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RNA editing increases transcriptome diversity through post-transcriptional modifications of RNA. Adenosine deaminases
that act on RNA (ADARs) catalyze the adenosine-to-inosine (A-to-I) conversion, the most common type of RNA editing in
higher eukaryotes. Caenorhabditis elegans has two ADARs, ADR-1 and ADR-2, but their functions remain unclear. Here, we
profiled the RNA editomes of C. elegans at different developmental stages of wild-type and ADAR mutants. We developed
a new computational pipeline with a ‘‘bisulfite-seq-mapping-like’’ step and achieved a threefold increase in identification
sensitivity. A total of 99.5% of the 47,660 A-to-I editing sites were found in clusters. Of the 3080 editing clusters, 65.7%
overlapped with DNA transposons in noncoding regions and 73.7% could form hairpin structures. The numbers of editing
sites and clusters were highest at the L1 and embryonic stages. The editing frequency of a cluster positively correlated with the
number of editing sites within it. Intriguingly, for 80% of the clusters with 10 or more editing sites, almost all expressed
transcripts were edited. Deletion of adr-1 reduced the editing frequency but not the number of editing clusters, whereas
deletion of adr-2 nearly abolished RNA editing, indicating a modulating role of ADR-1 and an essential role of ADR-2 in
A-to-I editing.Quantitative proteomics analysis showed that adr-2mutant worms altered the abundance of proteins involved
in aging and lifespan regulation. Consistent with this finding, we observed that worms lacking RNA editing were short-lived.
Taken together, our results reveal a sophisticated landscape of RNA editing and distinct modes of action of different ADARs.

[Supplemental material is available for this article.]

RNA editing increases transcriptome diversity through post-tran-

scriptional insertion, deletion, or modification of certain bases on

RNA molecules (Licatalosi and Darnell 2010). RNA editing has

been found to play important roles, such as altering specific co-

dons of neurotransmitters or ion channels (Higuchi et al. 1993;

Burns et al. 1997), creating new splicing sites (Rueter et al. 1999),

modifying miRNA seed sequences or their targeting sites

(Kawahara et al. 2007a,b), and protecting pre-mRNA by competing

with the RNAi pathway (Wu et al. 2011; Warf et al. 2012).

RNA editing is a widespread phenomenon in all metazoans

(Danecek et al. 2012). The vast majority of known RNA editing

comprises adenosine (A) to inosine (I) deamination, which is cata-

lyzed by a family of adenosine deaminases that act on RNA (ADARs)

(Keegan et al. 2001). ADARs are essential in mammals, but their

individual effects inA-to-I editing remainunclear. ADAR1+/�mutant

mice died before embryonic day 14 with defects in the hematopoi-

etic system (Wang et al. 2000). ADAR2�/�micebecameprogressively

prone to seizures after P12 and died young (Higuchi et al. 2000). In

invertebrates, Drosophila melanogaster has a single ADAR2-like gene

called Dmel\Adar (also known as dADAR), the deletion of which

causes locomotor incoordination and temperature-sensitive paraly-

sis (Palladino et al. 2000). Caenorhabditis elegans has two ADAR

genes, adr-1 and adr-2, but their individual roles in A-to-I editing

remain unclear. Worms lacking either or both genes are viable and

exhibit only minor chemotaxis defects (Tonkin et al. 2002), which

makes C. elegans an excellent model to study the effects of ADARs.

Next-generation sequencing and bioinformatic technologies

have recently been used to identify millions of RNA editing events

at the genome scale in humans (Peng et al. 2012; Ramaswami et al.

2012, 2013; Bazak et al. 2014), mice (Danecek et al. 2012; Gu et al.

2012), and fruit flies (Graveley et al. 2011). However, the RNA

editome in C. elegans remains largely unknown. Thus far, only 10

genes in C. elegans had been found to be edited in noncoding re-

gions (Morse and Bass 1999; Morse et al. 2002). It is also unclear

whether RNA editing is regulated across different developmental

stages. In this study, we profiled the RNA editomes of different

developmental stages of the Bristol N2 wild type and three ADAR

mutants using strand-specific RNA sequencing (RNA-seq) and

whole-genome DNA resequencing. We also developed a new

computational pipeline using a bisulfite-seq-mapping-like ap-

proach that achieved higher sensitivity and specificity. This

addressed the computational challenges in identifying editing

sites, including mapping reads, anchoring junction sites, and dif-

ferentiating sequencing errors from true editing events (Bass et al.

2012; Piskol et al. 2013).

Results

A new RNA editing identification pipeline using a bisulfite-
seq-mapping-like approach to increase sensitivity

Our identification pipeline is summarized in Figure 1A and de-

tailed in Methods. Critical improvements over existing methods

that significantly increased sensitivity are highlighted below.
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As annotated junction sites were far from complete, we

extracted novel junction sites and junction connections from the

RNA-seq data using TopHat (Trapnell et al. 2009) and Cufflinks

(Trapnell et al. 2010). Our result showed that 4% of the reads were

mapped to novel junctions, which would have been unmappable

or misaligned if only annotated junctions were used.

