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ABSTRACT
RNA editing is one of the most prevalent and abundant forms of post-transcriptional RNA modification 
observed in normal physiological processes and often aberrant in diseases including cancer. RNA editing 
changes the sequences of mRNAs, making them different from the source DNA sequence. Edited mRNAs 
can produce editing-recoded protein isoforms that are functionally different from the corresponding 
genome-encoded protein isoforms. The major type of RNA editing in mammals occurs by enzymatic 
deamination of adenosine to inosine (A-to-I) within double-stranded RNAs (dsRNAs) or hairpins in pre- 
mRNA transcripts. Enzymes that catalyse these processes belong to the adenosine deaminase acting on 
RNA (ADAR) family. The vast majority of knowledge on the RNA editing landscape relevant to human 
disease has been acquired using in vitro cancer cell culture models. The limitation of such in vitro 
models, however, is that the physiological or disease relevance of results obtained is not necessarily 
obvious. In this review we focus on discussing in vivo occurring RNA editing events that have been 
identified in human cancer tissue using samples surgically resected or clinically retrieved from patients. 
We discuss how RNA editing events occurring in tumours in vivo can identify pathological signalling 
mechanisms relevant to human cancer physiology which is linked to the different stages of cancer 
progression including initiation, promotion, survival, proliferation, immune escape and metastasis.
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Two types of RNA editing by base deamination

In recent years we have seen a surge of interest in the field of 
enzymatic RNA modifications of RNA molecules, also called 
epitranscriptomics. In total, there are currently 170 known 
RNA modifications across all types of RNAs in different 
domains of life[1]. Many types of RNA modification are 
known to alter structures and increase stabilities of stable 
RNAs and to facilitate their roles in translation (rRNA and 
tRNA), in splicing (snRNAs), in other types of RNA proces
sing or in protein secretion. Some of these types of RNA 
modifications are also now being identified in mRNAs. It is 
becoming clear that modified bases in mRNAs represent an 
important layer of information, that has largely been missed 
until now. This is because the vast majority of different 
modified nucleotide bases do not have altered base pairing 
preferences and therefore current RNA sequencing methods 
are not able to detect them.

Out of the 170 known RNA base modifications the term RNA 
editing is used to describe i.a. two similar RNA base modifica
tions that cause changes in base-pairing preferences. These are 
base deamination reactions targeting the canonical A or C bases 
that remove their exocyclic amino groups involved in the 
Watson-Crick base pairing[1]. The RNA editing enzymes 
involved are: (1) adenosine deaminases acting on RNA 
(ADARs), responsible for adenosine-to-inosine (A-to-I) editing 

events, and (2) activation-induced cytidine deaminase (AID)/ 
apolipoprotein B mRNA editing enzyme, catalytic polypeptide 
family proteins (APOBEC), responsible for C-to-U editing 
events (Fig. 1). Defects in RNA editing contribute to diseases 
including interferonopathies, epilepsies and cancers [2] and it is 
likely that these diseases are only the tip of the iceberg.

For these two types of RNA editing by base deamination the 
most dramatic impact is that they can violate the Central Dogma, 
changing the meaning of a codon within an open reading frame. 
However, RNA editing is observed in both coding and noncoding 
sequences, and RNA editing also affects pre-mRNA splicing, 
mRNA localization, microRNA pairing or transcript stability 
[3]. Some of these effects are similar to effects of other RNA 
modifications, such as base methylations, that do not change 
base pairing but do impact mRNA structure and stability. RNA 
modifications can also influence the binding of specific proteins 
and miRNAs to mRNAs [3–5].

1. A-to-I RNA editing

The most widespread type of RNA editing in mammals (indeed 
possibly the most widespread of all the different mRNA mod
ifications), with millions of editing sites in humans, is hydrolytic 
deamination of adenosine (A) at C6 to inosine (I) (Fig. 1A). 
Deamination of adenosine to inosine by adenosine deaminases 
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acting on RNA (ADARs) is the best-studied type of RNA 
editing/modifications (reviewed by Nishikura et al.[6]). The 
ADARs convert adenosine to inosine in double-stranded (ds) 
RNA hairpins within transcripts or non-coding RNAs. The 
pre-mRNA dsRNA hairpins involved in high-efficiency and 
highly site-specific ADAR RNA editing in exons are often 
formed by pairing of exons with nearby intronic sequences; 
the introns and the dsRNA hairpins formed are subsequently 
removed by splicing. During translation inosine is recognized 
as guanosine (G) by splicing and translational complexes, 
which enforce Watson-Crick base pairing[7]. During cDNA 
synthesis, the inosine at the edited position in the mRNA 
pairs with cytosine and the adenosine that was deaminated 
becomes replaced by guanosine in the resulting cDNA. Some 
of the edited RNA hairpins are located outside of coding 
sequences, and these RNA hairpins are still present in mature 
mRNAs that reach the cytoplasm, particularly in mRNA 
3ʹUTRs (untranslated regions). In addition to recoding 
mRNAs, inosine alters dsRNA structures, as it preferably 
forms a wobble base pair with uracil. Since this allows for
mation of two hydrogen bonds in a different way, inosine 
marks endogenous dsRNA as self, dampening innate immune 
and genome defence responses and preventing their aberrant 
induction by self RNA [8]. Other RNA modifications, such 
as m6A, are likely to have the same effect. ADAR proteins 

also have editing-independent effects on miRNA processing 
from their dsRNA hairpin precursors [9].

In humans we can distinguish three proteins in the ADAR 
family: ADAR1 (encoded by ADAR), ADAR2 (encoded by 
ADARB1) and ADAR3 (encoded by ADARB2). ADAR1 has 
two isoforms, ADAR1p150 and ADAR1p110. Both ADAR1 
and ADAR2 proteins have overlapping, yet separate functions.

ADAR1 and ADAR2 are enzymatically active and able to 
catalyse RNA editing events, while the third member of the 
ADAR family, ADAR3 is catalytically inactive. However, 
ADAR3 is a brain-specific dsRNA binding protein that was 
shown to be able to inhibit RNA editing mediated by ADAR1 
and ADAR2, suggesting it could have a regulatory impact on 
the process [10,11]. ADAR2 is localized in the nucleus, unlike 
ADAR1 isoforms: the constitutively expressed p110 isoform 
and the interferon (IFN)-inducible p150 isoform, shuttle 
between the nucleus and the cytoplasm [12–18]. Although 
ADAR1 was shown to be crucial for survival of mouse 
embryos, as the deletion of the Adar1 gene causes lethal 
liver disintegration [19–21], most of the ADAR-mediated 
RNA editing is not crucial for homoeostasis [22]. ADAR2 is 
expressed at a nearly 10-fold lower level than ADAR1 in 
tissues that express both proteins. Our group has found 
a high expression of ADAR1 and ADAR2 and low expression 
of ADAR3 mRNAs in human immune cells: in natural reg
ulatory T cells (Tregs) after CD3/CD28 stimulation [23]. 
However, ADAR2 is expressed particularly well in the central 
nervous system, where it is mainly responsible for site-specific 
editing (often to high levels) of adenosines in shorter RNA 
hairpins of central nervous system (CNS) transcripts (e.g. ion 
channel subunits) [24].

