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ABSTRACT

Alternative mRNA splicing is a major mechanism for gene regulation and transcriptome diversity. Despite the extent of the
phenomenon, the regulation and specificity of the splicing machinery are only partially understood. Adenosine-to-inosine
(A-to-1) RNA editing of pre-mRNA by ADAR enzymes has been linked to splicing regulation in several cases. Here we used
bioinformatics approaches, RNA-seq and exon-specific microarray of ADAR knockdown cells to globally examine how ADAR
and its A-to-l RNA editing activity influence alternative mRNA splicing. Although A-to-l RNA editing only rarely targets
canonical splicing acceptor, donor, and branch sites, it was found to affect splicing regulatory elements (SREs) within exons.
Cassette exons were found to be significantly enriched with A-to-I RNA editing sites compared with constitutive exons. RNA-
seq and exon-specific microarray revealed that ADAR knockdown in hepatocarcinoma and myelogenous leukemia cell lines
leads to global changes in gene expression, with hundreds of genes changing their splicing patterns in both cell lines. This
global change in splicing pattern cannot be explained by putative editing sites alone. Genes showing significant changes in
their splicing pattern are frequently involved in RNA processing and splicing activity. Analysis of recently published RNA-seq
data from glioblastoma cell lines showed similar results. Our global analysis reveals that ADAR plays a major role in splicing
regulation. Although direct editing of the splicing motifs does occur, we suggest it is not likely to be the primary mechanism
for ADAR-mediated regulation of alternative splicing. Rather, this regulation is achieved by modulating trans-acting factors
involved in the splicing machinery.
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INTRODUCTION exons found in certain transcripts and skipped in others (cas-
sette exons), introns retained in the mature-mRNA (intron
retention), and alternative 5" or 3’ ss. AS is often a tissue-
specific and developmental stage-dependent process, where
some splicing factors are expressed only in specific tissues
and at particular stages (Wang and Burge 2008).

In recent years, it has become increasingly clear that the
basal canonical splicing motifs contribute only part of the
information required for proper splicing and for AS regulation
(Fairbrother etal. 2004; Goren et al. 2006; Schwartz et al. 2008,
2009b; Akerman et al. 2009; Keren et al. 2010). Additional
information is supplied by cis-acting splicing regulatory ele-

Pre-mRNA splicing, carried out by the spliceosome, is a com-
plex process that occurs in eukaryotic cells (Wahl et al. 2009;
Valadkhan and Jaladat 2010). Fundamental sequence motifs
required for canonical splicing are the 5 splice site (5 ss),
branch site (BS), poly-pyrimidine-tract (PPT), and the 3’
splice site (3’ ss). Without these motifs, the spliceosome
subunits cannot bind together into a single functional cata-
lytic unit, and alterations in these sequences have been linked
to alternative splicing (Wahl et al. 2009; Valadkhan and
Jaladat 2010). Alternative splicing (AS) has a major contribu-
tion to transcriptome diversity in higher organisms. It was

recently suggested that in humans, more than 90% of mul-
ti-exon genes undergo AS (Licatalosi and Darnell 2010).
Several types of AS have been described (Ast 2004) including
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ments (SREs) that are recognized by splicing factors, mostly
SR-proteins or heterogeneous nuclear ribonucleoproteins
(hnRNPs) (Wang and Burge 2008). These factors enhance
or repress the splicing of nearby introns and accordingly af-
fect the sequence and structure of the mature mRNA.

RNA editing, which alters RNA sequences, has the po-
tential to contribute additional regulatory levels to AS. A-
to-I RNA editing (deamination of adenosine to inosine) is
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catalyzed by the ADAR (adenosine deaminase acting on RNA)
family of enzymes. In mammals, this family includes ADAR
(with two distinct prevalent isoforms, pl110 and p150),
ADARBI, ADARB2 (also known as ADARI1, ADAR2, and
ADARS3, respectively). For further reading about these en-
zymes and A-to-I RNA editing (hereinafter referred to as
RNA editing or simply editing), the reader is referred to sev-
eral excellent reviews (Bass 2002; Valente and Nishikura 2005;
Maydanovych and Beal 2006; Nishikura 2009). Inosine is rec-
ognized as guanosine by cellular machineries such as splicing
and translation. In addition, cytosine is base-paired by re-
verse transcriptase with inosine during the cDNA synthesis,
and, therefore, sequencing machines also identify inosine as
guanosine. Inosine, however, is specifically recognized by
several cellular factors such as tudor-SN or p54™® (also
known as SND1 and NONO, respectively) (Zhang and Car-
michael 2001; Prasanth et al. 2005; Scadden 2005). Double-
strand RNA, an obligatory substrate of ADAR enzymes, is
often formed between adjacent inverted repetitive elements
like Alu sequences. Alu is the most common repetitive re-
tro-transposon sequence in the human genome. More than
10% of human genome is composed of Alu repeats, with
more than 1 million copies in the genome (Kim et al. 2004).
This was suggested as a major cause for the high level of
RNA editing in human and primates compared with other or-
ganisms (Athanasiadis et al. 2004; Kim et al. 2004; Levanon
etal. 2004, 2005; Eisenberg et al. 2005; Valente and Nishikura
2005; Li et al. 2009¢; Paz-Yaacov et al. 2010).