A-to-I editing sites were often clustered together, and ultra-

edited reads with > 10% mismatches were common. Inspired by

the idea of bisulfite sequencing mapping in DNA methylation

studies, we transferred all the adenosines (As) in both reference and

read sequences to guanosines (Gs) to eliminate A/G differences

during mapping. We found that 34.6% of the edited reads con-

tained five to 20 edited bases, contributing to 62.7% of the total

edited bases (Fig. 1B). These sites would have been missed using

previous pipelines such as BWA (Li and Durbin 2009).

To obtain accurate calling results, we also sequenced the

matched genomic DNA of the wild-type and ADARmutant strains.

Sites with a minor allele frequency higher than 10% were consid-

ered genomic SNPs and removed. The incorporation of genomic

DNA sequencing (DNA-seq) data helped to remove 131 (93.5%)

more non-A-to-G sites and 9 (0.1%) more A-to-G sites.

We then classified the remaining candidate sites as ‘‘clustered’’

and ‘‘scattered’’ according to their relative distance. In contrast to

previous methods which classified sites as Alu and non-Alu

(Ramaswami et al. 2012), our method did not rely on any prior

knowledge of the location preference of RNA editing or the an-

notation of transposons. We applied relatively more stringent

criteria for scattered sites, including the average base quality and

homopolymers (more details in Methods). The filtering perfor-

mance of each step using data fromwild-type embryos is illustrated

in Figure 1C. Adapter residuals contributed to most of the false

positives. Depth cut-off greatly reduced the clustered A-to-G sites

and scattered non-A-to-G sites.

We compared the performance of our pipeline with the pre-

viously published results of Peng et al. and Ramaswami et al. (2012)

using RNA-seq data published by Peng et al. (2012). Our pipeline

resulted in a twofold increase in the number and 2% increase in the

percentage of A-to-G editing sites identified from the strand-spe-

cific RNA-seq (Supplemental Table 1). Although a lower percentage

of A-to-G was identified from the strand-nonspecific RNA-seq, our

pipeline still identified ;50,000 more A-to-G sites. Recent studies

have suggested that noncanonical variants (non-A-to-G and non-

C-to-U) were false positives (Ramaswami et al. 2012; Piskol et al.

2013). However, we found that nearly all the non-A-to-G sites

identified from strand-nonspecific RNA-seqwere T-to-C sites,most of

which should be A-to-G sites due to incorrect strand annotations;

Figure 1. The computational pipeline for identifying RNA editing sites in C. elegans using whole-genome DNA-seq and strand-specific RNA-seq data.
(A) Overview of the computational pipeline. This pipeline consists of threemapping steps. In particular, the ultra-edited reads aremapped using a bisulfite-
seq-mapping-like approach. Multiple filters are applied to control false positives caused by library construction, sequencing, and misalignment. (B) The
performance of the bisulfite-seq-mapping-like approach. The red curve shows the number of reads containing the indicated numbers of edited bases, and
the blue curve shows their contribution to the total number of edited bases. (C ) The performance of each filter in reducing the false positives.
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this led to the lower percentage of A-to-G sites identified from the

strand-nonspecific RNA-seq.

Genome-wide RNA editing profiles of wild-type and ADAR
mutant strains

To profile RNA editing in C. elegans at the whole-genome scale, we

performed strand-specific sequencing of poly(A)+ RNAs from the

wild-type embryos and L1, L2/3, and L4 larvae, in addition to adult

worms aged 1 and 8 d. To study the roles of ADR-1 and ADR-2 on

A-to-I editing, we also sequenced poly(A)+ RNA from the adr-1(gv6)

mutant, the adr-2(gv42) mutant, and the adr-1(gv6); adr-2(gv42)

double mutant at the embryo, L1, L4, and adult day 1 stages

(Supplemental Table 2). Over 50M 90-nt 3 2 or 100-nt 3 2 reads

per sample were uniquely mapped to the C. elegans genome. Be-

cause an accurate DNA genotype was necessary for reliable RNA

editing calling, we also sequenced the whole-genome DNA of all

four strains in great depth (Supplemental Table 3): ;803 for the

adr-2 strain and ;2503 for the others.

We applied our RNA editing identification pipeline to the

RNA-seq and DNA-seq data. In total, we identified more than

38,000 RNA editing sites using pooled data from all wild-type

samples and 3000–19,000 sites from different developmental

stages (Table 1; Supplemental Table 4). A-to-G (I) editing was the

most dominant type of RNA editing, which was consistent with

large-scale RNA editome profiling of humans (Ramaswami et al.

2012), mice (Danecek et al. 2012), and fruit flies (St Laurent et al.

2013). More than 99.5% of the identified RNA editing sites were

located on chromosomes as clusters, and they were divided into

;2551 clusters spaced at least 1 kb apart from each other.

Ten previously known A-to-I edited genes (Morse and Bass

1999; Morse et al. 2002) were all found to be edited in this study

but in a wider region along the gene bodies than previously

reported (Supplemental Table 5). We selected 15 A-to-I regions for

validation using PCR and Sanger sequencing. In the seven regions

that were successfully amplified, the editing signals were all vali-

dated (Supplemental Fig. 1). In contrast, of the 71 automatically

called non-A-to-I editing sites, we selected seven for validation, and

none were validated except for one site in an rRNA (Supplemental

Table 6). One previously reported gld-2 C-to-U editing site (Chr I:

6377791) (Wang et al. 2004) was not observed in our RNA-seq re-

sult, nor in our PCR and Sanger sequencing result (Supplemental

Fig. 2).