Both ADAR1 and ADAR2 enzymes recognize and edit 
dsRNAs hairpins. Although there is an overlap between 
ADAR1 and ADAR2 targets in cells where both proteins are 
expressed, ADAR1 in particular promiscuously edits 300 base 
pair long hairpins formed by pairing inverted copies of Alus in 
pre-mRNAs across many tissues [3]. Mice lacking ADAR1 
(Adar Δ2-13 null mutant mice) die by embryonic day E12.5 
with massive interferon induction, loss of haematopoietic 
cells and death of hepatocytes in the embryonic liver [19,25] 
where haematopoiesis occurs until after foetal day 15. 
Embryonic lethality is prevented in Adar Δ2-13, Mavs double 
mutants, which remove the key adapter protein required for 
interferon induction downstream of cytoplasmic antiviral 
dsRNA-activated RIG-I-like receptors (RLRs) [8]. Adar Δ2-13, 
Mavs double mutants survive to birth but die within days or 
weeks, suggesting that unedited endogenous dsRNA might 
aberrantly activate other sensors in addition to RLRs. Studies 
in cancer cells suggest that the dsRNA-activated protein kinase 
R (PKR) might also be aberrantly activated in Adar mutant 
mice [26]. Human ADAR mutations with reduced overall 
ADAR1 RNA editing cause Aicardi-Goutieres syndrome-6 
(AGS6) [27], which is a virus infection mimic syndrome and 
an interferonopathy, with childhood encephalitis that usually 
leads to childhood death. AGS can also result from mutations 
in genes other than ADAR which encode proteins involved in 
DNA and RNA metabolism (e.g. TREX1, RNASEH2, 

Figure 1. The scheme of A-to-I (A) and C-to-U (B) deamination. Deamination, 
catalysed by enzymes called deaminases, is the process of removing an amino 
group from a molecule, usually with the amino group being released as 
ammonia. (A) ADARs mediate the adenosine deamination process on C6 
(amino group at C6 position is marked in red) which results in inosine formation. 
During translation inosine is recognized as guanosine and thus a different amino 
acid can be incorporated into the protein during its synthesis. (B) C-to-U 
deamination mediated by APOBECs is a very similar hydrolytic deamination 
reaction where cytosine is converted to uracil; this change can also recode 
protein open reading frames. The A-to-I and C-to-U deaminases are distantly 
evolutionarily related to each other and share similar zinc-containing active sites.
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SAMHD1); mutations lead to interferonopathy through aber
rant activation of the DNA-activated cGAS pathway [28].

There is no information on cancer-related effects in Adar 
mutant mice nor in AGS6 patients. However, the haematopoietic 
defect in mouse Adar mutants does result from loss of early 
haematopoietic cells [25]; tissue-specific knockout of Adar in 
erythroid cells in bone marrow in adult mice also leads to loss of 
erythroid cells [29]. Also, leukaemic cancer stem cells from which 
leukaemia can recur after successful initial treatment were shown 
to be highly dependent on ADAR for survival. The smaller nuclear 
ADAR1p110 isoform is constitutively expressed; however, inter
feron and cytokine signalling induce expression of the larger, 
cytoplasmic ADAR1p150 isoform and somewhat increase 
ADAR1p110. Elevated JAK2 signalling in the inflammatory envir
onment of these cancer stem cells increases levels of cytokine 
receptors and ADAR1 [30]. ADAR1, in turn, binds and edits 
dsRNA precursors of let-7 microRNA, inhibiting let-7 production 
and allowing increased expression of its antagonistic regulator 
LIN28, which is a key stem cell renewal factor.

ADAR2 is more expressed in the brain where it site- 
specifically and often very efficiently edits short RNA hairpins 
in key neuronal transcripts, formed by pairing of imperfectly 
complementary, non-repetitive, exonic and intronic sequences 
[31–34]. When an RNA editing event occurs within an mRNA 
open reading frame it can result in changing the protein 
sequence[35]. Examples of such events were described espe
cially in CNS transcripts, e.g. ADAR2-mediated editing of 
GRIA2 transcript (formerly called GluR2 and GluR-B, encod
ing the glutamate receptor, ionotropic AMPA-type, subunit 2) 
[31,36], GABRA3 transcript (encoding the α3 subunit of the γ- 
aminobutyric acid type A receptor) in the human brain[37] 
and Kv1.1 transcript (encoding the voltage-gated potassium 
channel Kv1.1) [38,39]. Mice lacking ADAR2 (Adarb1 
mutants) develop seizures from around postnatal day P10 
and die before or at weaning around P20; double homozygous 
Adarb1, Gria2R mice, which have the key Q/R editing site in 
the endogenous Gria2 transcripts mutated to encode only the 
edited GRIA2 R channel subunit isoform, survive and appear 
normal [32]; there have been no reports of any cancer-related 
defects in Adarb1 mutant mice.

Structures of ADARs

Vertebrate ADARs consist of a highly evolutionarily con
served catalytic deaminase domain (DM) at the C-terminus 
and three double-stranded RNA binding domains (dsRBDs) 
(in ADAR1p110 and ADAR1p150) or two (in ADAR2 and 
ADAR3). In addition ADAR1 has Z-DNA/Z-RNA binding 
domains (one in ADAR1p110 and two in ADARp150) at the 
N-terminus (Fig. 2) [40]. The dsRBD is a ~ 65 amino acid 
domain with a typical structure: α-β-β-β-α, with an α helix on 
either side of three antiparallel β-sheets [41,42]. Expression of 
ADAR1p110 and ADAR1p150 isoforms is controlled by the 
constitutively active promoter [17] and the interferon (IFN)- 
inducible promoter, respectively [43]. ADAR3 consists of the 
same domains as ADAR2 but unlike other members of the 
ADAR family it also has an additional N-terminal domain, 

which is called the R domain [11,44] that binds to single- 
stranded RNA (ssRNA).

As mentioned above, ADAR1 also has Z-DNA/Z-RNA 
binding domain/domains at its N-terminus. Physiologically, 
DNA or dsRNA are present in right-handed helical forms, 
while Z-DNA or Z-RNA represent the left-handed conforma
tions that have been more difficult to prove in vivo. The 
conversion from the B-form to the Z-form helix takes place 
when enzymes such as polymerases and helicases generate 
underwound DNA or dsRNA. The Z-DNA binding by the 
first Z-DNA/Z-RNA-binding domain can mediate ADAR1 
localization at highly transcribed DNA sites and Z-RNA- 
binding can mediate ADAR1 localization at underwound 
dsRNAs in RNA viruses [42,45]. It has not been proved that 
the Z-forms are present, although this is likely.

