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Abstract

Adenosine-to-inosine (A-to-1) RNA editing is the most common type of post-transcriptional
nucleotide modification in humans, which is catalyzed in ADAR enzymes. Recent genomic
studies have revealed thousands of altered RNA editing events in various cancer tissues, leading to
diverse functional consequences. A critical role of individual A-to-1 RNA editing events in cancer
has been reported. Here, we review the current state of our knowledge on key A-to-1 RNA editing
events in coding and non-coding regions for their roles in cancer development and discuss their
potential clinical utility. A better understanding of A-to-1 RNA editing and its oncogenic
mechanisms may facilitate the development of novel cancer therapeutic strategies.
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Introduction

RNA editing is a widespread post-transcriptional mechanism that modifies specific RNA
nucleotides without altering its template genomic DNA. The most prevailing RNA editing
type in humans is adenosine to inosine (A to I) in which I is recognized as G by the
translational machinery. The A-to-l conversion is catalyzed by adenosine deaminases that
act on RNA (ADARs). The ADAR enzymes, ADAR1, ADAR2 and ADARS, are highly
conserved across metazoans [1]. ADAR1 and ADAR2 have some distinct but overlapping

"Correspondence: hliangl@mdanderson.org (H.L.).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 2

target specificities [2], and their enzymatic activities have been comprehensively reviewed
[3-5]. In contrast, ADAR3 has no known A-to-1 RNA editing activity in most tissues, but
may play a role in the regulation of specific substrates of RNA editing in mammalian brains
[6]. For example, ADAR3 can compete with ADAR?2 to inhibit RNA editing by directly
binding to GRIA2 pre-mRNA in glioblastoma [7]. The mechanisms for controlling A-to-I
editing at specific sites remain largely unknown, although ADAR accessibility to target
substrate RNAs and protein—protein interactions that directly change ADAR enzymatic
activity have been proposed as major factors [8]. With advances in sequencing technology,
recent bioinformatic analyses have revealed a large number of RNA editing sites in the
human transcriptome [9,10]. So far, several million high-confidence A-to-1 RNA editing
sites have been annotated in humans, most of which occur in primate-specific Alu sequences
with a low editing level (<1%)[10,11].

Recent studies, especially those conducted through The Cancer Genome Atlas (TCGA)
project, have characterized the transcriptomes of various cancer types in a systematic way.
Using these large-scale RNA-seq data, we and other groups have characterized the RNA-
editing genomic landscape [12-14]. These studies reveal many altered A-to-1 RNA editing
events in tumor samples relative to matched normal tissues. For most tumor tissues surveyed
(e.g., head and neck cancer, breast cancer, and thyroid cancer), the A-to-1 RNA editing
activities are elevated, which seems to be largely due to the overexpression of ADAR1 in
tumors [12,13]. The vast majority of A-to-I editing in cancer takes place in 3'UTRs, introns
and intergenic regions, but the absolute number of editing events in coding regions is also
significant. Depending on their genomic locations, these RNA editing events could generate
diverse functional consequences, including (i) introducing amino acid changes; (ii) affecting
miRNA biosynthesis and target recognition; (iii) modifying splicing patterns; (iv)
modulating gene regulation; and (v) affecting the IncRNA functions (Figure 1). This review
focuses on the current knowledge about how individual A-to-1 RNA editing events
contribute to cancer development.

Missense A-to-1 RNA editing in cancer

For A-to-1 RNA editing to occur in coding regions, premature mRNA first fold back to form
an imperfect dsRNA structure, and then ADAR enzymes act on the editing site
complementary sequence to introduce | (decoded as G), thereby causing amino acid
substitutions in the protein [1]. Bioinformatic analyses on large-scale cancer mRNA-seq data
have identified a considerable number of missense A-to-I editing events, many of which
intriguingly show clinically relevant patterns such as differential editing activity among
different tumor stages or tumor subtypes and correlations with patient survival times [12,13].
Some RNA editing sites are catalyzed by ADAR1 or ADAR2 separately, whereas others are
edited by both enzymes [15].

