterns as a classifier [107]. These miRNA editing profiles may also be leveraged for predicting
specific cancer histologies [107]. For example, miR-589-3p contributes to cell migration and invasion,
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and is normally edited in brain tissue, but it is found to be downregulated in glioblastoma [111].
Similarly, the downregulation of miR-376a* editing was found to be correlated with an increase in cell
invasiveness and a decrease in patient survival in glioblastoma [112]. In a recent paper by Nigita and
colleagues, the investigators identified the deregulation of miRNA editing events between lung tumor
and normal tissues [108]. In the same study and, for the first time, they observed a difference in the
editing level of mature miRNAs in circulating exosomes [108]. Finally, another study demonstrated
that ADAR2 enzyme downregulating DROSHA can decrease miR-15/16 expression increasing the
oncogenic signal in lymphocytic leukemia [113].

Methods for MicroRNA Editing Detection and Functional Characterization

At the beginning of the 2000s, only a few RNA editing sites were detectable in miRNAs while
using low-throughput methods [99,100,104,114,115]. With the advent of high-throughput sequencing
(HTS) technologies, we have observed significant progress not only in terms of identification of novel
genes, but also in the detection of post-transcriptional modifications, such as RNA editing. In fact, in the
last decade, several groups have leveraged HTS technologies to profile and study the phenomenon
of miRNA editing [32,116] moving from a few dozen to several hundred editing sites identified in
miRNAs [117–119]. One of the first and most common HTS-based approaches for miRNA editing
detection was utilized by Alon et al. [120,121], in which the authors identified 19 high-confidence A-to-I
editing sites in mature miRNAs. Subsequently, Alon et al. implemented such a pipeline into a Web
server [122], named DREAM (http://www.cs.tau.ac.il/~mirnaed/), allowing for users to upload their
small-RNA sequencing data and profile miRNA editing. Recently, another group developed a more
comprehensive HTS-based application [123], termed miRge2 (https://github.com/mhalushka/miRge),
to concurrently profile edited miRNAs and miRNA isoforms, demonstrating that miRNA editing
detection is strongly correlated with Alon’s pipeline.

As a result of the development of HTS technologies, hundreds of editing events in miRNAs
have been compiled in an RNA editing database [118,124], called DARNED, (https://darned.ucc.ie/),
and subsequently in an improved database that was created by Ramaswami and Li [119], named
RADAR (http://rnaedit.com/). Recently, another resource was created by Picardi and colleagues, named
REDIportal (http://srv00.recas.ba.infn.it/atlas/) [125], in which they have collected more than 4.5 million
A-to-I events in 55 body sites of 150 healthy individuals. These databases contain editing events
detected in both coding and non-coding genes and, in particular, there are a total of 177 putative and
validated RNA editing sites in mature and precursor microRNA molecules (Figure 2).

Distefano et al. recently developed isoTar (https://ncrnaome.osumc.edu/isotar/), a Web-based
application to perform a consensus miRNA targeting prediction and functional enrichment analyses
for modified miRNAs, such as edited miRNAs and isomiRs [117], to study the biological effect of
editing events. This tool is a containerized application that allows the user an easy installation in
different Operative Systems, with no particular advanced technical skills.

http://www.cs.tau.ac.il/~mirnaed/
https://github.com/mhalushka/miRge
https://darned.ucc.ie/
http://rnaedit.com/
http://srv00.recas.ba.infn.it/atlas/
https://ncrnaome.osumc.edu/isotar/
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Figure 2. Methods for MicroRNA Editing Detection and Functional Characterization. (A) Two principal
and most used pipeline (DREAM and miRGe 2.0) for miRNA editing detection. (B) Distribution
of 177 putative and/or validated A-to-I RNA editing events in both mature and precursor miRNA
molecules along with the three major RNA editing databases (DARNED, RADAR, and REDIPortal).
(C) Illustration of isoTar, a web-based containerized tool designed consensus targeting prediction and
functional enrichment analyses for miRNAs harboring editing sites and other.