Promiscuous ADAR RNA editing in Alu elements and long 
dsRNAs

Alu elements are ~300 bp, adenosine-enriched primate-specific 
repetitive elements of the SINE (short interspersed nuclear 
elements) class. These Alus can be inserted not only in inter
genic regions, but also in introns or 3ʹUTRs of pre-mRNA of 
protein coding genes. Alu sequences correspond to 10% of the 
human genome [24,46] and approximately 10 Alu sequences 
can be identified within an average human pre-mRNA [24]. In 
some cases, two copies of evolutionarily young and sequence- 
similar Alus appear in pre-mRNAs in opposite orientations 
within a few kilobases of each other. Such inverted copy Alu 
elements can form 300 bp hairpins of dsRNA, that can be edited 
by ADAR enzymes, mostly ADAR1.

The largest number of positions at which ADAR1 mediates 
A-to-I deamination within pre-mRNAs and mature mRNAs are 
located in these inverted Alu repetitive elements present in 
introns or 3ʹUTRs [47,48]. The editing of Alu sequences is 
involved in self vs. non-self RNA recognition. Experiments 
revealed that knockout of ADAR in HEK293T cells results in 
interferon induction which was proposed to be triggered by 

Figure 2. Scheme of ADAR1, 2 and 3 protein domains. All ADARs have an 
evolutionarily conserved catalytic deaminase domain at their C termini and 
dsRBD domains with nuclear localization signals (two dsRBDs in ADAR2 and 
ADAR3 and three in ADAR1 isoforms) closer to the N termini. There are two 
isoforms of ADAR1: ADAR1p150, which has two Z domains and nuclear export 
signal (NES); and ADAR1p110, which has one Z domain and lacks the NES. 
ADAR3 possesses an R domain. Amino acid lengths of ADARs are shown in 
brackets.
Z: Z-DNA binding domain; dsRBD: double stranded RNA binding domain; DM: 
deaminase domain; NES: nuclear export signal; NLS: nuclear localization signal; R: 
Arginine-rich single-stranded RNA (ssRNA)-binding domain (R domain). 
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endogenous non-edited dsRNAs that are recognized by the 
cellular machinery as viral genetic material [49]. Retinoic acid- 
inducible gene 1 (RIG1) or melanoma differentiation-associated 
protein 5 (MDA5) are cytosolic sensors for non-edited dsRNA, 
which activate MAVS (mitochondrial antiviral signalling adap
tor protein) after binding non-edited dsRNA [50,51]. As a result 
the type I interferon (IFN) response is triggered, which even
tually leads to cell death [50]. Therefore, these observations 
suggest that editing of Alu dsRNA and/or some other endogen
ous dsRNA prevents aberrant IFN signalling.

A-to-I editing of Alu sequences in introns can also create 
a canonical 5ʹ splice donor site GU (the result of AU-to-IU 
edit, recognized as GU by splicing machinery) and/or 
a canonical 3ʹ splice acceptor site AG (the result of AA-to- 
AI edit, recognized as AG) which can influence the splicing. 
This phenomenon is referred to as the exonization of Alus 
and has been observed in several transcripts, e.g. as alter
native splicing of exon 15a in GPR107 gene (LUSTR1, 
encoding G protein-coupled receptor 107) due to editing 
of AluSx in intron 15[48]; and in editing of an intronic Alu 
sequence between exons 1 and 2 in the SARS gene (encod
ing seryl-tRNA synthetase) to prevent aberrant exonization 
of the Alu sequence into mature mRNA [52] and also in 
exonization of Alu in the NARF gene (encoding the nuclear 
prelamin A recognition factor) which inserts 46 additional, 
in-frame amino acids [53].

Furthermore, under stress conditions or during viral infec
tion, the expression level of transcripts containing Alu 
sequences in dsRNA may be controlled by the level of A-to- 
I editing. A-to-I edits within dsRNA molecules (called hypere
dited or extensively edited Alus in dsRNA) lead to formation 
I-U wobble base pairs [54] which make dsRNA pairing 
weaker and contribute to bulges (short ssRNA stretches) in 
dsRNA structures. It was shown that human Endonuclease 
V (hEndoV), with Tudor-SN nuclease as a cofactor, degrades 
such extensively edited dsRNA in the cytoplasm [55–57].

It is noteworthy that the ADAR dsRNA editing is not known 
to be sequence-specific, but dsRNA structure-specific. In both 
coding and noncoding dsRNA, the structure is more important 
for ADAR editing than the presence of any particular sequence 
neighbouring edited adenosines [58]. Only the bases immedi
ately next to the edited adenosine have an effect on editing 
efficiency; a preference for pyrimidines before the edited 
A and a strong preference for G after the edited A make a 5ʹ- 
UAG-3ʹ, for instance, a favoured editing site context [59]. It was 
shown that ADARs deaminate almost 50% of adenosines within 
long, perfectly matched dsRNA [60]. However, dsRNA forms 
also more complex secondary structures with imperfect 
matches, like single nucleotide mismatches, loops, bulges or 
hairpins, which play a role in indicating which adenosines will 
be edited [58]. Correctly paired adenosines can be edited; how
ever, the base that is located opposite to the edited adenosine 
also influences the substrate recognition by ADARs. When the 
edited adenosine is mismatched then adenosines in 
A-C mismatches are most efficiently edited while A-A or 
A-G ones are poorly edited by ADARs [59,61].

Editing affects microRNA biogenesis and function

In addition to Alu elements, editing can also be identified in 
miRNAs. MicroRNAs (miRNAs) are small noncoding RNAs 
consisting of around 22 nucleotides. In the nucleus, the 
primary miRNA (pri-miRNA) forms a hairpin dsRNA struc
ture which is then processed to a precursor-miRNA (pre- 
miRNA) hairpin by Drosha enzyme. Such pre-miRNA is 
exported to the cytoplasm and processed by endoribonu
clease Dicer to form double-stranded miRNA from which 
one strand is passed to Argonaute (AGO) protein which is 
the core of the RNA-induced silencing complex (RISC). 
AGO maintains one strand of miRNA (guide strand) which 
directs the RISC complex to the target mRNA and causes 
reduced translation or degradation of target mRNA [62]. The 
A-to-I editing can influence the biogenesis of miRNA at 
different steps [63,64] leading to inhibition of miRNA bio
genesis. This process can also alter the miRNA target speci
ficity [65].