Previous studies suggested that A-to-I RNA editing and
mRNA splicing are indeed coordinated in specific genes.
This coordination may be governed by the RNA Pol2 C-ter-
minal-domain (CTD) (Laurencikiene et al. 2006; Ryman
et al. 2007). Efficient exonic RNA editing activity often de-
pends on intronic editing complementary sequences (ECS)
for duplex formation, suggesting that this type of editing oc-
curs in the pre-mRNA sequence before exclusion of introns
by the spliceosome (Schoft et al. 2007).

It was also shown that ADAR, ADARBI, and splicing fac-
tors are colocalized in the InRNP particles and were immuno-
precipitated with spliceosome units and SR proteins (Raitskin
etal. 2001). ADARBI itself is auto-regulated by negative feed-
back using AS of its own transcripts (Rueter et al. 1999),
because ADARBI edits its own pre-mRNA and creates an al-
ternative 3’ splice-site. The newly formed exon contains an
otherwise intronic sequence with a premature stop codon, re-
sulting in a dysfunctional short protein. In another example,
RNA editing alters the mRNA coding sequence of Gria2
(Glutamate receptor B) in the mouse and changes its protein
sequence from Q to R (Q/R editing site), resulting in changes
in calcium permeability of neurons. Additional editing site
results in an R-to-G amino acid substitution. Interestingly,
it has been shown that editing of the R-to-G site leads to
changes in splicing rate (Schoft et al. 2007).

Examples for interrelations between editing and splicing
are evident early in evolution. In insects, RNA editing was

592 RNA, Vol. 19, No. 5

found to be linked with AS of the nAcRalpha-30D gene (nic-
otinic acetylcholine receptor a 30D) (Jin et al. 2007). In
Drosophila, a distinct RNA editing site in the nAcRalpha-
34E gene (nicotinic acetylcholine receptor o 34E) was shown
to correlate with a splicing event, demonstrating probable in-
volvement of secondary structure elements in the process. It
was proposed that this editing site strengthens an enhancer
signal within the exon (Agrawal and Stormo 2005). In hu-
man, A-to-I RNA editing in splice sites (SS) was found to
change the mature mRNA sequence in few cases (Rueter
et al. 1999; Lev-Maor et al. 2007). Hyper RNA editing in
the NARF gene (nuclear prelamin A recognition factor) in
human can create a 3'-ss consensus sequence, leading to ex-
onization of an intronic sequence and the birth of the eighth
exon of this gene (Lev-Maor et al. 2007). RNA editing at the
branch site of PTPNG6 (protein tyrosine phosphatase, nonre-
ceptor type 6) gene in acute myeloid leukemia (AML) pa-
tients was found to impair splicing of that intron, with a
probable role in leukemogenesis (Beghini et al. 2000).
While previous studies were able to detect individual cases
in which RNA editing affects AS, we undertook a systematic
approach and applied high-throughput expression analysis,
sequencing of transcript data sets, and massively parallel se-
quencing (MPS) to analyze how ADAR globally affects alter-
native mRNA splicing. Editing sites were identified within AS
regions and specific splicing regulatory elements. We suggest,
however, that the regulation of splicing directly by alteration
of splicing related motifs may not be the sole mechanism by
which such regulation occurs, because only a limited number
of editing sites were detected close to AS regions. This is un-
likely to explain the large number of AS genes found using
various high-throughput experiments (exon-specific micro-
array and RNA-seq) in different cell types. Rather, RNA edit-
ing events within transcripts of genes related to the splicing
machinery or editing independent ADAR regulation of these
genes may globally affect splicing of many other genes.

RESULTS

Collection of editing sites

To examine the extent and the mechanisms by which A-to-I
RNA editing modulates splicing, we performed a systematic
analysis of editing sites. The direct mechanism to achieve
splicing regulation by ADAR is editing of splicing-related
motifs and the resulting modification of the mature mRNA
organization. To explore this direction systematically, we
built data sets of putative RNA editing sites using a similar ap-
proach to those previously applied (Athanasiadis et al. 2004;
Kim et al. 2004; Levanon et al. 2004).

