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Abstract

A-to-I RNA editing is an essential gene regulatory mechanism. Once thought to be a rare 

phenomenon only occurring in a few transcripts, the emergence of high-throughput RNA 

sequencing has facilitated the identification of over 2 million RNA editing sites in the human 

transcriptome. In this review, we survey the current RNA-seq based methods as well as historical 

methods used to identify RNA editing sites.
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1. Introduction

Gene regulation occurs at every step along the central dogma of molecular biology. In 

addition to the myriad of regulatory mechanisms acting on DNA and proteins, RNA 

transcripts undergo a host of diverse processing mechanisms such as alternative splicing, 

regulated localization and nucleotide modifications. One such process acting on RNA is 

RNA editing, in which a base in RNA is modified enzymatically to form a different base. In 

metazoans, the most common type of RNA editing is Adenosine-to-Inosine (A-to-I), 

catalyzed by the adenosine deaminase acting on RNA (ADARs), a family of double stranded 

RNA binding enzymes [1]. Inosine, which is read as Guanosine by the cellular machinery, 

contributes to the diversity of the transcriptome by changing the amino acid sequences of 

proteins, influencing alternative splicing patterns, and affecting the ability of miRNAs to 

bind to their target sites. The identification of RNA editing sites has largely tracked with the 

development of DNA sequencing technologies (Figure 1) and the emergence of next-

generation sequencing technologies has facilitated the identification of over 2 million RNA 

editing sites in humans, bringing attention to the critical role of RNA editing in gene 
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regulation. In this review, we will provide a historical perspective on the identification of 

human RNA editing sites.

2. Historical methods

2.1 Sanger sequencing of ion channel receptors

The first human A-to-I RNA editing sites were discovered serendipitously using Sanger 

sequencing [2] to carefully identify nucleotide differences between DNA and cDNA 

sequences of ion channel receptors in the brain. The first examples of edited ion channel 

proteins were the glutamate receptor family subunits identified in 1991: GluR2, GluR5, and 

GluR6 [3]. The role of RNA editing in these glutamate receptor ion channels was shown to 

control their calcium permeability [4], and furthermore editing at the Q/R site in GluR2 is 

essential for brain function as removal of editing at this site in mice causes lethality resulting 

from severe seizures [5]. In 1997, the next gene identified to undergo RNA editing was the 

serotonin receptor 5-HT(2c)R which harbors 5 RNA editing sites within its transcript [6]. 

Editing within the 5-HT(2c)R gene was shown to reduce the potency of serotonergic 

agonists [7] and abnormalities in editing have been observed in suicide victims [8, 9]. The 

rate of discovery for RNA editing sites was quite slow in these first years, mainly due to 

technological shortcomings. Sanger sequencing, although very accurate, is an extremely 

tedious technique when used to screen entire human genes for RNA to DNA differences.

2.2 Comparative genomics

In the late 1990s and early 2000s, the success of the human genome project [10, 11] together 

with the assembly of genomes from model organisms such as the mouse Mus musculus [12], 

the fruit fly Drosphila melanogaster [13], and the nematode worm Caenorhabditis elegans 
[14] enabled the use of comparative genomics to identify functional elements of the genome 

by evolutionary conservation. The first study to search for RNA editing sites using 

comparative genomics surveyed mRNAs from highly conserved genic sequences within 18 

Drosophila species and identified 16 novel editing sites [15]. Intriguingly, one of the edited 

genes in Drosophila, the potassium channel Shaker (sh), was also edited in a human ortholog 

(KCNA1). Editing in KCNA1 substantially modifies the kinetic properties of the ion channel 

by speeding up the rate of recovery after inactivation [16]. The first studies to focus on 

comparative genomics in mammals searched within conserved genic loci between mouse 

and human to identify 4 novel editing sites in the genes: FLNA, BLCAP, CYFIP2, and 

IGFBP7 [17, 18]. Interestingly, none of these genes encode ion channel proteins and opened 

up possible roles for RNA editing outside of the nervous system.