2. C-to-U RNA editing

The other major type of RNA editing is the deamination of 
cytidine to uridine (Fig. 1B.) by enzymes from the APOBEC 
(Apolipoprotein B mRNA editing catalytic polypeptide-like) 
family. To date, eleven genes coding APOBEC family members 
were identified (APOBEC1, APOBEC2, APOBEC3A, APOBEC3B, 
APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G, 
APOBEC3H, APOBEC4, AICDA). All of them share a similar, 
zinc-dependent deaminase domain [66], but only APOBEC-1, 
−3A, −3B and −3 G (Fig. 3) were shown to mediate RNA editing 
of cytidine to uridine [67–70] on which we will focus in this part of 
the review. APOBECs are limited to vertebrates and this type of 
RNA editing is the second most prevalent type after ADAR 
editing. Like ADARs, APOBEC family proteins introduce changes 
mostly in non-coding and intronic regions, including Alu 
elements.

Interestingly, APOBEC family proteins are not restricted to 
RNA editing. Initially, they were found to edit single-stranded 
and genomic DNA (ssDNA and gDNA, respectively). Therefore, 
APOBEC DNA editing is widely studied and better character
ized than APOBEC RNA editing. DNA editing is a similar 
process to RNA editing; however, as deamination of cytosine 
generates uracil in DNA, APOBEC DNA editing can trigger viral 

Figure 3. Schematic view of APOBEC proteins relevant to RNA editing in 
cancer. APOBEC1 and APOBEC3A each have one zinc-dependent catalytic 
domain (CD), while APOBEC3B and APOBEC3G have two. Amino acid lengths 
of APOBEC proteins are shown in brackets.
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DNA degradation resulting in reduction of virus replication. In 
addition, uracil-rich viral DNA can activate the DNA-damage- 
and stress–response pathways leading to the up-regulation of 
activating ligands (NKG2D ligands) of natural killer cells (NK) 
and subsequent killing of infected cells [70]. Thus, DNA editing 
contributes to innate defence against viruses.

However, DNA editing is also crucial for the proper and 
efficient adaptive immune response. The best known example 
is somatic hypermutation, a phenomenon that takes place in 
sequences encoding hypervariable regions of immunoglobu
lins and leads to the production of high-affinity antibodies 
[71]. There are also numerous reports indicating that 
APOBEC family members introduce mutations in cancer tis
sues [72–75]. These mutations are mainly introduced by DNA 
editing, or aberrant expression of APOBEC enzymes. 
However, DNA editing mediated by APOBECs is not within 
the scope of the current review and was described in detail by 
Knisbacher et al. [76].

The first identified and the most studied member of the 
APOBEC family is APOBEC-1. Its role in editing of apolipopro
tein B (ApoB) mRNA was quite well described. The full-length 
form of ApoB protein, ApoB-100, is expressed and functions in 
liver hepatocytes. However, in the small intestine, APOBEC-1 
RNA editing creates an early stop codon in ApoB mRNA, which 
results in premature termination of translation. Thus, a shorter, 
ApoB-48 isoform is expressed. The full-length form (ApoB-100) 
is responsible for transport of cholesterol, while the truncated 
form (ApoB-48) transports triglyceride in blood [77].

APOBEC-3s are a group of seven paralogs in the human 
genome (APOBEC-3A, −3B, −3 C, −3D, −3 F, −3 G, −3 H). 
All of them bind to RNA [78], but only three of them 
(APOBEC-3A, APOBEC-3B and APOBEC-3 G) were shown 
to have RNA editing activity. Their activities are connected to 
the immune system. They were reported to be expressed in 
macrophages, monocytes and NK cells under hypoxic condi
tions and IFN stimulation [68,69,79,80]. In addition, our 
studies showed that they (notably APOBEC-3 G, −3D and 
3 H) are extensively expressed in human natural Tregs upon 
CD3/CD28 stimulation [23]. The single gene encoding 
APOBEC-3 in mice was first identified as the Friend leukae
mia virus resistance (Fvr) gene [81]; mouse APOBEC3 is most 
similar to human APOBEC3G and it contributes to virus 
resistance by mutating virus DNA and through additional 
editing-independent effects, but there are no reports of RNA 
editing by the mouse protein.

Tools to study RNA editing

The most straightforward and the simplest way to detect 
editing events in RNA-seq data is to align these sequences 
with the reference genome and search for A to G (most 
commonly) or/and C to U changes. This approach has been 
widely and successfully applied [7,82], but is prone to mis
takes. Incorrect alignments, polymorphisms and sequencing 
errors are the most common issues resulting in complications 
particularly during the analysis of heavily edited clusters (so- 
called ‘hyper-edited’ clusters). To overcome these limitations, 
some groups apply pre-masking of potential A-to-G-editing 
sites [83]. There are also fluorescence-based methods available 

for visualizing the RNA editing process directly in live cells 
[84]. Moreover, most recently a quantitative and sensitive 
assay to measure the RNA-editing activity of APOBEC3A in 
tumours has been developed [85]. Editing events are deposed 
in online databases, with the most popular being DARNED 
[86], RADAR [87], REDIdb [88] and REDIportal [89].

RNA editing in human cancer tissues

The vast majority of knowledge on the RNA editing landscape 
summarized above was acquired using in vitro cell culture 
models. The limitation of such models, however, is that the 
physiological or disease impact in context of the organism is 
not apparent. We will now focus on reviewing those RNA 
editing events that have been detected in cancer tissue or cells 
to clarify the types of events that can occur in vivo and to 
develop models where RNA editing can function during can
cer progression. RNA editing was associated with cancer 
(acute myeloid leukaemia) for the first time twenty years 
ago [90], but the role of this process in malignancies is still 
not fully understood. Usually in cancer either over-editing is 
observed due to increased expression (e.g. in breast cancer), 
amplification (e.g. in non-small cell lung cancer) of the ADAR 
gene encoding ADAR1, or decreased editing is observed due 
to reduced expression (e.g. in malignant gliomas) or loss (e.g. 
in gastric cancer) of the ADARB1 gene encoding ADAR2 [91]. 
However, there are also several cancer types, in which no clear 
correlation between the level of editing and the level of ADAR 
or ADARB1 gene expression exists [92,93]. Abnormal RNA 
editing may lead to alteration of protein sequence or disrup
tion of regulatory RNA sequences. Moreover, it may lead to 
accumulation of cells with high amounts of altered proteins 
that can trigger cancer progression. Thus, RNA editing can 
have similar clinical consequences to the accumulation of 
DNA mutations in tumours with high mutational burdens 
(TMB). The majority of research is focused on the role of 
ADAR family RNA editing enzymes, whereas the influence of 
APOBEC RNA editing in cancer cells is poorly understood. 
Until recently, only a few publications discussed APOBEC- 
mediated RNA editing as a mechanism involved in carcino
genesis but it does not mean that the APOBEC-dependent 
RNA editing landscape is small. According to current knowl
edge, ADAR1 is considered to be the most important con
tributor to cancerous ADAR RNA editing [94].

Depending on the cancer type, changes in RNA editing 
levels or RNA editing in particular sites of tumour promoting 
and/or suppressing transcripts have been described (Table 1, 
Fig. 4). Below we summarize the recent findings regarding 
RNA editing effects (mainly in coding regions) in three main 
stages of cancer development: 1). initiation, 2). proliferation 
and 3). progression (including metastases).