Several A-to-1 RNA editing events have been reported to make a positive contribution to
cancer development and progression. One of the best characterized examples is the editing
of AZINL1 in liver cancer. Editing of AZIN1 by ADARL converts a serine to glycine at
residue 367, and the edited protein has a stronger affinity for antizyme and induces
cytoplasmic-to-nuclear translocation of AZIN1, leading to more aggressive tumor behaviors
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[16]. Editing of RHOQ has been suggested to promote the potential of tumor invasion in
colorectal cancer and to cause rearrangement of the actin cytoskeleton [17]. Another exciting
example is the editing in SLC22A3 catalyzed by ADAR2, which results in the substitution
of asparagine 72 to aspartate. This RNA editing is increased in the tumor tissues of familial
esophageal cancer and significantly correlates with lymph node metastasis. Functionally, it
causes a reduced expression of SLC22A3, a metastasis suppressor in this disease; and
deregulation of SLC22A3 facilitates cell invasion and filopodia formation by reducing its
direct association with a-actinin-4 (ACTN4)[18]. Moreover, we recently show that another
two RNA editing events (GRIA2_R764G and COG3_1635V) can significantly increase cell
viability in multiple cell lines but further efforts are required to elucidate their detailed
oncogenic mechanisms [12]. In contrast, A-to-1 RNA editing can also make a negative
contribution via suppression of tumorigenesis and metastasis. ADAR2-mediated RNA
editing in CDC14B modulates the Skp2/p21/p27 cell cycle pathway and inhibits the growth
of glioblastoma [19]. In gastric cancer, the ADAR2-regulated recoding RNA editing at
PODXL codon H241R confers a loss-of-function phenotype that neutralizes the tumorigenic
ability of the unedited PODXL [20]. In breast cancer, the edited GABRAS protein inhibits
cell motility, invasion and metastasis by reduction of Akt activation. In addition, intracellular
transport of the edited GABRAS protein is modified, thereby disrupting its localization on
cell membranes [21]. In esophageal cancer, ADAR2-mediated editing in IGFBP7 stabilizes
the protein by changing the protease recognition site of matriptase, thereby inducing
apoptosis [22]. Taken together, these examples indicate that like somatic mutations,
missense RNA editing events may play critical roles in cancer development, and their
functional effects often depend on tumor contexts.

Effects of A-to-I RNA editing on miRNA functions

MiRNAs are small non-coding RNAs that act as posttranscriptional repressors of gene
expression [23]. The stem-loop secondary structures adopted by primary transcripts of
miRNA genes (pri-miRNAs) and miRNA precursors (pre-miRNAS) enable the interactions
between the A-to-1 editing machinery and the miRNA biogenesis pathway [24]. ADARs can
suppress miRNA maturation at different processing stages by editing-dependent and editing-
independent mechanisms [25].

A-to-1 editing of pri-mir-142 at +4 and +5 positions by ADAR1 and ADAR?2 inhibits its
cleavage by Drosha-GDCRS8 and, consequently decreases the expression levels of mature
miR-142-5p and miR-142-3p [24]. ADAR1-mediated editing of pri-mir-151 at -1 and +3
positions results in complete blockage of its cleavage by Dicer and accumulation of edited
pre-mir-151, such that mir-151-3p expression is inhibited [26]. Editing of pre-let-7g at +4
position by ADAR?2 partially prevents Dicer cleavage [27]. Editing of pri-mir-33, pri-
mir-133a2 and pri-mir-379 in brain tissue has also been reported to inhibit their cleavage by
Drosha [27]. In human melanocytes, editing of pri-mir-455 at the +2 and +17 positions by
ADARL1 suppresses the Drosha cleavage step [28]. ADAR2 can edit pre-mir-222/221 and
pre-mir-21 and decrease the expression of the corresponding mature miRNAs, which affects
glioblastoma cell proliferation and migration [29]. ADAR1 editase activity impairs the
miRNA biogenesis of the let-7 family and enhances progenitor self-renewal capacity,
resulting in malignant reprogramming of progenitors [30].
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If A-to-1 RNA editing takes place within the mature miRNA, especially at the seed region of
positions 2-8, a specific nucleotide change introduced can largely alter the base-pairing
properties of the miRNA, thereby affecting the recognition of its target genes. Intriguingly,
several such RNA editing events appear to be critical in cancer. The reduced editing at
miR-376a promotes the migration and invasion of glioma cells, and the edited miRNA loses
its ability to inhibit the original target RAP2A and acquires a new target AMFR [31]. In
melanoma, wild-type miR-455-5p promotes melanoma metastasis through inhibition of a
tumor suppressor gene CPEB1, while ADAR1-mediated RNA editing reverses these effects
[28]. More recently, we performed a systematic analysis to characterize A-to-1 RNA editing
events in 20 cancer types using TCGA miRNA-sequencing data. Although numerous RNA
editing events were identified, highly recurrent RNA editing sites with a significant editing
level (i.e., >5%) in mature miRNAs are relatively limited. We identified and validated 15
such miRNA RNA editing hotspots [32]. Furthermore, in contrast to the behavior of the
wild-type miR-200b, the edited miR-200b can promote cell migration and invasion through
its impaired ability to inhibit ZEB1/ZEB?2 and acquired concomitant ability to repress the
new target LIFR, a known metastasis suppressor [32]. These results indicate that
dysregulation of RNA editing on key miRNA regulators could make a notable contribution
to the malignant phenotype.