2.3 High-throughput screening of expressed sequence tags (ESTs)

In addition to the assembly of whole genomes, the early 2000s saw the development of 

sequence databases and repositories to house a large collection of publically available 

sequences of cDNA transcripts from libraries of expressed sequence tags (ESTs). These 

collections of ESTs were a valuable resource for higher throughput identification of RNA 

editing sites. In 2004, four studies utilized systematic assessment of A-to-G mismatches, the 

signal for A-to-I editing, when aligning millions of human ESTs or full length cDNA 

transcripts to genomic sequences and in total identified greater than 10,000 RNA editing 
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sites in over 1,000 genes [19–22]. The majority of these editing sites are clustered within 

Alu repeats which mostly reside in noncoding regions of genes. Mismatches from alignment 

of ESTs to genomic sequences were also used to populate databases of genomic 

polymorphisms such as dbSNP [23], however many of these variants were actually RNA 

editing sites. Computational strategies utilizing features of RNA editing sites such as 

clustering and RNA structural features were used to identify RNA editing sites that were 

incorrectly annotated within dbSNP [24–26]. Although thousands of editing sites were 

identified using alignment of ESTs to the genome, the clustering of editing sites in close 

proximity prohibited the alignment of “hyper-edited” (also known as ultra-edited) ESTs, 

sequences with extensive amounts of editing. To identify these hyper-edited transcripts, a 

pipeline was developed that masked potentially edited adenosines as guanosines in the 

genome before alignment of ESTs. Utilizing this genome masking pipeline allowed 

identification of greater than 15,000 editing sites in only 760 ESTs, an average of about 20 

edits per EST [27].

2.4 Chemical mapping

In addition to direct nucleotide sequencing, inosines in messenger RNAs can also be 

detected by biochemical methods. The first biochemical method to detect inosines, 

developed in 1997, utilized inosine-specific cleavage of RNA by RNAse T1 after treatment 

with glyoxal, and demonstrated the specificity of this method using the two recoding editing 

sites in the GluR2 transcript [28]. In 2002, inosine-specific cleavage was used to identify 19 

editing sites in human brain, 15 of which were located within repetitive elements [29]. A 

second chemical method to identify inosines was developed called inosine chemical erasing 

(ICE), which utilizes inosine cyanoethylation after acrylonitrile treatment to prevent 

extension of reverse transcriptase at inosine nucleotides [30]. By comparing cDNA sequence 

traces from untreated, which should have both adenosine and guanosine signal, against 

acrylonitrile treated transcripts, which should only have adenosine signal, this study 

identified over 5,000 RNA editing sites.

3. High-throughput RNA sequencing based methods

3.1 Targeted RNA sequencing

Within the past 10 years, the emergence of next-generation sequencing technologies has 

facilitated affordable sequencing for millions of DNA fragments in a single experiment [31]. 

In contrast to the ~5 million total publically available ESTs present in the year 2004, current 

RNA sequencing methods typically process around 50 million reads in a single experiment. 

These technologies have enabled powerful approaches to high-throughput identification of 

RNA editing sites. The effectiveness of next-generation sequencing to study RNA editing 

was demonstrated in 2009 by one of us (J.B.L.) in utilizing an effective combination of 

mining the EST database with next-generation sequencing. In this study, a thorough search 

of the EST database identified over 36,000 potential RNA editing sites that were 

subsequently captured using padlock probes and deeply sequenced to identify several 

hundred human RNA editing sites in non-repetitive sequences, a 10-fold expansion upon 

previously identified sites [32].
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3.2 Matched RNA and DNA sequencing

Although next-generation sequencing was shown to be a potent tool in validation of editing 

sites predicted using ESTs, the most promising application of next-generation sequencing is 

ability to de novo identify editing sites without requiring any prior information. The most 

straightforward approach for de novo identification of editing sites is to sequence the 

genome and transcriptome of a single sample, call mismatches in both independently, and 

identify RNA specific variants. The first study to identify de novo RNA editing sites was 

published in 2011 and identified over 10,000 exonic RNA-DNA differences (RDDs) of all 

12 possible mismatch types [33]. In 2014, the same authors go on to show that all of these 

RDDs are generated co-transcriptionally, within seconds after transcription [34]. These 

result were very surprising, because they implied the existence of numerous unknown RNA 

modification mechanisms in addition to canonical A-to-I and C-to-U editing. However, upon 

closer examination it was shown that most of the RDDs identified in the 2011 study were 

false positives caused by technical artifacts such as errors introduced during reverse 

transcription and inaccurate sequencing read alignments [35–38]. The main lesson learned 

from these studies was that accurate de novo identification of RNA editing sites using next-

generation sequencing required meticulous methods to separate bona fide editing sites from 

false positives.