1. Initiation and promotion of cancer

Initiation is the first main step in cancer development. 
According to the classic definition, cancer formation is trig
gered by mutation in DNA that is not repaired and later 
propagated to daughter cells after cell division. In addition, 
DNA repair defects can be manifested during progression 
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stages when additional mutations accumulate, implicating the 
need for each particular cancer type to be addressed indivi
dually. However, RNA editing has been identified in 
a transcript of a gene involved in the DNA repair system 
[95,96], suggesting that RNA editing may also be involved in 
this first step of carcinogenesis.

Influence of RNA editing on the DNA repair system

The DNA repair system plays a crucial role in the control of 
cell homoeostasis. The DNA damage response acts as an 
important barrier against the malignant transformation of 
cells. It drives the cells with altered DNA to cell-cycle arrest 
which allows them to repair DNA lesions or (if DNA damage 
is too great and/or the repair is not possible) to promote cell 
death. Defects in DNA repair mechanisms increase the risk of 
cancer. RNA editing within transcripts encoding DNA repair 
proteins has been observed in multiple myeloma and in non- 
small cell lung cancer (NSCLC).

In NSCLC amplification of the ADAR gene leads to ele
vated A-to-I RNA editing at the NEIL1 K242R transcript site 
[95], changing the lysine (K) 242 codon to an arginine (R) 
codon. Elevated expression of ADAR1 also correlates with 
edits of NEIL1 in multiple myeloma, suggesting 
a mechanism where the edited NEIL1 can enhance cell pro
liferation and causes resistance to the conventional anti- 
myeloma drug, melphalan [96]. The NEIL1 DNA repair pro
tein is a DNA glycosylase originally identified as a novel 
endonuclease VIII (Nei)-like enzyme which removes oxidized 
bases and generates a single-strand nick. Teoh and colleagues 
demonstrated that the edited isoform of NEIL1 shows reduced 
ability to repair oxidative damage in DNA using cell culture 
models. Single-stranded DNA breaks predispose NEIL1- 
edited cells to double-stranded DNA breaks and activate 
double-stranded break repair proteins, ultimately promoting 
cell growth and survival. However, NEIL1 K242R site editing 
was also found to sensitize cancer to treatment with thera
peutics inducing single- and double-stranded DNA breaks. 
Crossing a certain threshold of double-strand breaks due to 
the drug regimen used increased intracellular stress and 
finally lead to apoptosis of cancer cells [96]. Therefore, study
ing the RNA editing mechanisms can not only elucidate 
mechanisms of cancer development but also help to develop 
efficient and patient-tailored anti-cancer therapies.

2. Cancer survival and proliferation

In the promotion phase of cancer, proliferation and/or survi
val of a mutated cell is favoured/promoted. It usually happens 
through mechanisms leading to increased cell proliferation or/ 
and cell death inhibition. During this phase cancer cells may 
develop strategies allowing them to avoid recognition by 
immune cells (immunosurveillance escape mechanisms). 
Many RNA editing events have been reported to be involved 
in cancer promotion [33,90,97–122].
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Promoting cell proliferation

Aberrant cell proliferation is associated with cancer occur
rence and progression. Usually it is driven by mutations in 
genes regulating the cell cycle, but aberrant RNA editing gives 
a cancer cell an additional opportunity to overcome normal 
cell cycle control and to proliferate.

Aberrantly increased ADAR1 editing and decreased ADAR2 
editing are the most common types of RNA editing aberrations 
in cancer and some cancers show both ADAR1 and ADAR2 
alterations together. Overexpression of ADAR1 correlates with 
increased cell proliferation index in several cancer tissues exam
ined, including oesophageal squamous cell carcinoma [97], 
hepatocellular carcinoma [107], breast cancer [116], colorectal 
cancer [117] and NSCLC [118]. In vivo proliferation rates in 
these experiments were measured using immunohistochemical 
biomarkers such as Ki67 or cyclin D1.

For examples, overexpression of ADAR1 in the above- 
mentioned cancers correlates with increased RNA editing in 
antizyme inhibitor 1 (AZIN1 S367G). Polyamines are impor
tant for stabilization of newly synthesized DNA and play 
a role in the repair of its double-stranded breaks. Ornithine 
decarboxylase (ODC1) is responsible for the production of 
polyamines required for cell division. Studies on the regula
tion of ODC identified an inhibitory protein called ODC 
antizyme, which is often simply called antizyme. There is 
a further level of regulation by the antizyme inhibitor 
(AZIN1) protein. ADAR1 RNA editing leading to production 
of the editing recoded AZIN1 S376G protein which has 
increased affinity to the key antizyme protease and therefore 
reduces antizyme protein-mediated degradation of ornithine 
decarboxylase (ODC1) and also of cyclin D1 (CCND1), which 
are required for rapid cell proliferation [107]. Cyclin D is 
a member of a cyclin protein family that is involved in 
regulation of cell cycle progression. Cyclins control cell pro
gression through the cell cycle by activating cyclin-dependent 
kinases (CDKs). Thus, the increased levels of ornithine dec
arboxylase (ODC1) and cyclin D1 (CCND1) enzymes present 
because of antizyme inhibition by edited AZIN1 promote cell 
proliferation.

Amplified ADAR1 is associated with edits in Glioma- 
associated oncogene 1 (GLI1) transcripts in multiple myeloma 
samples and this was correlated with increased cell prolifera
tion and drug resistance [119]. The editing-recoded GLI1 

R701G isoform of GLI1 activates the Hedgehog signalling 
pathway. Normally, this pathway is active in embryonic cells 
and is required for proper cell differentiation. When activated 
in adults it may promote malignant cell proliferation [119]. In 
contrast, ADAR1-mediated RNA editing at the GLI1 R701G 
site in tissue samples from patients with basal cell carcinoma 
and medulloblastoma has the opposite effect to that in multi
ple myeloma, where the edited GLI1 protein isoform mani
fests reduced oncogenic potential as it is less accessible for its 
activator (dual specificity tyrosine-phosphorylation-regulated 
kinase 1A, DYRK1A) [120]. Nevertheless, further research is 
needed to elucidate different effects of the same editing event 
in different cancer types.