RNA editing sites largely located in noncoding regions

In total, 2500 genes were edited either in the annotated gene

bodies or within 2 kb upstream of or downstream from the gene

bodies (Supplemental Table 4). The identified editing sites were

mainly located in introns and other noncoding regions such as the

39 UTR and regions further downstream or the 59 UTR and regions

further upstream (Fig. 2A). When all of the wild-type samples were

pooled together, the identified editing sites in the UTRs, but not

the introns, reached saturation (Supplemental Fig. 3).

The most well-known function of RNA editing is to alter

specific amino acid residues of glutamate and serotonin receptors

(Rosenthal and Seeburg 2012) that are essential inmammals. A-to-I

editing in coding regions has not been reported in C. elegans. Here,

we identified 11 RNA editing sites in coding regions from all the

samples. Most of these sites had an editing frequency of less than

10%; thus, we used TA cloning to verify the existence of RNA

editing.We successfully validated all 11 RNA editing sites in coding

regions using PCR and Sanger sequencing (Table 2; Supplemental

Table 7). Among these sites, eight resulted in altered codons.

However, these genes are not enriched in any function category.

DNA transposons and hairpin structures around RNA
editing sites

Similar to findings in other species (Neeman et al. 2006;

Ramaswami et al. 2012), we also observed that RNA editing sites

were enriched in inverted repeats and transposons. Coding regions

have fewer inverted repeats and transposons, which explains why

RNA editing sites are typically located in noncoding regions.

However, in contrast to findings in humans where nearly all A-to-I

editing sites are exclusively clustered in Alu elements, we found

that these editing sites in C. eleganswere located inmany classes of

DNA transposons (Fig. 2B; Supplemental Table 8). Across different

Table 1. Number of RNA editing sites identified in each sample

Wild type adr-1

Embryo L1 L2 L4

Day 1 Day 8

Totala Embryo L1 L4

Day1

TotalAdult Adult Adult

Clustered A-G 10,210 19,048 6,420 3,574 5,172 6,944 38,200 3,128 12,118 5,384 4,112 21,230
non-A-G 3 4 5 0 5 1 7 2 4 1 4 4

Scattered A-G 32 43 14 11 12 39 140 33 84 18 17 139
non-A-G 6 13 7 12 11 7 27 2 3 3 12 20

adr-2 adr-1; adr-2

Embryo L1 L4

Day1

Total Embryo L1 L4

Day1

TotalAdult Adult

Clustered A-G 0 0 0 0 0 0 0 0 0 0
non-A-G 3 4 3 4 7 7 5 1 4 11

Scattered A-G 1 1 1 2 2 1 3 1 2 4
non-A-G 8 9 13 16 28 2 6 4 10 19

aThe number of RNA editing sites called using data pooled from all developmental stages.
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samples, 85%–90% of the identified sites overlapped with annotated

inverted repeats, and 63%–73% overlapped with annotated DNA

transposons, significantly higher than what would be expected by

chance (P < 10�3; Monte Carlo simulation). We found that trans-

posons of the same family tend to share a similar RNA editing pattern

(permutation P < 10�4, see an example in Supplemental Fig. 4), sug-

gesting that RNAeditingmighthave a target recognitionmechanism.

It was previously found that double-stranded RNAs of at least

15–20 bp could serve as substrates for ADARs (Nishikura et al.

1991). Here we found that 70% of the editing regions contained

hairpin structures predicted by RNAfold (Lorenz et al. 2011), which

was significantly higher than the whole genome background (P <

10�3; Monte Carlo simulation). These double-stranded RNA

structures were formed by neighboring transposons of the same

family or by self-palindrome (Supplemental Table 8). For > 60% of

edited transposons, we could find a similar transposon (> 80%

sequence identity) located in the opposite strand # 3 kb away. Of

the top 20 most frequently edited transposons, seven contained

self-palindrome structures. Figure 2C shows a hairpin structure

containing many editing sites. Stem structures containing RNA

Figure 2. Characteristics and sequence preference around the RNA editing sites. (A) Location distribution of RNA editing sites. (B) Overlap between the
RNA editing sites and each of the three categories: inverted repeats that coincide with transposons (InvR & TE, royal blue), inverted repeats outside of
transposons (InvR, midnight blue), transposon regions not containing inverted repeats (TE, light cyan). Indicated in parentheses are the numbers of
overlapped sites, which are also represented by the colored areas. (C ) A predicted stem–loop structure of an RNA from an editing locus (Chr I: 2415351).
Edited adenosines are marked red, and the red bars denote editing frequency. (D) Nucleotide preference within 3 nt around the editing sites in the wild
type. The RNA editing sites were divided into 10 groups according to their editing frequencies. (E) Editing frequency at different positions of adenosine
homopolymers in the wild type (blue) and the adr-1 (red) mutant.
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editing sites had > 80% pairing identity but varied in length from

20 bp to 1 kb. RNA editing density positively correlated with both

the length and the extent of perfect base-pairing of the stem (P <

10�11 and P < 10�15, respectively). RNA editing occurred almost

exclusively in helix regions and ;25% of the adenosines in helix

regions were edited. Bulges of$ 2 bpwere less preferred by ADARs.