Keeping this lesson in mind, in 2012 and 2013 numerous groups developed computational 

pipelines for de novo identification of RNA editing sites from matched DNA and RNA 

sequencing. In stark contrast to the first study, all of these studies found that after applying 

rigorous filters to remove false positives, the largest type of editing sites identified were 

canonical A-to-I editing. Bahn et al. identified over 9,000 RNA specific variants from a 

human glioblastoma cell line U87MG with a majority (62%) of them indicative of A-to-I 

editing [39]. Peng et al. identified over 22,000 RNA specific variants from a lymphoblastoid 

cell line YH with a vast majority (93%) of them indicative of A-to-I editing. We identified 

over 500,000 RNA specific variants from two lymphoblastoid cell lines GM12878 and YH 

with a vast majority (95%) of them indicative of A-to-I editing. Park et al. identified over 

10,000 RNA specific variants from 14 different ENCODE cell lines with the largest fraction 

(43%) indicative of A-to-I editing [40]. Kleinman et al. identified over 10,000 RNA specific 

amino acid recoding variants from two lymphoblastoid cell lines NA12891 and NA12892 

with a vast majority (80%) of them indicative of A-to-I editing. Chen identified over 

300,000 RNA specific variants from 7 different ENCODE cell lines with a vast majority 

(94–99%) of them indicative of A-to-I editing. The overlap in editing sites identified 

between these studies is quite low, suggesting that each study is only querying a fraction of 

the total editing repertoire. Although all of these studies conclude that A-to-I is the 

predominant RNA editing mechanism in human cells, they did not rule out the possibility 

that the small fraction of noncanonical mismatches remaining are caused by novel editing 

mechanisms. To follow up, a careful examination of these noncanonical mismatches 

demonstrated that all of them are likely false positives [41].

All of the RNA editing pipelines share common features to filter false positive mismatches 

inherent to RNA sequencing data (Figure 2). A major concern is the accuracy of mapping 

RNA-seq reads to their correct position in the genome. Due to the spliced nature of mRNA 
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transcripts, many reads spanning exon-exon splicing boundaries are incorrectly mapped onto 

processed pseudogenes or the read ends are incorrectly mapped into adjacent introns. We 

recommend mapping reads in a splice-aware manner by including sequences spanning 

known splicing junctions as “pseudo-chromosomes” in addition to the reference genome 

[42] and verifying the correct alignment of mismatched reads using a highly sensitive aligner 

such as BLAT [43]. We also recommend filtering out mismatches in introns that reside close 

to the intron-exon boundary. Another major concern is artificial mismatches introduced 

during reverse transcription priming using random hexamers. We recommend filtering out 

mismatches in the first 6 base pairs of each sequencing read.

3.3 RNA sequencing alone

As RNA sequencing became a commonly used methodology, many publicly available 

datasets were deposited in sequence repositories. These datasets can be repurposed as 

valuable resources to identify RNA editing sites from a vast variety of human tissues and 

cell types. However, genome sequencing information is unavailable for most of these 

datasets and the pipelines mentioned in the previous section would not be able to distinguish 

RNA editing sites from rare genetic variants. We developed the first methods to identify 

RNA editing sites using RNA sequencing data without the need for matched genome 

sequencing. Our methods leverage the notion that RNA editing sites are common to multiple 

individuals while rare genetic variants reside mainly in single individuals. Using data from 

lymphoblastoid cell lines, brain tissues, and the Illumina Human BodyMap project, we 

identified over 500,000 editing sites [44]. Another method utilized the fact that A-to-I 

editing sites tend to be clustered together and identified over 2,000 editing sites in 266 

clusters from 18 different human RNA-seq datasets [45]. Recently, a method was developed 

that can identify RNA editing sites in a single RNA-seq sample [46]. This method utilizes 

allelic linkage to distinguish between RNA editing sites and genetic variants and its utility 

was demonstrated using 38 samples from the GTEx project [47].