3.2. Long Non-Coding RNA (lncRNA)

LncRNA are a heterogeneous group of ncRNAs that are longer than 200 nucleotides [126]. Though
approximately 57K unique genes been classified as lncRNAs [127] (LNCipedia v.5), less than 200 of
these sequences have been well characterized and studied [128]. LncRNA are involved in many cellular
biology processes, including RNA splicing; regulation of gene, protein, and miRNA expression; and,
harboring some hormone-like activities [129]. LncRNAs are also implicated in neurological [130] and
cardiac disease [131], as well as in cancer [129,132].

There is evidence of a significant amount of A-to-I editing in lncRNAs, but the functional
significance of this modification while under investigation is not fully understood [32]. Three possible
roles for lncRNA editing have been proposed [133]. First, there is some evidence that highly-edited
lncRNAs can be retained in the nucleus and be exported in the cytosol following cleavage of hyper-edited
sites under stressful stimuli [134]. Second, once lncRNAs are edited, similar to miRNAs, they can be
sensitized to degradation by Tudor-SN [98,133]. Third, similar to miRNAs, editing can modify lncRNA
target sites [133].

Recently, a high throughput RNA-Seq based study demonstrated extensive RNA editing in the
human transcriptome. The authors analyzed ∼767 million sequencing reads from poly(A)+, poly(A)−,
and small RNA samples and they identified two lncRNAs that are edited at several sites Jpx (41 sites)
and Malat1 (31 sites) [135].

lncRNAs may also interact with ADAR to regulate the expression of the target gene. Salameh
and colleagues demonstrated that the prostate cancer antigen 3 lncRNA (PCA3) downregulated its
target tumor suppressor gene PRUNE2 (a human homolog of the Drosophila prune gene) through an
ADAR-mediated RNA editing mechanism. The authors also confirmed the co-regulation and RNA
editing of PRUNE2 and PCA3 in human prostate cancer specimens [136].

In 2017, Luo and colleagues analyzed editing sites in coding transcripts and long non-coding
transcripts of four samples from different cancer stages for the same patient [137]. They identified
distinct editing profiles in different stages of cancer, and the impact on cancer-related pathways was
increased with increasing malignant grade of samples. They hypothesized that the editing levels could
have a functional impact during cancer development and progression [137].
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3.3. tRNA

tRNAs are another class of ncRNA molecules that undergo A-to-I editing, but, in this case, the
deamination is driven by a specific family of enzymes the adenosine deaminases acting on tRNA
enzyme family (ADATs) [138]. These proteins are well conserved in metazoa and the sequence
homology with ADARs suggests a model in which ADATs are ancestral to ADARs [53]. A-to-I editing
in tRNA is well conserved and occurs in three specific positions 34, 37, and 57 of certain tRNA. Even
though this phenomenon is well conserved, its role remains unknown. One hypothesis for editing in
position 34 is that this modification can expand the numbers of recognized codons, but this hypothesis is
the subject of debate [139]. In Figure 3, we summarize the downstream effects of ncRNA A-to-I editing.Cancers 2020, 12, x 8 of 19 
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4. The Role of RNA Editing in Tumor Immunity

Although aberrant patterns of RNA editing have been identified in a variety of cancers,
the biological consequences of editing events on anti-tumor immune responses remain unclear.
Asaoka and colleagues found that APOBEC3-mediated C-to-U RNA editing was common in tissues of
The Cancer Genome Atlas (TCGA)-breast carcinoma (BRCA) cohort [140]. In TCGA-BRCA tissues,
high levels of RNA editing were associated with enriched expression of immune-related gene sets from
the Molecular Signatures Database Hallmark collection. By quantifying tumor-infiltrating immune cell
subsets while using the CIBERSORT algorithm, the investigators showed that tumors with high levels
of RNA editing had significantly more T cells, T cell subtypes (CD8+, CD4+, regulatory T cells, and γδ T
cells), and M1 pro-inflammatory macrophages. TCGA-BRCA patients with high RNA editing in tumors
had better disease-free and progression-free survival. These data suggest that APOBEC3-mediated
RNA editing is associated with heightened immune activity and improved survival in breast cancer.