A set of filters was applied to handle sequencing errors
and genomic polymorphism. Forty-two percent of replace-
ments that passed all filters were of A-to-G (33687/80127)
(see Supplement 1, Supplemental Fig. S1). Thus, subsequent
analyses of editing sites used this filtered set.
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Opverall, we detected 20,283 editing sites in 3630 genes (the
rest of them are in poorly annotated regions). ZNF83 (zinc
finger 83) was the most highly edited gene, with 69 putative
editing sites. It was recently shown that Alu exonization
events are strongly enriched in zinc finger transcripts (Shen
et al. 2011). Accordingly, our list of edited genes is enriched
with zinc fingers and zinc binding proteins (396/3630 genes,
FDR < 107%) (Supplement 2). Of the editing sites identified,
156 were found in coding sequence (CDS), 14,958 in intro-
nic regions, 513 in noncoding exonic regions, 1115 in non-
coding intronic regions, 3452 in the 3" UTR, and 89 in the
5" UTR (Supplement 1, Supplemental Fig. S2). In addition,
we used known editing sites from the DARNED RNA edit-
ing database (Kiran and Baranov 2010) as well as other
published data sets of RNA editing (Li et al. 2009b; Shah
et al. 2009; Bahn et al. 2012; Peng et al. 2012; Ramaswami
et al. 2012), mainly based on massively parallel sequencing
(MPS). These studies contributed tens of thousands of new
editing sites in the transcriptome, although the vast ma-
jority of those are edited in only a tiny fraction of the
transcripts. Comparison of our RNA editing prediction to
these published sets can be found in Supplement 1, Supple-
mental Table S3.

RNA-seq of HepG2 and K562 ADAR knockdown (KD)
cell lines confirmed reduction of ADARI1 (gene symbol:
ADAR) expression and its editing activity (Fig. 1A,B).
Editing efficiency differs significantly between editing sites
in ADAR KD and control cells in both HepG2 and K562
(Wilcoxon’s P-value < 107'° for both HepG2 and K562).
The median per-site editing level in HepG2 control was
25% and only 4% in ADAR KD. A similar pattern was seen
in K562 as the median editing efficiency in the control was
15% compared with only 6% in ADAR KD (calculated based
on 1304 and 1675 known editing sites). This global reduction
of editing is further illustrated by three known editing sites
(Supplement 1, Supplemental Fig. S3a). Two of these sites
are known substrates of ADAR1 (Riedmann et al. 2008).
No editing reduction was seen in other adenosines within
the same genes, and we consider the residual “editing” in
these sites as sequencing errors or genomic polymorphism
(Supplement 1, Supplemental Fig. S3b) because the fraction
of guanosines in these sites is similar to the sequencing error
rate (Meacham et al. 2011). This demonstrates that the edit-
ing level correlates with ADAR expression change (Supple-
ment 1, Supplemental Figs. S3, S6). No significant change
was seen in ADARBI (ADAR?2) expression (Supplement 1,
Supplemental Fig. S3¢). AS analysis of these RNA-seq exper-
iments is described below.

We divided the editing sites in exons into three groups ac-
cording to their exon type: constitutive, cassette, and “other”
(retained introns, alternative 5’ ss and 3’ ss) and found that
editing sites are enriched in cassette exons over constitutive
exons. In fact, there are 2.9 times more editing sites in cassette
exons than in constitutive exons (normalized to their length
and abundance; Table 1, X2 P-value < 107'°). This trend was

significant in various sets of editing sites (x> P-value < 10™*
for all editing sets) (Supplement 1, Supplemental Fig. S4A,
Supplemental Table S4) including sites recently identified
by MPS (Li et al. 2009b; Shah et al. 2009; Bahn et al. 2012;
Peng et al. 2012; Ramaswami et al. 2012). Similar results
were found within the 150-base intronic regions flanking
the exons (P-value<10™*) (Supplement 1, Supplemental
Fig. S4b). These 150-base intronic regions were shown to
contain regulatory sequences for splicing (Wang and Burge
2008; Zhang et al. 2008a; Woolfe et al. 2010).

One explanation for the enrichment of editing sites in cas-
sette exons is that cassette exons and their flanking introns
contain more Alu repeats than constitutive exons (Lev-
Maor et al. 2008), and Alu repeats may be the trigger for the
birth of new exons (Lev-Maor et al. 2007). We indeed found
that our cassette exon set is enriched with Alu repeats with
1.1 x 10™* Alu/base, compared with 107> Alu/base and 3 X
107> Alu/base for constitutive and other AS exons, respective-
ly. Furthermore, 78/114 (68%) and 76/363 (21%) editing sites
are located within Alu for cassette and constitutive exons, re-
spectively. Nevertheless, counting only non-Alu editing sites
in cassette and constitutive exons still showed slightly more
editing in cassette exons (although not significant, 1.52 X
1077 sites/base vs. 1.29 X 1077 sites/bases) (Supplement 1,
Supplemental Table S5), suggesting that not the entire regu-
lation is mediated by Alu repeats. It cannot be excluded, how-
ever, that some non-Alu sites might be dependent on
neighboring Alu repeats (Ramaswami et al. 2012). It should
also be noted that the mechanism by which Alu elements me-
diate AS regulation is not fully understood, and our results
suggest that this process is mediated by ADAR. RNA editing
in Alu repeats or simply ADAR binding may take part in AS
regulation by modification of cis-regulatory elements within
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FIGURE 1. Reduction in editing level following ADAR KD based on
RNA-seq data. (A) Editing level, G/(A + G), at adenosine sites predicted
to be edited based on mRNA/EST (expressed sequence tag) (see
Materials and Methods). A significant decrease in editing level is shown
for both HepG2 and K562 (P-value < 107" for both). (B) Editing level,
G/(A + G), at DARNED editing sites (Kiran and Baranov 2010). A sig-
nificant decrease in editing level is shown for both HepG2 and K562
(P-value < 107" for both).
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TABLE 1. A-to-l editing in constitutive and cassette exons