ADR-2 had a 59 nearest and second nearest neighboring preference

for U >A >C >Gand a 39nearest neighboring preference for A >G >

U >C (Fig. 2D), whichwas similar to but still distinct from findings

in humans (59 U > A > C > G and 39 G > C > U ; A, respectively)

(Lehmann and Bass 2000). We also found that the second adeno-

sine in adenosine homopolymers had a significantly higher edit-

ing frequency than its neighboring sites (Fig. 2E).

Inverted repeats and transposons could be edited in both sense

and antisense orientations and occasionally in both orientations si-

multaneously (Supplemental Fig. 5).Weuseda strand-specific strategy

during RNA-seq library construction, and the accuracy of the strand

separationwas confirmed to be higher than 99.8% (Methods). Hence,

we could determine the transcript orientation with high confidence

in the absence of gene annotations. RNA editing was found in both

the sense and antisense transcripts in ;5% of the RNA editing loci.

Because RNA editing sites were frequently located in DNA

transposons, reads from transposons filtered out due to multiple

mapping may also contain editing sites. We retrieved such reads

and attempted to call RNA editing from them. We did not know

exactly from which genome regions these multiple-hit reads were

transcribed, but we obtained maximum and minimum transcrip-

tion regions by counting all possible alignments or only one. The

number of additional RNA editing sites frommultiple-hit readswas

25%–90% of that found from uniquely mapped reads in each

sample. Compared with the editing sites found from uniquely

mapped reads, these editing sites were enriched in transposon

families that are still active in C. elegans and hence have low di-

vergence among members, such as Tc5A, Tc6, Tc1A, Tc3, and Tc4.

Differences in RNA editing across developmental stages

We found that the number of RNA editing sites inwild-typeworms

was the highest at the L1 and embryonic stages, then decreased

dramatically from L2 to L4, and increased slightly after the adult

stage (Table 1). The number of editing

clusters followed a similar trend across dif-

ferent stages (Pearson’s correlation 0.95, P =

2.7 3 10�5). Once a site was found edited,

its editing frequency (i.e., the percentage of

reads edited at the site among all reads

across the site) remained relatively stable

between different developmental stages

(R2 > 0.8 and slope ;0.9, pairwise linear re-

gression, Fig. 3A). Both the R2 and the slope

moved even closer to 1 when sequencing

depth increased (Supplemental Fig. 6).

We defined ‘‘a site with editing poten-

tial’’ as a site found to be edited in at least

one of the developmental stages. We de-

fined a RNA editing cluster as ‘‘expressed’’ at

a developmental stage if there was at least

one read covering any of the sites with

editing potential within the cluster, and as

‘‘edited’’ if at least one site was edited. For

each expressed RNA editing cluster, we

counted the total number of reads covering

one or more sites with editing potential (T) and the number of

edited reads (E), and calculated the editing frequency of the cluster

as E/T. In wild-type C. elegans of different developmental stages,

543–1605 RNA editing clusters were expressed; among the

expressed clusters, 80%–95%were edited (Fig. 3B). A strong positive

correlation was observed between the editing frequency of a cluster

and the number of editing sites in the cluster (P = 10�16). In-

triguingly, for clusters harboring 10 or more sites with editing

potential, once expressed, 80% of these clusters had an editing fre-

quency close to one andonly < 2%were not edited at all (Fig. 3C). In

contrast, among the clusters with less than five sites with editing

potential, 30% were not edited at all when expressed (Fig. 3C). To-

gether with our observation that the RNA editing density positively

correlated with both the length and identity of the stem structure,

our results suggested that ADARs might preferentially target long

and perfectly base-paired double-stranded RNAs.

An essential role of ADR-2 and a modulating role of ADR-1
in A-to-I editing

Both adr-1 and adr-2 knockoutwormswere reported to be defective

in chemotaxis to some extent (Tonkin et al. 2002). Previous studies

focused on 10 known edited genes and found no editing in the

adr-2 mutant and some editing in the adr-1 mutant (Tonkin

et al. 2002). However, there was no genome-wide study of RNA

editing in adr-1 and adr-2 mutants.

Our genome-wide profiling revealed that RNA editing was

almost completely eliminated in adr-2 mutant and adr-1; adr-2

double mutant strains (Table 1), indicating an essential role of

ADR-2 in A-to-I editing. In contrast, ADR-1 played a modulating

role. In adr-1mutants, the normalized number of editing clusters

was similar to that in the wild type (Fig. 3B), whereas the number

of editing sites was nearly halved (Table 1), and the overall editing

frequency decreased by ;30% (Fig. 3D). This decrease was un-

even across sites, as indicated by a significant decrease of the

slope and R2 in pairwise linear regression between the wild type

and the adr-1 mutant (Fig. 3A). The editing frequency at in-

dividual sites was stable across different developmental stages in

the adr-1 mutant, a pattern similar to that in the wild type (Fig.

3A; Supplemental Fig. 6).