Another example of an ADAR-edited transcript that 
appears to impact on tumour promotion is bladder cancer 
associated protein (BLCAP); a tumour suppressor gene encod
ing a very conserved 87 amino acid protein with transmem
brane regions which is required for growth inhibition, S phase 
arrest, and apoptosis [121]. Increased A-to-I RNA editing of 
the BLCAP coding region in liver cancer tissue might pro
mote cell proliferation via enhanced phosphorylation of 
AKT, mTOR, and MDM2 (negative regulator of P53) and 
inhibition of P53 phosphorylation [122]. The pro- 
proliferative effect of BLCAP mRNA editing was not restricted 
to one site of the transcript, as Chen et al. also described 
a similar biological effect when BLCAP mRNA was edited at 
a different transcript location. Multiple ADAR1-mediated 
RNA edits in BLCAP were reported to change residues in 
YXXQ domain, leading to induction of STAT3 and activation 
of JAK-STAT signalling in cervical cancer biopsies [98]. On 
the other hand, reduced ADAR2-mediated RNA editing of 
BLCAP was shown in bladder cancer tissue, astrocytoma and 
colorectal cancers [99], suggesting that ADAR RNA editing is 
a common and strictly regulated process and that any devia
tion from its normal intensity may lead to pathology and 
cancer progression. The small BLCAP protein is conserved 
even in Drosophila where the homologous bc10 transcript is 
also Adar-edited [123]. The editing observed in Drosophila 
indicates that the BLCAP editing in human cancer tissue is 
not a wholly ‘pathological’ phenomenon in cancer, but rather 
it is a highly evolutionarily conserved, normal editing event. 
How cancer tissue cells might amplify this editing event is not 
evident but Drosophila models might shed light on this sig
nalling mechanism.

In malignant gliomas reduced ADAR2 editing of the 
GRIA2 transcript, which normally undergoes RNA editing 
by ADAR2 [102], alters the GluA2 subunit of AMPA recep
tors which are also Akt-acting protein. ADAR2 editing at the 
GRIA2 Q/R site (Q607R) controls the Ca2+ permeability of the 
AMPA receptor channel [33], while GRIA2 R701G site editing 
regulates the desensitization of AMPA receptor channels. In 
a healthy brain, ADAR2 edits the GRIA2 Q/R site at >99.9% 
in principal neurons in the brain. This makes the AMPA 
receptor channel nearly impermeable to calcium ions, which 
reduces the Ca2+ concentration inside the cell [100]. Calcium- 
impermeable AMPA receptor channels inhibit cell migration 
and induce apoptosis [101]. In glioblastoma, reduced activity 
of ADAR2 results in reduced editing at the GRIA2 Q/R site to 

Figure 4. ADAR RNA editing in the three main cancer stages. Edited tran
scripts presented in relation to the cancer steps they affect. Transcripts for which 
the edited form is the one associated with cancer are marked in black, while 
transcripts for which the unedited form or reduced RNA editing level are 
associated with cancer are marked in red. The GLI1 transcript is marked in 
both red and black due to its opposite effects, depending on cancer type.
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69–88% which increases Ca2+ permeability of AMPA recep
tors [102]. This causes higher intracellular calcium concentra
tion which induces/activates the Akt pathway and as 
a consequence induces cell proliferation [103].

The progression of tumorigenesis in brain tumours has 
been related to reduced ADAR2-mediated editing of 
CDC14B at multiple sites in intron 7 [104]. This editing 
causes increased expression of CDC14B which promotes E3 
ligase S-phase kinase-associated protein 2 (Skp2) degradation. 
This results in prevention of ubiquitination and degradation 
of p21 and p27 tumour suppressor genes leading to inhibition 
of proliferation [124]. If ADAR2 activity is reduced, CDC14B 
editing and expression are decreased which results in degra
dation of p21 and p27 and thus, increased astrocytoma 
tumour progression and aggressiveness [104].

RNA editing was also shown to be involved in haemato
poietic cancers. Multiple A-to-I RNA edits in the PTPN6 
transcripts encoding protein tyrosine phosphatase 6 result in 
intron 3 retention (the intron is not removed from the 
transcript during splicing). In consequence, non-functional 
PTPN6 protein is produced. Such multiple edits were iden
tified in myeloblasts of an acute myeloid leukaemia (AML) 
patient [90]. PTPN6 is an SH domain-containing tumour 
suppressor protein which inhibits a broad spectrum of 
growth-promoting receptors, including the c-Kit tyrosine 
kinase [90]. PTPN6 plays an important role in modulating 
myeloid cell signalling in haematopoietic cells.

An interesting example of RNA editing involved in can
cer progression has been described in prostate cancer. 
ADAR1 mediates editing of the dsRNA formed by pairing 
of the antisense intronic long noncoding RNA prostate 
cancer antigen 3 (PCA3) with the PRUNE2 transcript 
[105]. PCA3 is transcribed from an antisense direction 
within an intron of the protein-coding PRUNE2 (tumour 
suppressor gene). PCA3 expression is increased in prostate 
cancer. PCA3 RNA negatively regulates PRUNE2 levels by 
creation of a PRUNE2-PCA3 double-stranded RNA which is 
then edited by ADAR1. PRUNE2 decreases cell prolifera
tion, but when edited in the PRUNE2-PCA3 RNA duplex 
the PRUNE2 transcript is downregulated and this increases 
cancer cell proliferation and migration[105]. In Drosophila, 
Prune was first described as an eye colour mutation; the 
very large PRUNE protein is a cyclic nucleotide phospho
diesterase that localizes to the mitochondrial matrix and is 
required for mitochondrial DNA replication [125].

Not only A-to-I but also C-to-U editing plays a role in 
promoting cell proliferation in cancer cells. It was shown 
that overexpression of APOBEC-1 caused mRNA hyperedit
ing and reduced expression of the translational repressor 
protein Novel APOBEC-1 Target number 1 (NAT-1). 
NAT-1 negatively regulates p21, which is a cell cycle inhi
bitor [106]. APOBEC-1 was also shown to bind the 3ʹUTR 
c-myc mRNA (without editing it), which leads to its 
increased stability, thus promoting cell proliferation and 
survival [108].

Another example of C-to-U RNA editing was shown at the 
neurofibromatosis type I NF1 R1306* site (changing codon 
R1306 to a nonsense codon in neurofibromin, a tumour- 
suppressor) in peripheral nerve sheath tumours (PNSTs) 

[109–111]. Neurofibromin is a GTPase-activating protein 
which negatively regulates the RAS/MAPK pathway by the 
hydrolysis of RAS-bound GTP [126]. The RAS/MAPK path
way is involved in the cell cycle and cell division by regulating 
transcription factors which activate transcription of genes that 
are important for the cell cycle. Alterations in NF1 can influ
ence cellular growth control and neural development.

Cytoskeleton impairments

Overexpression of ADAR1 leads to an increased level of A-to- 
I RNA editing at the FLNB (filamin B) M2269V site in 
hepatocellular carcinoma [112] and oesophageal squamous 
cell carcinoma [97]. This FLNB M2269V editing event may 
affect the protein function of FLNB, but the detailed effect of 
editing on FLNB function has not been investigated. However 
as filamin B is a protein involved in cellular cytoskeleton 
formation [127], one can expect that editing of its mRNA 
may lead to alterations of cell shape and mobility what could 
increase the risk of metastases.