No. of Exon lengths A-to-l per
Exon type A-to-| sites® (bases) base
Constitutive 363 22,119,390 1.64x107°
Cassette 114 2,380,193 4.8x107°
Other 56 1,171,293 48x107°

Overall, editing sites are enriched in cassette exons when normal-
ized to the combined exon lengths (x> P-value < 107'°). Similar re-
sults were found using different editing sites sets (see Supplement 1,
Supplemental Table S4).

“Editing sites were taken from DARNED (Kiran and Baranov 2010).

repeats, changing secondary structures, or altering accessibil-
ity to other factors.

A-to-1 editing sites rarely fall within the primary
consensus sites of canonical splicing

RNA editing has been reported to alter basal splicing signals
including 5’ ss, 3’ ss, and branch site, and consequently to
modify mRNA splicing (Rueter et al. 1999; Beghini et al.
2000; Lev-Maor et al. 2007). However, in our data sets, we de-
tected very few cases of editing sites falling within known ca-
nonical 5 ss and 3’ ss. Based on RefSeq annotations (Pruitt
et al. 2007), we found only three putative editing sites within
the extended 5'-ss consensus motif and only two within the
extended 3'-ss consensus motif. This is also true for recently
identified editing sites (Li et al. 2009b; Shah et al. 2009; Bahn
etal. 2012; Peng et al. 2012; Ramaswami et al. 2012) because
very few editing sites are located in 5'- or 3'-ss consensus mo-
tifs (only 24 were found while combing all these editing data
sets together) (Supplement 1, Supplemental Table S6). To
examine the frequency of A-to-I branch-site editing, we
scanned for editing sites overlapping the branch-site consen-
sus motif -yUnAy followed by a poly-pyrimidine-tract (Kol
et al. 2005; Gao et al. 2008) and found no branch sites that
overlap confident editing sites. Even though our filtering
for both editing and branch-site detection is stringent and
intronic RNA data are sparse, it is still safe to conclude that
branch-site editing is not a common phenomenon. ADAR
enzymes tend to prefer G at the +1 position downstream
from the editing site (Levanon et al. 2004), while the human
branch site consensus contains a pyrimidine at this position
and is therefore rarely edited. We should acknowledge that
editing located within introns, in particular near the exon—in-
tron boundaries, is difficult to detect, due to the scarcity of
intronic sequencing reads and alignment issues, and there-
fore the results should be taken with caution.

In silico assay suggesting A-to-1 RNA editing modifies
splicing regulatory elements (SRE)

The global effect of RNA editing on AS may be mediated
through modification of SREs. Splicing factor proteins such
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as hnRNPs and SR-proteins (trans-elements) bind to SREs
in the mRNA sequence (cis-elements) and regulate the type
and level of intron inclusion/exclusion. To explore the extent
by which RNA editing may alter SREs, we searched for poten-
tial SREs in exons that have at least one putative editing site
according to the transcript data sets (mRNA/EST; human
brain reference RNA, HBRR; universal human reference
RNA, UHRR). (All editing sites in exons were used for this
analysis. See Materials and Methods for details about these
transcript data sets.) SREs that appear within pre-edited
and post-edited sequences (by changing the human reference
sequence in these sites from A to G) were counted. The
editing sites create 317 new SREs within exons and abolish
267 SREs. As a control, randomly selected adenosines in the
exon sequence were changed to guanosines (shuffling the
A-to-G editing sites), and the cases in which these changes
create or abolish SREs were counted. This procedure was
repeated 1000 times, and the editing count results were com-
pared with the distribution of the random trial counts (Fig.
2). The true editing set counts deviated significantly from
the distribution of the random sets (P-value = 0.005, P-value
=0.016, for both creation and abolishment of SREs, respec-
tively) (Fig. 2A,B). This test suggests that A-to-I RNA editing
tends to abolish/create SREs and change binding of splicing
factor proteins within exons, as previously suggested for in-
dividual cases (Agrawal and Stormo 2005; Lev-Maor et al.
2007). Similar results were found using a subset of editing
sites in coding sequences (both synonymous and nonsynon-
ymous editing sites [Supplement 1, Supplemental Fig. S5] or
as separate sets). Computational validation with additional
software supports our results because 84% of the editing
sites in the assay have one or more features that make them
possible splicing-affecting variants (Woolfe et al. 2010). We
repeated the same procedure for SREs located within the
150-base intronic regions flanking the exons, where RNA ed-
iting creates 180 new SREs and abolishes 138 SREs. These
numbers are not significantly different from the random dis-
tribution (Fig. 2C,D).