Table 2. RNA editing at CDS regions

Site Gene (function) Codon

DNA-seq RNA-seq cDNA TA clone

A:C:G:T A:C:G:T A:C:G:T

I: 5621062 F46F11.7 (keratin-associated
protein 4-7)

E61G 345:0:0:0 18:0:2:0 59:0:1:0

I: 6367273 K04F10.7 (FAM76B) N204D 318:0:0:0 181:0:15:0 65:0:3:0
I: 12424968 E03H4.8 (similar to coatomer

subunit beta)
S331G 171:0:0:0 66:0:6:0 11:0:3:0

I: 14361167 Y105E8A.3 (containing cation
efflux protein transmembrane
domain)

G319G 200:0:0:0 75:0:63:0 6:0:3:0

II: 7252982 lsm-4 (Sm-like protein) N13D 194:0:0:0 178:0:8:0 18:0:4:0
IV: 7026553 C06G3.5 (ADA ortholog) D59G 227:0:0:0 209:0:13:0 59:0:1:0
IV: 9853000 ssq-1 (sperm-specific family,

class Q)
G127G 329:0:0:0 161:0:8:0 46:0:2:0

IV: 11509884 M04B2.6 (unknown) N89S 191:0:0:0 89:0:42:0 5:0:6:0
IV: 14490354 Y57G11A.1 (neurofilament

heavy polypeptide
ortholog)

N688S 265:0:0:0 306:0:11:0 25:0:3:0

V: 4959508 tam-1 (unknown) L784L 271:0:0:0 358:0:46:0 53:0:2:0
V: 10713865 T28B11.1 (containing F-box) K369E 310:0:0:0 336:0:18:0 21:0:4:0
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ADAR mutants had altered proteome that affected aging-
related functional categories and showed shortened lifespan

We compared the proteomes of the wild-type and the adr-2 mutant

worms at the L1 larval stage and adult day 1 stage using 15Nmetabolic

labeling and quantitative mass spectrometry (Dong et al. 2007).

About 6000 proteins were reliably quantified (Supplemental Fig. 7A).

We detected little difference between the wild type and the adr-2

mutant on adult day 1. In contrast, 127 proteins were differentially

expressed in the adr-2 mutant L1 larvae compared to wild-type ani-

mals at the same stage (fold-change > 2; Wilcoxon rank-sum test,

correctedP< 0.05) (Supplemental Fig. 7B). An interesting coincidence

is that wild-type animals have the highest number of edited genes at

the L1 stage, nearly four times as many as that on adult day 1.

However, differentially expressed proteins are not enriched for those

encoded by edited genes, suggesting that RNA editing plays an in-

direct role in regulating the abundance of the 127 proteins.

Functional enrichment analysis of GeneOntology (GO) using

the KOBAS software (Xie et al. 2011) showed that the differentially

expressed proteins in the adr-2 L1 larvae were enriched in GO

classification terms ‘‘aging’’ and ‘‘determination of adult lifespan’’

(corrected P < 10�4, Supplemental Fig. 7C). In agreement with this

finding, we also observed that C. elegans lacking RNA editing ac-

tivity had a significantly shortened lifespan (log-rank test, P =

0.004, Fig. 3E), which is a previously undiscovered phenotype.

Figure 3. Characteristics of RNA editing in ADARmutant strains compared with the wild type. (A) Pairwise comparison of RNA editing frequency at each
site between samples. Three scatter plots illustrate the comparison of RNA editing site frequency between three pairs of samples. (Blue) Wild-type vs. wild-
type; (red) adr-1 vs. adr-1; (green) wild-type vs. adr-1. Black dots highlight sites with significant differences in editing frequency between samples (Fisher’s
exact test, corrected P < 0.01). Linear regression was performed for each pair of samples, and the slope and R2 were plotted in the lower right panel. (B)
Number of editing clusters in each sample. Filled bars depict the number of editing clusters. Empty bars depict the number of expressed clusters not edited
in this sample but edited in at least one other sample. (C ) Density plot of the number of RNA editing clusters over editing frequency at different
developmental stages. For clusters with 10 ormore editing sites, there was generally a peak near 100% of editing frequency. For clusters with less than five
editing sites, the density curves were generally flat with a rise near zero. Lines of different colors indicate different developmental stages. (D) Violin plot of
the distribution of RNA editing frequency in the wild type and the adr-1 mutant. The adr-1 mutant had reduced RNA editing frequency. (E) adr-1; adr-2
mutant worms have a shortened lifespan at 20°C (log-rank test, P = 0.004).

RNA editing in C. elegans

Genome Research 71
www.genome.org

 Cold Spring Harbor Laboratory Press on November 18, 2015 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Discussion
In this study, we performed the first genome-wide RNA editome

profiling of C. elegans and analyzed the changes in RNA editing

across different developmental stages between wild-type and

ADARmutant strains.We found extensive RNA editing events inC.

elegans, almost all of whichwere A-to-I editing, located primarily in

noncoding regions, especially DNA transposons. We found that

different numbers of genes were edited in different developmental

stages. Surprisingly, for > 80% of the editing clusters with 10 or

more sites with editing potential, all transcripts were edited when

expressed. We discovered an essential role of ADR-2 in A-to-I

editing and a modulating role of ADR-1. We found a connection

between adr genes and lifespan regulation.