Zhang and colleagues designed a proteogenomics screening approach combining liquid
chromatography-mass spectrometry and RNA sequencing data from primary human tissue samples
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and healthy tissue donor samples to identify RNA edited HLA ligands [141]. Focusing on the HLA-A
ligands found for an ADAR1 editing site of cyclin I (CCNI R75G), the authors showed that edited
CCNI peptides activated tumor-infiltrating lymphocytes from human melanoma tumors, suggesting
edited CCNI peptides function as antigenic epitopes in vivo. Edited CCNI peptide-specific T cells also
facilitated the killing of the HLA-A-expressing lymphoblast cell line T2. Thus, HLA-bound peptides
derived from RNA editing can function as tumor antigens to elicit anti-tumor immune responses.

The editing of dsRNA by ADAR1 plays an important role in preventing aberrant and chronic innate
immune response activation (reviewed in [142]). However, hyper-editing of RNA by elevated ADAR1
activity has been reported in some cancers [143–147]. Using a pooled in vivo genetic screening approach
utilizing CRISPR-Cas9 genome editing in transplantable B16 melanoma tumors in mice treated with
anti-PD-1 therapy, Manguso and colleagues identified ADAR1 as a top candidate to boost cancer
immunotherapy [148]. To test whether the deletion of Adar1 sensitized tumors to anti-tumor immunity,
Ishizuka and colleagues generated mouse B16 melanoma cells that lacked ADAR1 [149]. Adar1-null B16
tumors implanted in wild-type, immunocompetent animals were profoundly sensitized to anti-PD-1
antibody treatment. Adar1-null tumors had significantly increased proportions of T cells and natural
killer cells; and, decreased proportions of myeloid-derived suppressor cells, M2 anti-inflammatory
macrophages, and tumor-associated neutrophils. When compared with control tumor cells, Adar1-null
cells showed a significant inhibition of viability and increased apoptosis when stimulated with IFNβ or
IFNγ. The loss of MDA5 reversed the inflammation observed in Adar1-null tumors, which indicated
that dsRNA sensing by MDA5 is required for the enhanced inflammation and immune infiltration in
Adar1-null tumors. The deletion of β2 microglobulin (B2m) abolishes recognition of B16 melanoma
cells by CD8+ T cells and renders them completely resistant to immunotherapy in vivo. The loss of
ADAR1 restored sensitivity to immunotherapy and resulted in elimination of many of the B2m-null
tumors, indicating that the deletion of Adar1 can overcome acquired resistance to immunotherapy.

These three studies indicate that RNA editing plays an important role in tumor immunity, but its
precise role remains uncertain. Both Asaoka and colleagues and Zhang and colleagues show that RNA
editing mediated by APOBEC3 and ADAR1 elicits anti-tumor immune responses in breast cancer and
melanoma, respectively. In contrast, Ishizuka and colleagues demonstrate that the loss of ADAR1
in melanoma tumors increases tumor inflammation and overcomes resistance to immunotherapy.
Thus, additional studies are required to understand the mechanisms, whereby RNA editing influences
anti-tumor immune responses and whether RNA editing enzymes may represent novel targets for
immuno-oncology therapy.

In contrast to general RNA editing, even less is known regarding the role of non-coding RNA editing
in tumor immunity. ADAR1, in an editing-independent manner, has been shown to transcriptionally
regulate the biogenesis of miR-222 and thereby Intercellular Adhesion Molecule 1 (ICAM1) expression,
which consequently affects melanoma immune resistance [109]. However, to our knowledge, there are
no published reports showing that miRNA editing regulates anti-tumor immune responses.