A-to-I RNA editing in other non-coding regions

Although the impacts of RNA editing events in the coding regions and mature miRNASs are
straightforward, the biological consequences of RNA editing events in other noncoding
regions such as 3"UTRs, introns and IncRNAs remain largely unexplored. Because 3'UTRs
usually contain key regulatory elements that affect mMRNA stability, localization and
translatability, A-to-1 editing in these elements can modulate the regulation of mMRNA
expression [33], and several examples have been reported. ADAR1 up-regulates the
expression of DHFR in breast cancer by editing the miR-25-3p and miR-125a-3p binding
sites in the 3’-UTR of DHFR, which could enhance cellular proliferation and resistance to
methotrexate [34]. Increased RNA editing in miRNA target sties in the 3'UTR region of
MDM2 may increase its MRNA levels by abolishing microRNA-mediated repression in
multiple cancer types [35]. A-to-1 RNA editing in introns has been reported to affect gene
splicing patterns, and thus dysregulation of RNA editing may affect the splicing isoforms
expressed in the tumor context [36]. As for InNcRNAs, the potential roles of RNA editing
include affecting the secondary structures of INCRNAs and the interactions between miRNA
and IncRNAs. A bioinformatic database for exploring this aspect of RNA editing has been
developed [37].

Clinical utility of A-to-I RNA editing

Given its diverse functions in cancer, A-to-1 RNA editing may represent an exciting theme to
provide some utility for cancer treatment (Figure 2). First, several studies have shown a
considerable number of RNA editing sites for which the editing level is correlated with
patient survival times, suggesting their utility as prognostic markers [12,13,16,20,32]. Other
than individual RNA editing sites, Paz-Yaacov et al. developed an Alu editing index (AEI),
which represents the weighted average editing level across all expressed Alu sequences, and
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showed that the increased index is associated with worse prognosis in multiple cancer types
[13]. The key related question is whether RNA editing confers additional power given
clinical and other molecular makers already used in clinics. Further efforts are needed to
evaluate the prognostic power of individual RNA editing events or their global editing index
in independent patient cohorts. Second, several studies provide the evidence that a specific
RNA editing event could selectively affect the response of cancer therapies, suggesting
utility as predictive markers. For example, RNA recoding editing in COG3 and GRIA2
increases sensitivity to MEK inhibitors [12]. Third, like driver somatic mutations, some
RNA editing events appear to play a causal role in tumor progression. For example, both /n
vitroand in vivo experiments show that the edited AZIN1_S367G protein could confer more
aggressive tumor behaviors in liver cancer [16]. Thus, such an edited protein may represent
potential therapeutic targets for which specific targeted agents may be developed. Finally,
some edited miRNAs appear to play a negative role in tumor progression. For example,
edited miR-376a has been shown to inhibit tumor migration and invasion by targeting
oncogene AMFR [31]. Since there are more than 30 clinical trials using SIRNA/shRNA
therapeutics [38], such edited small RNA molecules have the potential to treat tumors.

Concluding remarks

A-to-1 RNA editing has emerged as a new player that contributes to cancer development and
progression. While A-to-1 RNA editing events have been systematically identified in cancer
transcriptomes, the RNA editing events that have been functionally demonstrated as relevant
to cancer are still limited, yet likely represent only the tip of the iceberg. Given the
tremendous complexity of post-transcriptional and translational regulations, it remains
unclear to what extent RNA editing events detected by deep sequencing studies can be
incorporated into the “functional” version of gene products. Further, since most RNA editing
events occur at a low level, functional assessment of their effects in cancer should take their
real physiological levels into consideration. Finally, there is a need to elucidate how key
RNA editing events interact with other cancer drivers, thereby collectively defining the
complexity and therapeutic vulnerability of cancer. A better understanding of “driver-like”
A-to-1 RNA editing events in cancer and their related oncogenic mechanisms may suggest
some unexpected but exciting therapeutic strategies and tools against cancer.
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Schematic representation of functional consequences of A-to-1 RNA editing.
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Figure 2. Potential clinical utility of A-to-1 RNA editing in cancer
The Alu editing index (AEI) is used to show that the RNA editing profile correlates with

patient survival time, suggesting the utility of prognostic markers; COG3 editing is used to
show how RNA editing affects drug sensitivity, suggesting the utility of predictive markers;
AZINL1 editing is an example of RNA editing driving tumor initiation and growth, thereby
representing potential therapeutic targets; and edited miR-376a is used to show that edited
miRNA can inhibit tor migration and invasion, thereby representing potential therapeutics.
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