Furthermore, RNA editing sites were located primarily in re-

peat elements, and different species had different types of repeat

elements. It has been reported that human coding RNA editing is

generally nonadaptive (Xu and Zhang 2014), thus it may not be

surprising that we found only four homologous sites that were

edited in both C. elegans and human (Supplemental Table 10) (list

of RNA editing sites in humanwere from RADAR [Ramaswami and

Li 2014]). We identified RNA editing sites in three additional

nematode species closely related toC. elegan—C. remanei, C. brenneri,

and C. briggasae—using public data (SRP006033 and SRP034522

from NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.

nih.gov/sra). Againwe only found dozens of homologous sites that

were edited in both C. elegans and at least one other nematode

species (Supplemental Table 10), similar to the previous finding

that RNA editing sites are not conserved among mammals (Pinto

et al. 2014). Therefore, although RNA editing was a conserved

phenomenon and catalyzed by conserved ADAR family members,

the edited genes or sites were not conserved across species.

We observed that for more than 80% of the clusters which

contain 10 or more editing sites, nearly every read covering an

editing cluster was edited. This suggests that for these clusters, RNA

editing occurs in an exhaustive manner. A possible explanation

would be that unedited RNAs were degraded, which would be

consistent with the hypothesis that ADAR protects double-

stranded RNAs from RNA interference (RNAi)-mediated degrada-

tion. However, our data did not support this explanation. First,

> 80% of the regions edited in the wild type were covered by un-

edited reads in the adr-2 mutants, indicating that unedited tran-

scripts were not degraded in the absence of RNA editing. Second,

we sequenced the small RNAs at the L1 and day 1 adult stages using

sRNA-seq (data not shown). Approximately 400 sRNA clusterswere

up-regulated in at least one ADAR mutant strain compared with

the wild type, of which only 15% or so were within 1 kb of the

identified RNA editing sites, suggesting that the majority of the

unedited transcripts were probably not targeted by RNAi.

The RNA editing sites are enriched in introns. Given that the

average sequencing depth of introns was only 73 (compared to

1003 for exons) and the RNA editing sites identified in introns are

still far from saturation (Supplemental Fig. 3), we expect that more

RNA editing sites will be identified in introns in the future. As the

sequencing technology improves and the cost decreases, it will

become feasible to enrich pre-mRNAs and sequence them in

greater depth, which may bring new insights to RNA editing in C.

elegans.

The RNA editing identification pipeline we developed mark-

edly improved sensitivity and specificity over previous methods.

Sensitivity was achieved primarily by incorporating a bisulfite-seq-

mapping-like step to align ultra-edited reads, and specificity was

achieved by applying different filters to clustered and scattered

candidate sites to control for false positives. We have shown that

our pipeline is applicable to other organisms includinghumans. As

more and more sequencing data become available, our pipeline

can facilitate RNA editing research for a better understanding of

this interesting post-transcriptional regulation.

Methods

C. elegans strains and sample preparation
The strains used in this study included Bristol N2 (wild type), BB2
adr-1(gv6) I, BB3 adr-2(gv42) III, and BB4 adr-1(gv6); adr-2(gv42).

Worm strains were cultured and maintained as described by
Brenner (1974). The embryos were prepared by bleaching a mixed
population with a solution containing ;3% NaClO and 0.75
N KOH. The embryos were incubated in M9 buffer (3.0 g KH2PO4,
6.0 g Na2HPO4, 0.5 g NaCl, and 1.0 g NH4Cl in 1 L H2O) for 17 h,
causing the larvae to arrest at the L1 stage upon hatching. The
freshly hatched L1 larvae were cultured on high-growth plates
seeded with Escherichia coli OP50 at 20°C. The animals were col-
lected at the L1, L2/L3, L4, and young adult (pregravid) stages. The
larvae stage was determined by observing vulval and germline
development. The exact time for growth after the plating of the
starved L1s was as follows: (1) L1 wormswere grown for 4 h; (2) L2/
L3 worms for 25 h; (3) L4 worms for 42 h; and (4) young adult
worms for 54 h. The animals were then washed and centrifuged,
and the pellets were frozen inM9 buffer using liquid nitrogen. The
embryos were harvested using the same bleaching protocol, fol-
lowed immediately by washing and freezing in liquid nitrogen.
To collect the day 8 adult worms, L1 larvae obtained using the
bleaching protocol were allowed to grow for 222 h on high-growth
plates supplementedwith50mg/mL5-fluoro-29-deoxyuridine (FUdR).

The total RNA was isolated by adding four volumes of TRIzol
reagent (Invitrogen) per volume of packed worms. The mixture
was vigorously vortexed, and the insoluble material was removed
via centrifugation at 14,000g. The supernatant was extracted using
chloroform. The aqueous phasewas precipitatedwith isopropanol,
and the pellet was washed with 70% ethanol. The pellet was then
resuspended in DEPC-treated water, and the concentration was
determined using a NanoDrop spectrophotometer. The genomic
DNA was extracted via proteinase K digestion, followed by two
rounds of phenol-chloroform extractionwith an intermediate step
of RNase A digestion in TE.