Analysis of SREs affected by the exonic editing revealed
that the most common abolished splicing regulatory ele-
ment (SRE) is 5-AAGAA-3’ (47 times out of 267), which
is recognized by TRA2A and TRA2B (transformer 2a and
transformer 2P homolog, respectively), known activators
of AS, which account for sex determination in Drosophila
(Lalli et al. 2003). The most common newly formed SRE is
5'-GGGA-3’ (43 new appearances out of 317), a motif recog-
nized by HNRNPF (regulators of splicing that play a role in
splice site selection) (Martinez-Contreras et al. 2006). It is
important to note that some RNA binding proteins specifi-
cally identify inosine (like SND and NONO), and therefore
treating inosine as guanosine, as in our in silico assay, might
not be a valid assumption in these cases. However, editing has
the potential to destruct/construct binding of factors that in-
teract with the RNA through base hydrogen bonds. Indeed,
some important RNA binding proteins interact with RNA
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FIGURE 2. Editing sites within SREs. SREs formed or abolished upon editing are compared with distribution of SREs formed or abolished upon
random in silico editing of adenosines. (*) The number of formed/abolished sites. (A) SREs formed within exon sequences. The set of true editing
sites creates 317 SREs, more than in almost all of the random sets (P-value = 0.005). (B) SREs abolished within exon sequences. The true editing sites
abolish 267 SREs, significantly more than random sets (P-value = 0.016). (C) Creation of SREs within intronic regions close to exons (150 bases). The
editing sites create 180 new SREs, not significantly different from the random sets. (D) Abolishment of SREs within intronic regions close to exons
(150 bases) following random A-to-G replacements. The editing sites abolish 138 SREs, not significantly different from the random A-to-G sets.

primarily through hydrogen bonds (Lunde et al. 2007).
Careful analysis of HNRNPF qRRM three-dimensional (3D)
structure suggests that inosine may well take the role of
guanosine because deamination of A to I makes inosine a
possible hydrogen acceptor for a crucial hydrogen bond be-
tween the guanosine O6 and ARG 81 of the first gqRRM
domain (PDB ID: 2KFY) (see Supplement 1, Supplemental
Fig. S16, Supplemental Table S7; Dominguez et al. 2010).
Therefore, A-to-I RNA editing has the potential to change
binding motifs of at least certain classes of RNA binding pro-
teins. As is described below, HNRNPF binding sites (SREs)
were found to be enriched in AS RNA processing genes de-
tected in the ADAR KD RNA-seq analysis (Supplement 1,
Supplemental Table S18).

Although RNA editing has a significant effect on certain
SREs, the number of editing sites detected is probably too
small to unravel the global ADAR-dependent AS revealed us-
ing exon-specific microarray and RNA-seq. (Here, we found
only 244 editing sites within 193 exons of 188 genes, while AS
analysis of RNA-seq and microarray data revealed thousands
of AS regions.)

ADAR has prominent influence on global
splicing pattern

To examine the global changes in expression and splicing
patterns in ADAR-deficient cells (ADAR KD), we carried
out an exon-specific microarray experiment for two different
human cell lines, HepG2 and K562. Analyses of both exon
level and gene level were performed (see Materials and Meth-

ods) in order to determine how ADAR affects both AS and
total gene expression level.

Quite similar numbers of AS genes were obtained from
both cell lines; 963 and 1249 genes change their splicing pat-
tern for HepG2 and K562, respectively (AS Q-value <0.01
and fold-change < 1.5) (Supplement 3), with 353 of them
overlapping (illustrated as a Venn-diagram in Fig. 3A). Anal-
ysis of the total gene expression level revealed a different pic-
ture, with only a small number of genes in the K562 changing
their expression in the ADAR KD cells, whereas in HepG2,
many more genes did (150 genes and 964 genes for K562
and HepG2, respectively, at fold-change > 2), with only 27
of them overlapping.

The overlapping sets of differentially expressed genes and
AS genes in both cell lines under different thresholds were
examined in order to elucidate the universality of the two
modes of regulation by ADAR. Interestingly, we found that
the effect of ADAR KD on AS was more prominent than the
effect on gene expression level (Fig. 3), an observation that
held for several expression/splicing thresholds (we used dif-
ferent thresholds to ensure robustness of this signal; see
Materials and Methods for exact thresholds). The overlap-
ping set of AS genes between the two cell lines was also sig-
nificantly larger than expected considering the size of each
AS gene set (X2 P-value < 107! see detailed calculation in
Materials and Methods). The full list of the overlapping genes
is available in Supplement 3, and exact thresholds used are
shown in Supplement 1, Supplemental Tables S8 and S9.