Another example of cytoskeleton impairment in cancer is the 
RHOQ (encoding RhoQ GTPase enzyme, signalling protein) 
N136S site editing described in colorectal cancer [113]. 
Proteins from the Rho family promote reorganization of the 
actin cytoskeleton and regulate cell shape, attachment and moti
lity. The edited isoform of RHOQ shows increased activity and 
thus actin cytoskeletal reorganization is enhanced, which may 
lead to cancer invasion and recurrence of colorectal cancer [113].

Inhibition of apoptosis/cell death

Inhibition of cell death is another mechanism of tumour 
formation and, in samples from patients with oesophageal 
squamous cell carcinoma, lowered ADAR2 expression and 
reduced A-to-I RNA editing of IGFBP7 K95R (insulin-like 
growth factor-binding protein 7), a pro-apoptotic protein, in 
cancer tissue suggests a mechanism to inhibit programmed 
cell death and to promote tumorigenesis [114]. In non- 
tumour cells, ADAR2 editing leads to stabilization of 
IGFBP7. ADAR2 specifically edits the IGFBP7 K95R site in 
the sequence encoding the matriptase protease recognition 
site. As a result, the matriptase does not recognize this site 
in the edited isoform of IGFBP7 and the proteolytic cleavage 
of IGFBP7 is reduced. Stabilized IGFBP7 induces apopto
sis [114].

Impact on the anti-cancer immune response

Ideally, the immune system should recognize cancer cells and 
eradicate them. However, some cancer cells can escape 
immune surveillance. RNA editing can act here in two ways: 
it can regulate the cancer immune response or it can regulate 
immune escape. Cancer cells presenting antigens derived from 
edited transcripts (neopeptides/cancer-specific antigens) via 
MHC class I can be recognized and eliminated by CD8+ cyto
toxic T cells (Tc). Zhang and colleagues showed that in 
melanoma, tumour infiltrating lymphocytes recognize the 
peptides derived from the edited form of Cyclin I (CCNI) 
and attack tumour cells that present these edited epitopes on 
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their surface [128]. This result indicates that RNA editing can 
expand the variety of tumour antigens presented by HLA on 
the tumour cells and that these antigens can be recognized by 
the immune system. More recently, APOBEC-3 enzymes were 
shown to perform RNA editing in breast cancer cells. 
Interestingly, higher levels of APOBEC3-mediated RNA edit
ing correlated with higher T cell infiltration, therefore 
improved survival and better prognosis [129]. Like ADAR1 
p150, some APOBEC3 proteins are interferon-induced and 
likely to be elevated by inflammatory signalling in some 
tumours. These data open new opportunities for neoantigen 
discovery and production of anti-cancer vaccines.

3. Cancer progression and metastasis

The term ‘progression’ refers to the step when cancer is trans
formed into a malignant stage. Cancer progression is related to 
increased cancer growth, invasiveness, immune escape, and 
metastasis. RNA editing has been described in processes related 
to the cancer progression stage [112,130–141].

Enhanced metastatic capabilities

Metastasis is common for the late stages of cancer when 
options for curative treatment are greatly reduced or not 
available. It refers to a stage when the tumour spreads from 
the initial place to other locations. RNA editing events have 
been correlated with metastasis in many cancer types through 
different mechanisms and/or pathways. Below we summarize 
the best characterized examples.

Reduced ADAR1-mediated RNA A-to-I editing in GABAA 
receptor α-3 (GABRA3 I342M) in breast cancer has been 
suggested to promote tumour progression and metastasis 
[130]. The unedited form of GABRA3 in breast cancer acti
vates the Akt pathway and thus promotes cell migration and 
metastasis. In lung adenocarcinoma (a form of NSCLC) 
patient specimens, ADAR1-mediated RNA editing of intron 
26 of focal adhesion kinase (FAK) transcript was observed 
[134]. FAK is a tumour metastasis promoting factor, which 
regulates cell migration by controlling the disassembly of focal 
adhesions [142]. RNA editing in FAK results in increased 
expression and stabilization of focal adhesion kinase, which 
may promote cell migration and cell invasiveness [134].

The loss of ADAR2 was reported in gastric cancer. The 
direct result of this phenomenon was lack of RNA editing of 
podocalyxin-like protein 1 (PODXL H241R). PODXL is an 
oncogenic protein that stimulates cancer cell migration and 
invasiveness by its interaction with actin-binding protein 
EZR [143,144]. This PODXL-EZR complex increases activa
tion of MAPK and PI3K protein activity [143]. Non-edited 
PODXL was found to promote tumour progression [144]. 
ADAR2-mediated editing of PODXL leads to a loss-of- 
function phenotype that reduces growth and invasiveness of 
cancer cells. Reduced ADAR2-mediated RNA editing of 
COPA I164V correlates with liver metastasis in colorectal 
cancer [133] and is also observed in hepatocellular carcinoma 
[112,145]. COPA encodes coatomer subunit alpha which is 
a part of the non-clathrin-coated vesicular coat proteins 

(COPs) complex. This complex mediates protein transport 
between the endoplasmic reticulum (ER) and Golgi compart
ments [146].

In oesophageal squamous cell carcinoma, elevated ADAR2 
expression correlates with increased SLC22A3 N72D site edit
ing. The solute carrier family 22 member 3 (SLC22A3) binds 
to α-actinin-4 (ACTN4) and inhibits its activity. ACTN4 is an 
actin-binding protein which promotes metastasis and forma
tion of filopodia. The edited isoform of SLC22A3 has reduced 
direct binding to ACTN4 leading to increased ACTN4 activity 
which promotes metastasis [132].

RNA editing targets not only the open reading frames of 
transcripts encoding crucial proteins involved in metastasis 
progression, but also noncoding transcripts like miRNAs. 
Lowered expression of ADAR1 in melanoma results in 
reduced RNA editing of the pri-miR455-5p precursor of the 
tumour inhibiting microRNA, miR455-5p. ADAR1-mediated 
editing of pri-miR455-5p inhibits its maturation. Unedited 
miR455-5p causes inhibition of the tumour suppressor cyto
plasmic polyadenylation element-binding protein 1 (CPEB1) 
and promotes melanoma progression and incidence of lung 
metastasis [64].

Reduced ADAR1 expression in melanoma tumour speci
mens correlates with malignancy through lower editing of 
miR378a-3p, miR378a-3p targets the oncogenic PARVA tran
script encoding parvin-alpha, which plays a role in cell adhe
sion, motility and survival [135]. Unedited miR378a-3p does 
not recognize the PARVA transcript, thus enabling PARVA 
protein translation which promotes melanoma progression 
and metastasis [135].

The progression of glioblastoma (human glioblastoma 
cells) has been related to reduced ADAR2-mediated edit
ing of miR21 and miR221/222. Unedited miR-21 and 
miR221/222 target the PDCD4 and CDKN1B transcripts 
and lead to reduced function of the programmed cell 
death protein 4 (PDCD4) and the tumour suppressor 
protein p27kip1, respectively. This promotes glioblastoma 
progression [115].