RNA-seq data quality evaluation

RNA-seq quality, including the base quality, duplication rate, intron
rate, and rRNA rate, was evaluated using FastQC and RNA-SeQC
(DeLuca et al. 2012). Strand specificity in the library construction
was estimated using spliced reads exactly matching annotated
splicing junctions (Ensembl v63) (Flicek et al. 2012). Reads sup-
porting the annotated junctions with the same and reverse orien-
tations had correct and incorrect strand information, respectively.

DNA-seq mapping

Reads were aligned to both the C. elegans genome (WS220) and
E. coli OP50 genome with BWA (v0.6.2-r126). Reads that uniquely
mapped to the C. elegans genome and properly paired were kept,
and potential PCR duplicates were removed. In contrast to tradi-
tional genotyping, loose criteria were used in SNP calling, and
stringent criteria were used in homozygote calling. The sites with
alternative allele frequency higher than 10% and lower than 1%
were considered to be heterozygous andhomozygous, respectively.
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RNA-seq mapping

TopHat (v1.4.1) was used in RNA-seq read mapping to identify the
junctions. Ensembl gene annotation (v63) was used to guide the
read mapping. The minimum intron length was set to 20 nt
according to the known gene annotation. In the transcriptome
mapping step, five mismatches at most were allowed, and the
maximum number of hits was set to 1000 considering the highly
overlapped isoform. In the second mapping step, the reads were
split into three or four segments, and atmost twomismatches were
allowed in each segment. Because the worms were fed E. coliOP50
and the OP50 RNAs could be mixed into the total RNAs we
extracted, we mapped all the reads to the E. coli OP50 genome
sequence in addition to the C. elegans genome and junction
flanking sequences. The unmapped reads were first trimmed with
splice leaders (Blumenthal 2005), which are 22-nt sequences trans-
spliced to the beginning of 70% of the C. elegansmRNAs, and then
mapped again.

BWA (v0.6.2-r126) was used in the formal RNA-seq read
mapping. Although the RNA-seq data were paired-end, a single-
endmapping strategy was used because the reference database was
mixed with junction flanking sequences. At most, three mis-
matches were allowed in this step.

To deal with ultra-edited reads, we transferred all the As in
both reference and read sequences to Gs to eliminate A/G differ-
ences duringmapping. To avoid biases, besides A-to-G, all 12 forms
of transfer were performed. BWA was used in this bisulfite-map-
ping-like step, with only one mismatch allowed. Rules used for
both sequence transformation and strand matching are listed in
Supplemental Table 9 and depended on the fr-first-stranded library
type of our RNA-seq data. All alignments from the above three-step
BWA mapping were pooled together. Only the uniquely best-
mapped read pairs located within a proper distance and relative
orientation were kept.

Filters applied to clustered and scattered candidates

Before calling the variants, we cleaned the mapping result by re-
moving potential PCR duplicates, merging overlapped paired-
reads, and trimming the leading 5 nt from the starting ends. Sites
with a variant frequency$ 5%were taken as raw candidate editing
sites. The following filters were then performed in order: (1) DNA
SNPs were filtered out from this raw set. (2) All alignments of reads
covering the remaining candidate sites were checked with BLAT
(Kent 2002), and the reads involved in inconsistent alignments
were removed. The candidate editing sites were then called again
using the same criteria. (3) Neighboring sites no further apart than
100 bpwere clustered together. If a cluster contained three ormore
candidate sites, then sites in this cluster were considered ‘‘clus-
tered.’’ All candidate sites were separated into ‘‘clustered’’ or
‘‘scattered’’ in this manner; loose and stringent filters were applied
for the clustered and scattered sites, respectively. (4) For the scat-
tered sites, the depth and frequency of the edited forms were re-
quired to be $ 5 and $ 5%, respectively. (5) Inaccurate junction
anchoring during read alignment induced mismatches to regions
at terminal and neighboring junctions; thus, at least three reads
were required to support the edited forms with a reliable part that
was 15 bp away from the terminal and 5 bp away from the junc-
tions. (6) The nucleotides downstream from the homopolymers
may be mistakenly sequenced as nucleotides constructing the
homopolymer; a longer homopolymer in this scenario results in
a higher error rate. Candidates within 3 bp downstream from
a $ 6mer homopolymer or 2 bp downstream from a 3–5mer ho-
mopolymer and transferred to the samenucleotide of the upstream
homopolymer were removed. (7) The average base quality of both

reference bases and variant bases should together be $ 25. (8)
Clustered sites shared the same editing patterns andwere less likely
to result from sequencing errors; therefore, we applied loose fil-
tering criteria to the clustered sites. The depth and frequency of the
edited forms were required to be $ 2 and $ 5%, respectively, and
50% of the sites of each cluster were required to have reliable
supporting reads. (9) The candidate sites that passed all the above
filterswere considered to be final RNA editing sites if their DNAwas
homozygous.

PCR-Sanger validations

To verify the RNA editing events identified via RNA-seq and
computational analysis, we analyzed a random selection of clus-
tered RNA editing regions, all RNA editing sites at the coding re-
gions, and seven non-A-to-G editing sites by Sanger sequencing of
PCR-amplified DNA and cDNA samples. The cDNA was synthe-
sized from the total RNA using the PrimeScript II First Strand cDNA
Synthesis Kit (TaKaRa). To verify RNA editing sites in coding re-
gions with a low editing frequency, we also ligated PCR products
into vectors by TA cloning and sequenced dozens of clones.