To verify our microarray findings, we used RNA-seq (Illu-
mina GA2X, paired-end, 76 bases) to sequence mRNA from
control and ADAR KD HepG2 and K562 cells. Sequencing
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FIGURE 3. Genes that change expression/splicing pattern in both K562 and HepG2 cell lines upon ADAR KD. The x-axis indicates the size of the
union (total) set of genes that change expression/splicing in both cell lines under a particular threshold. The y-axis indicates the intersection size
(number of overlapping or expected number of overlapping genes) under the same significance level. (A) AS analysis. (Inset) Data of the marked point
as a Venn diagram (AS P-value = 0.01). (Overlap splicing) Number of genes that change their splicing pattern in both cell lines according to various
thresholds; (expected overlap splicing) number of genes expected to change their splicing pattern in both cell lines according to various significance
levels, assuming independent sets. (B) Differential gene expression analysis. (Overlap expression) Number of genes that change expression in both cell
lines according to various fold ratio thresholds; (expected overlap expression) number of genes expected to change expression in both cell lines ac-
cording to various fold ratio thresholds. The numbers of genes for each analysis threshold used are detailed in Supplement 1, Supplemental Tables S8

and S9.

details are available in Materials and Methods and in Sup-
plement 1, Supplemental Table S2. Similar to the microarray
experiment, we analyzed both total gene expression and alter-
native splicing (AS). The results were consistent with the mi-
croarray experiment. HepG2 and K562 have more shared AS
genes in ADAR KD cells, than shared differentially expressed
(DE) genes (Supplement 1, Supplemental Fig. S7). The inter-
section sets were also significantly larger than expected based
on the size of each individual AS/DE gene list (P-value <
0.004). In total, we found 4748 and 5148 AS genes in HepG2
and K562, respectively (with 12,910 and 14,360 AS regions
in HepG2 and K562, respectively) (see Supplement 5; Supple-
ment 1, Supplemental Tables S10 and S11). Furthermore, a
similar analysis based on recently published data from Bahn
etal. (2012) using RNA-seq of ADAR KD in U87MG cell lines
also showed a global change in splicing pattern, with 2422
genes changing their splicing pattern following ADAR silenc-
ing (for detailed AS regions, see Supplement 6).

Are genes that significantly change their splicing
pattern in ADAR-deficient cells enriched with
A-to-1 RNA editing sites?

What is the mechanism by which ADAR affects the splicing
pattern of many targets? Several mechanisms can be suggest-
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ed. The direct mechanism would involve editing of cis-ele-
ments, recognized by the splicing machinery. This pathway
was demonstrated here mainly by SRE editing. We examined
A-to-I1 RNA editing sites in genes with significant change in
splicing pattern between ADAR silenced and control sam-
ples (low AS P-values), compared with genes with no change
in splicing pattern between the two samples. Indeed, AS
genes were enriched with putative editing sites compared
with genes with no splicing changes. This was evident for
both K562 and HepG2 in both RNA-seq and microarrays
(P-value < 107'%). This trend was valid over several different
sets of RNA editing (Table 2; Supplement 1, Supplemental
Table S12). Similar results were found using RNA-seq data
from Bahn et al. (2012), using their published set of editing
sites intersected with AS genes we detected based on their
published sequencing data (see details in Supplement 1,
Supplemental Table S13). The detected AS genes also have
more Alu repeats than non-AS genes (see Supplement 1,
Supplemental Tables S12, S13).

When we searched for editing sites among the 1000 bases
flanking the detected AS cassette exons, we found only a
small number of editing sites (Supplement 1, Supplemental
Table S14). The closest editing sites to AS regions were often
found in a nearby Alu or in the nearest reverse-orientated
Alu. One example of such a case is shown in Supplement 1,
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TABLE 2. Editing in AS genes detected by RNA-seq

Cell Splicing Number of Genomic A-to-
line pattern A-to-l sites®  size (bases) per base
HepG2 Changed 12,043 338,829,808 3.5x10°
HepG2  Unchanged 15,973 731,790,993 2.18x 107>
K562 Changed 12,971 343,111,651  3.78 x 10~°
K562 Unchanged 14,897 679,627,158 2.19x 107>

Editing sites are enriched in AS genes (x* P-value < 107™'° for both
HepG2 and K562).
“Editing sites were taken from DARNED (Kiran and Baranov 2010).