The editing of miRNA can also switch the target selection 
between alternative target transcripts, which may influence 
cancer progression. In glioma, reduced ADAR2-mediated 
editing level of miR-376a correlates with tumour progres
sion. Unedited miR-376a targets the transcript encoding 
a member of the RAS oncogene family (RAP2A), while the 
edited form of miR-376a targets the transcript encoding the 
autocrine motility factor receptor (AMFR) [136]. In glioma 
a dual effect is observed, accumulation of unedited miR-376a 
is linked to blocking of RAP2A-mediated inhibition of 
migration and invasion of glioma cells and also leads to 
increased cell migration by enabling AMFR function [136]. 
A similar situation is observed in the case of miR-589-3p. In 
healthy brain tissue, edited miR-589-3p (mediated by 
ADAR2) targets the ADAM12 transcript encoding metallo
proteinase domain-containing protein 12 (which accelerates 
cancer metastasis), while in advanced glioblastoma miR-589- 
3p is unedited and targets the PCDH9 transcript encoding 
protocadherin 9 (which can suppress cancer develop
ment) [137].
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Facilitated epithelial to mesenchymal transition

Epithelial to mesenchymal transition is a process during which 
epithelial cells gradually lose their epithelial characteristics and 
gain features of mesenchymal cells, losing cell polarity, loosen
ing cell-cell adhesions and subsequently gaining motility and 
increased invasiveness [138]. It was recently shown that tumour 
metastasis suppressive microRNA (miR-200b) is heavily edited 
by ADAR1 in thyroid cancer. The editing causes a switch 
between miR-200b targets: unedited miR-200b inhibits epithe
lial to mesenchymal transition regulators (ZEB1 and ZEB2) 
while the edited form inhibits new targets, including leukaemia 
inhibitory factor receptor (LIFR, a metastasis suppressor) tran
script [139]. As a result, tumour cells have lowered ability to 
inhibit epithelial to mesenchymal transition, and due to LIFR 
downregulation, they show increased aggressiveness, prolifera
tion, invasion, migration and metastasis [140]. On the basis of 
the TCGA data analysis, patients with a high miR-200b editing 
level tend to have worse survival in the case of head and neck 
cancer, kidney renal papillary cell carcinoma, thyroid cancer 
and endometrial cancers [139].

Resistance to chemotherapy

In breast cancer, increased expression of ADAR1 [141] corre
lates with RNA editing of the dihydrofolate reductase (DHFR) 
transcript within Alu elements located in its 3ʹUTR [131]. 
This editing can prevent the translational inhibition by spe
cific microRNAs (miR25-3p and miR125a-3p) thus stabilizing 
the DHFR transcript [131]. DHFR plays a role in folate meta
bolism and is targeted by methotrexate (a chemotherapeutic 
that blocks the action of folic acid and is used among others 
in breast cancer). A higher cellular level of edited DHFR 
protein promotes cell growth in methotrexate and contributes 
to cancer cell resistance to methotrexate chemotherapy [131].

Conclusions and future directions

Although the first evidence for RNA editing events in human 
was published already in the late 80ʹ in liver tissue cells (C-to-U 
editing in ApoB mRNA was published in 1987 [147,148]), this 
topic has been more intensively studied in the last 5–8 years. 
This is a result of more broadly implemented and commonly 
used next-generation sequencing and advances in data analysis. 
These data show that cancer transcriptomes are far more com
plex than previously thought and that RNA editing is one of the 
causes of this increased complexity. Recently, single-cell tran
scriptomics have also provided an opportunity to reveal the 
non-genetic differences in transcriptomes among cells encoded 
by the same genome. It may help to elucidate how RNA editing 
affects cancer progression and tumorigenesis.

RNA editing has been widely studied in different cancer 
types, with much new data pointing to its impact on cancer 
initiation, promotion and metastasis. However, there are still 
many questions to be answered and the significance of RNA 
editing mechanisms in cancer and other human diseases is yet 
to be fully explained and understood.

There are contradictory reports showing that a high 
global level of RNA editing may correlate with increased 

(e.g. breast cancer and NSCLC) or with decreased (e.g. 
gastric cancer and malignant glioma) tumour aggressive
ness [91,94,116,149,150]. These data suggest that RNA edit
ing acts on cells not only in a quantitative but also in 
a qualitative manner. However, this is in fact what one 
could expect as introducing changes in mRNA can result 
in either no biological effect or in deep changes in the 
synthesis, structure and/or function of a particular protein. 
In addition, recent studies have shown that clinical conse
quences of RNA editing may depend not only on the site of 
RNA modification but also on the tumour type. It was 
demonstrated that even the same RNA editing event can 
have opposite effects in different cancer types. Thus, 
ADAR1-mediated editing of GLI1 R701G in multiple mye
loma is linked to cell proliferation and drug resistance, 
while in medulloblastoma and in basal cell carcinoma the 
same editing event correlates with reduced tumorigenesis 
[119,120].

Therefore, determination of the cancer type-related site- 
specific RNA edits seems to be more useful than analysis of 
global RNA editing levels in the context of clinical outcome 
prediction and discovery of new therapeutic targets in cancer. 
In addition, when we take into account that RNA editing is 
a common phenomenon that takes place in healthy cells in 
normal physiological conditions, global inhibition of ADAR 
and APOBEC proteins should not be the only direction for 
future clinical trials. On the contrary, targeting the effects of 
particular edited proteins or edited miRNAs related to 
a specific cancer type may also provide specific, safe and 
efficient therapeutic options.

Moreover, it is important to recognize the role of ADAR1 
in suppression of innate immunity, its potential role in anti
viral response and a complicated crosstalk with type I IFN 
response. In fact, the balance between self-tolerance induced 
by ADAR1 and immunosurveillance may present a promising 
cancer-targeting therapeutic strategy. Several articles reported 
ADAR1 dependency in at least a subset of cancer cells [26,
151–153], resulting in increased inflammation, restrained 
tumour growth and reduced cancer initiation in patient- 
derived mouse xenografts. Furthermore, Ishizuka et al. 
reported, that loss of function of ADAR1 in cancer cells 
results in an increased response to immunotherapy and over
comes resistance to immune checkpoint blockade, highlight
ing ADAR1 as a valid candidate for a target of cancer 
therapy [151].

Recent studies lead to better understanding of RNA editing 
and its biological consequences. ADAR1-edited mRNA trans
lation products (peptides, e.g. CCNI, R75G) were found to be 
extensively presented via HLA on melanoma, breast cancer 
and ovarian cancer cells [128]. In addition, high RNA editing 
levels in transcripts encoding cancer-associated proteins result 
in greater probabilities of neoantigen generation. As lympho
cytes can easily recognize such neoantigens, further studies on 
RNA editing may result in breakthroughs in cancer immu
notherapy and/or targeted anti-cancer therapies.
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