3.4 Hyper-editing and chemical mapping

Both the genome-masking technique to identify hyper-edited sequences as well as the 

inosine chemical erasing method (ICE) (described in Section 2 above) have been 

successfully coupled with high-throughput RNA sequencing. Using RNA-seq reads from the 

Illumina Human BodyMap project that did not map conventionally to the human reference 

genome, Porath et al. map these sequences onto an A-to-G masked genome and identify over 

300,000 novel RNA editing sites [48]. These novel editing sites were all missed by a 

previous study identifying RNA editing sites on the same dataset [44], demonstrating the 

usefulness of the hyper-editing pipeline. The inosine chemical erasing method coupled with 

deep sequencing (ICE-seq) was applied to an adult human brain sample to identify almost 

20,000 novel editing sites [49].

4. Databases of RNA editing

There are two main databases of RNA editing: DARNED [50, 51] and RADAR [52]. Both 

offer searching features to identify RNA editing sites in a particular genomic location or 

gene. Features unique to DARNED include sequence-based searches, dbSNP identifiers and 
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links to Wikipedia annotations, while features unique to RADAR include annotation based 

searching by genic location (UTR/CDS/introns), repetitive elements and editing 

conservation as well as a curated list of tissue specific editing levels. The latest update to 

either database was to RADAR in December 2014 and includes a listing of over 2,500,000 

editing sites (Figure 3).

5. Concluding remarks

The past few years have been an exciting time for the study of RNA editing. The 

development of powerful computational pipelines has made the study of RNA editing using 

RNA-seq datasets a routine endeavor. RNA editing is quite prevalent throughout the 

transcriptome, with almost all adenosine nucleotides edited to some degree within Alu 
repeats [53]. Analyses using RNA-seq datasets have already started to shed light on 

previously uncharacterized topics such as the evolutionary conservation of editing in 

primates [54], the tissue-specificity of particular editing sites [55], and the role of RNA 

editing in diseases such as cancer [56–58] and neurological disorders [59, 60]. Still there are 

many critical unanswered questions. How is the process of RNA editing regulated – what 

mechanisms are used by ADAR proteins to target specific adenosine nucleotides and which 

other proteins act in concordance with ADAR? Which of the editing sites have functional 

roles, and what are these functions? It will be an exciting challenge to uncover the roles of 

RNA editing in biology and disease.
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Highlights

1. Historical review of methods to identify A-to-I RNA editing sites

2. Our ability to identify editing sites is heavily dependent on the DNA 

sequencing technologies

3. Most likely we have identified majority of sites that are highly or 

moderately edited
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Figure 1. 
Timeline of A-to-I RNA editing site discovery
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Figure 2. 
Common false positive mismatches in RNA-seq. (a) If RNA-seq reads are not mapped in a 

splice-aware manner, false positive mismatches in pseudogenes (top) are caused by 

misalignment of reads spanning splice junctions (bottom). (b) Putative variants supported 

only by mismatches at read ends are likely artifacts caused by errors during reverse 

transcription.
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Figure 3. 
Current classifications of 2,576,459 human A-to-I RNA editing sites, downloaded from 

RADAR [52] release version 2. (a) Breakdown of RNA editing sites by location in Alu, 

repetitive non-Alu, or Nonrepetitive regions of the genome. (b) Breakdown of RNA editing 

sites by genic location. Numbers displayed in (a–b) are percentages.

Ramaswami and Li Page 13

Methods. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Historical methods
	2.1 Sanger sequencing of ion channel receptors
	2.2 Comparative genomics
	2.3 High-throughput screening of expressed sequence tags (ESTs)
	2.4 Chemical mapping

	3. High-throughput RNA sequencing based methods
	3.1 Targeted RNA sequencing
	3.2 Matched RNA and DNA sequencing
	3.3 RNA sequencing alone
	3.4 Hyper-editing and chemical mapping

	4. Databases of RNA editing
	5. Concluding remarks
	References
	Figure 1
	Figure 2
	Figure 3