5. The Future of Noncoding RNA Editing as Biomarkers in Cancer

High throughput interrogation of the human transcriptome has led to the identification
of post-transcriptional modifications that drive cancer biology. Transcriptional modifications,
such as editing, have the potential to serve as markers of cancer stage, histology, prognosis
and chemotherapeutic response. The dysregulation of A-to-I (e.g., ADAR) and C-to-U editors
(AID/APOBEC) has been implicated in prognosis in carcinogenesis and both the innate and adaptive
immune system [26,150]. As mentioned, Asaoka and colleagues demonstrated that APOBEC editing
correlated with improved survival and enrichment of immune related gene expression in breast
cancer [140]. Variants in RNA editing exist across several solid malignancies including colorectal
cancer [151]. Permuth and colleagues identified that selected single nucleotide polymorphisms in
ADAR correlated with susceptibility to epithelial ovarian cancers [152]. Investigators postulate that
tumor ADAR1 expression may serve as classifier for therapeutic response and that cancer directed
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targeting of ADAR 1 may represent a viable approach to sensitization of poorly responsive tumors.
For example, the deletion of ADAR1 resulted in the sensitization of several tumor types to immune
checkpoint inhibition (ICI) [149].

The links between ADARs and AID/APOBEC editing proteins and miRNA are evolving.
Both proteins can either alter absolute miRNA expression or indirectly impact miRNA targeting
through editing 3′UTR sites. As we have discussed, one of the earliest observations by Choudhury
and colleagues demonstrated that within high grade glioma of the brain, miR-376 was primarily in
the unedited form correlating with tumor progression. Select A-to-I editing of miR-376 resulted in a
shift towards a tumor suppressor like function [112]. This and subsequent studies started to suggest
that editing within miRNA transcripts may occur across tumor types, including prostate cancer [153],
thyroid cancer [154], lymphomas [155], and lung cancer [108,156]. Comprehensive analysis of miRNA
editing regions by leveraging TCGA has facilitated the identification of cancer relevant regions for
miRNA editing [107]. By the profiling of 8595 samples within 20 cancer types, the investigators
identified 19 unique miRNA editing hotspots. Of note, the investigators identified both ubiquitous
and cancer specific miRNA editing hotspots. They determined that editing within specific miRNAs,
including miR-151a, miR-99a, miR-200b, miR-376c, miR-381, miR-411, and miR-664a correlated with
key variables, including survival, stage, and subtype across some cancers suggesting translational
application as biomarkers (Figure 4). Lastly, they conducted preliminary in vitro studies to suggest
that editing in miR-200b as opposed to wild type miR-200b may redirect targeting of ZEB1, ZEB2,
and LIFR and, thus, impact downstream signaling. Velazquez-Torres and colleagues demonstrated
that selected editing of miR-378-3p resulted in a tumor suppressive phenotype in melanoma [157].
While many of these studies are encouraging, the suggested edited ncRNA classifiers still require more
comprehensive testing, validation and independent evaluation for clinical utility.
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6. Conclusions

While post transcriptional modifications, such as editing impact downstream biology of coding
RNA in both malignant and benign human diseases, our understanding for editing in noncoding regions
is just starting to emerge. With the advent of high throughput interrogation of the human genome,
investigators have uncovered additional complexities of noncoding regions previously unrealized.
This relatively new concept allows for us to implicate a new layer for both regulation and patterns of
expression of such key genes as miRNAs and lncRNAs that extends beyond conventional approaches
of examining absolute expression as biomarkers or linking unedited sequences to downstream targets.
The functional mechanisms by which editing in noncoding regions may drive cancer initiation and
progression are still in the early phases of investigation. However, it is increasingly evident that
the deregulation of central mediators of editing, such as ADAR and APOBEC proteins across many
cancers, suggests that editing contributes to many of the hallmarks of cancer. How such aberrations
will translate to clinically inform decision making and their role as diagnostic and prognostic classifiers
is unknown, but is sure to come to light in the near future.
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