Supplemental Figure S8, where the third exon of SEPNI was
found to be down-regulated in U87MG KD cells (4.85-fold,
FDR = 0.003). This was also evident based on reads mapped
to this exon—intron splice junction (P-value=0.016). In-
terestingly, the very same exon was previously shown by
Lin et al. (2008) to be AS, where exon-specific microarrays
were used in order to detect Alu exonization events, but in
a different cell type (their detected AS probe set is shown
in Supplement 1, Supplemental Fig. S8B). Here, we show
that this exon is regulated by ADAR. Two reverse-oriented
Alus (Alujb) are located close to this exon and may form an
ideal double-stranded (DS) RNA substrate for editing. One
of the editing sites (chr1:26128083; hgl9, Human genome
version 19 [GRCh37]) is predicted to create an SRE for
SFRS9 and to abolish the SREs of SFRS5 and HNRNPH1/2
within the upstream Alu (Supplement 1, Supplemental Fig.
S9). Another editing site is located within the coding sequence
(CDS) of CCDC136 and is predicted to create an SRE for FOX1
(chr7:128451355, hgl9) (see Supplement 1, Supplemental
Fig. S10).

AS genes are in general more extensively edited and con-
tain more Alus than other genes. At this stage, it is difficult
to determine if the editing mediates the AS regulation, or
whether other ADAR-dependent events are responsible for
this effect on AS. Editing sites experimentally verified to regu-
late AS regions are, in fact, rare. Based on the RNA-seq ex-
periments, we detected only 17 verified editing sites in the

vicinity of the detected AS regions (Supplement 1, Supple-
mental Table S14), suggesting that direct editing is not the
sole explanation for AS. The number of confident A-to-I ed-
iting sites in the vicinity of splice junctions seems too small to
reveal the full extent of the ADAR-dependent splicing regula-
tion as detected based on RNA-seq and microarray. Editing in
SREs is found to be more frequent than editing of the canon-
ical splicing motifs based on in silico assay, but also cannot
fully explain the global changes in splicing pattern. We there-
fore sought additional mechanisms of indirect regulation by
third-party splicing machinery molecules, e.g., changes in ex-
pression levels of RNA processing and splicing genes.

ADAR KD cells exhibit significant changes
in splicing and RNA processing genes

Functional enrichment analysis was performed on the genes
detected by exon-specific microarray and RNA-seq analysis
to significantly change their splicing pattern. Among the
K562 and HepG2 AS genes from exon-specific microarray
results, we detected an enriched set of RNA processing and
splicing machinery genes (Supplement 3). HepG2 and K562
RNA-seq confirm these results, because AS genes were found
to be significantly enriched with RNA processing and splicing
activity (123 and 128 genes for HepG2 and K562, respective-
ly) (Table 3, FDR < 10~®). A significant number of AS RNA
processing genes and splicing related genes were detected
based on the RNA-seq of Bahn et al. (2012) as well (80 genes;
FDR < 1077) (Table 3). This enrichment for AS RNA pro-
cessing genes was robust for the criteria chosen to determine
changes in splicing (i.e., increasing levels of splicing-in-
dex) (see data in Supplements 5, 6). Moreover, AS analysis
of publicly available expression data from ADAR KD human
embryonic stem cells (Osenberg et al. 2010) reveals similar
trends (Supplement 1, Supplemental Table S20).

An example is shown in Figure 4 demonstrating the up-reg-
ulation of the second exon of HNRNPR (heterogeneous nucle-
ar ribonucleoprotein R) upon ADAR KD in U87MG (1.93-
fold increase; FDR < 10~°). Using reads mapped to the second
exon splice junctions, which accurately detect the splice sites,

TABLE 3. Detected AS genes are enriched with RNA processing and splicing functions

GO HepG2 K562 U87MG
No. of AS No. of AS No. of AS

ID Term genes FDR genes FDR genes FDR
6396 RNA processing 229 1.2x107"7 246 2.8x107" 130 5.4x107°
16071 mRNA metabolic process 153 2.9x107"° 168 1.0x107"2 95 7.8x107°
3723 RNA binding 290 6.0x 10720 305 2.1x107%° 152 8.8x 1077
8380 RNA splicing 123 2.0x107° 128 8.4x107° 80 2.5%x107°
398 Nuclear mRNA splicing, 71 5.6x107° 71 1.8x107* 43 0.002

via spliceosome

All three RNA-seq data sets (HepG2, K562, and U87MG) show significant enrichment for these functions.
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the KD sample contains more reads supporting inclusion of
this exon than reads supporting its exclusion (P-value=
0.0075). This is predicted to result in an alternative N-termin-
al variant of its protein (ENST00000478691-ENSP00000
363745, 535-636 amino acids long). Computational verifi-
cation using another software, DEXSeq (Anders et al. 2012),
detects the same global signals (enrichment for AS RNA pro-
cessing genes) (Supplement 1, Supplemental Table S21) and
specifically AS of HNRNPR. In addition, we were able to see
the same splicing pattern by RT-PCR of HepG2 ADAR KD
cells where the second exon of HNRNPR have 1.3-fold higher
expression than the control, following normalization to
the expression level of constitutively expressed exon (Supple-
ment 1, Supplemental Fig. S17). Additional examples are
summarized in Supplement 1, Supplemental Table S19 and
Supplemental Figures S11-S15, where we show that RNA
processing genes including MBNLI, PSPCI, FMRI, SFRS4,

POLL, CELF1, SF1,ZNF638, RBM3, and HNRNPD, all change
their splicing pattern in the analyzed RNA-seq experi-
ments of ADAR-deficient cells. It is interesting to note that
dFMRI, the Drosophila homolog of FMRI1, was shown to
modulate dJADAR activity (Bhogal et al. 2011).