Validation of C-to-U editing sites in gld-2

To validate the previously reported C-to-U sites in gld-2, we used
the same primers (LWp11 and LWp13) as described by Wang et al.
(2004). The cDNAs of germline-specific isoforms 4.7L and 4.7S of
gld-2were amplified from asynchronouswild type, wild-type day-1
adults, and adr-1; adr-2 day-1 adults. PCR products with ex-
pected sizes of 1464 bp and 1338 bp were gel-extracted and
purified. The editing sites were verified by Sanger sequencing
as well as AlwNI (NEB) digestion of the purified PCR products
followed by electrophoresis.

Prediction of RNA secondary structure around RNA
editing sites

RNA editing sites identified from all samples were pooled together.
Neighboring sites within 1000 bp were clustered into one editing
cluster. The sequence of each cluster and the 750-bp flanking re-
gions were used to predict the RNA secondary structure. The
RNAfold program (v1.6) from the Vienna RNA Package was used to
calculate the minimum free energy based on the RNA secondary
structure.Within the RNA secondary structure, the local structures
with a stem$ 30 bp and identity$ 80%were defined as candidate
dsRNA substrates that could be targeted byADAR. Regionswith the
same length and number as the identified editing loci were ran-
domly picked from the genomes and also folded with RNAfold
using the same parameters and filters. This process was repeated
1000 times to obtain a randomdistribution of dsRNA structures on
a genomic background.

Quantitative proteomics analysis
15N-labeled C. elegans samples were prepared as described (Dong
et al. 2007) except that metabolically labeled E. coli K-12 MG1655
cells were used as C. elegans food. 15N-labeled MG1655 cells were
cultured as previously described (Khan et al. 2011).

Wormswere collected and lysed in lysis buffer (4% SDS, 0.1M
DTT in 0.1MTris/HCl, pH 7.6). After 5min incubation at 95°C, the
crude extract was clarified by centrifugation at 14,000 rpm at room
temperature for 10 min. Protein lysates of the 15N-labeled and
unlabeled worms were combined at a 1:1 protein ratio. The mixed
lysate samples containing 0.4 mg of total proteins were subjected
to buffer exchange, thiol reduction, alkylation, and trypsin
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digestion using the filter-aided sample preparation (FASP) pro-
cedure (Wisniewski et al. 2009).

Approximately 40 mg peptides were desalted and then loaded
onto a home-packed capillary strong cation exchange column
(250 mm internal diameter 3 3 cm, Luna SCX resin). Ten SCX
fractions were collected by eluting with ammonium acetate solu-
tions at 10, 20, 30, 40, 60, 90, 150, 300, 500, and 1000mMat a flow
rate of 1.5 mL/min, 15 mL each.

Each fractionwas analyzed on aQExactivemass spectrometer
(Thermo Fisher Scientific) coupled to HPLC via a nano-electrospray
ion source. Peptides were separated on a home-packed capillary
reverse phase column (75-mm internal diameter 3 10 cm, Luna
C18 resin) with a 105-min gradient of A and B buffers (buffer A,
0.1% formic acid; buffer B, 100% ACN/0.1% formic acid). A lock
mass of 445.120025 m/z was used for internal calibration. Elec-
trospray ionization was carried out at 1.8 kV, with the heated
capillary temperature set to 250°C. Full-scan mass spectra were
acquired in the Orbitrap in the positive-ion mode over the m/z
range of 300 to 2000 at a resolution of 70,000.MS/MS spectra were
acquired in the Orbitrap for the 15 most abundant multiply-
charged species in the full-scan spectrum having signal intensities
of > 5.03 10�4 NL (Thermo). Dynamic exclusion was set such that
MS/MSwas acquiredonlyonce for each species over a periodof 30 sec.

MS/MS spectra were searched against the concatenated for-
ward and reversed C. elegans protein database (WS233) using
ProLuCID (Xu et al. 2006) and filtered using DTASelect (Tabb et al.
2002). Carbamidomethylation of cysteines was included as a fixed
modification. The estimated false discovery rate (FDR) was no
more than 1% for identified spectra and no more than 4% for
identified proteins. The filtered identification results were quan-
tified using pQuant (Liu et al. 2014). Unreliable quantification
results with s values greater than 0.5 were discarded.

The median of 14N/15N-values of peptides was assigned to
their parent protein. For each protein, the relative abundance ratio
of adr-2/wild type was calculated by dividing the 14N-adr-2/15N
ratio with the 14N-WT/15N ratio. To determine the significance of
the abundance change of a protein, a Wilcoxon rank-sum test was
carried on its constituent peptides that were quantified in the wild
type or the adr-2 mutant. The resulting P-value was further cor-
rected using the Benjamini–Hochberg procedure to control the
false discovery rate.

Gene Ontology (GO) enrichment analysis of differentially
expressed proteins was performed on the KOBAS web platform
with default parameters (Xie et al. 2011).

Lifespan assay

Lifespan assays were performed as described previously (Tao et al.
2013). All lifespan assays were conducted at 20°C starting from the
first day of adulthood.

Data access
All sequencing data from this study have been submitted to the
NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/
sra) under accession number SRP028863.
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