DISCUSSION

A-to-I RNA editing was shown in recent years to be a com-
mon event with tens of thousands of edited sites distributed
in the human transcriptome (Athanasiadis et al. 2004; Kim
etal. 2004; Levanon et al. 2004, 2005; Li et al. 2009b). A newer
study that applied extremely deep MPS even found hundreds
of thousands of sites (Ramaswami et al. 2012). An open ques-
tion is how many of these sites have a functional role, and
how many represent neutral/random events. Due to the low
editing level of most of the sites (Ramaswami et al. 2012),
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FIGURE 4. ADAR-dependent AS in HNRNPR based on U87MG RNA-seq (Bahn et al. 2012). (A) Different isoforms of HNRNPR. (Shaded box) The
second exon (chr1:23667344-23667510, hg19) found to be AS. (B) Coverage plot of the second exon in U87MG cells (shaded region in A). The KD
sample has deeper coverage (1.92-fold increase: 81 and 156 normalized reads for control and KD, respectively; FDR < 107°). (C) Scheme of the junc-
tion reads supporting AS of the second exon. The KD sample contains more reads supporting inclusion of this exon than reads supporting its exclusion
(P-value = 0.0075). Only split reads that precisely indicate the junctions were counted. (Green) Control sample coverage; (red) ADAR KD sample
coverage (two biological replicates for ADAR KD or control are shown in the figure). (Purple) The AS region, as it appears in the University of

California at Santa Cruz (UCSC) KnownAlt track.
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they probably have only a minor effect on splicing regulation
of frequent transcripts. However, several clues, such as cellu-
lar localization, connect the ADAR enzymes to the splicing
machinery (Raitskin et al. 2001). The suggested negative
feedback, splicing-mediated auto-regulation of ADARBI it-
self (Rueter et al. 1999) is a fascinating example of the con-
nection between these processes.

Attempts to identify candidate genes edited at adenosines
of the characterized canonical splice elements (3’ and 5" ss
and branch site) revealed only a small number of examples.
ADAR-dependent regulation of AS may involve editing of
other elements, and we show here that editing alters SREs.
Modulation of SREs opens the door to fine-tuned regulation,
mediated by additional factors. However, only 244 editing
sites with a putative effect on SREs were discovered, while
the number of gene regions predicted to change their splicing
pattern is on the order of thousands. We therefore suggest
that direct editing cannot explain the extent of ADAR-depen-
dent AS regulation, as demonstrated here by RNA-seq and
microarray analysis of ADAR KD cells. On one hand, editing
sites located close to the AS region and within the splicing se-
quence motif are sparse. On the other hand, we show a global
change in splicing pattern following ADAR KD based on both
microarray and RNA-seq from different cell lines. The AS
genes in the different cells are enriched with similar func-
tions, supporting the validity of the analysis. We therefore
suggest that a significant part of the ADAR-dependent AS
regulation is not a result of direct editing activity, but is me-
diated by additional factors and may also include editing-in-
dependent mechanisms.

A parsimonious explanation of the extent of this regulation
is editing of trans-acting elements (or some other ADAR-
mediated regulation of trans-elements), rather than direct
cis-element editing. This may lead to a broad influence on
splicing of many genes. Indeed, our results demonstrate
extensive regulation of RNA processing and splicing genes in
response to ADAR KD. It seems that the AS genes, and
specifically, the AS RNA processing genes, contain more Alu
repeats and more organized secondary structures and there-
fore more editing sites than any other genes. Higher numbers
of reverse-oriented Alu repeats and secondary structures
increase the probability of both editing and AS. We noticed
that AS RNA processing and splicing-related genes detected
in HepG2 and K562 have a higher density of Alu repeats
than other detected AS genes. Significant enrichment for Alu
was also shown by U87MG RNA-seq. We show here that AS
RNA processing and splicing genes have a higher probability
of being edited than any other AS genes. This result is consis-
tent while using different sets of editing sites (Supplement 1,
Supplemental Tables S15-S17), including those recently
found by MPS (Li et al. 2009b; Shah et al. 2009; Bahn et al.
2012; Peng et al. 2012; Ramaswami et al. 2012). Moreover,
while analyzing publicly available HNRNPF CLIP-seq data
(Huelga et al. 2012), we found that the detected AS RNA pro-
cessing genes have relatively more HNRNPF binding sites

than other AS genes (Supplement 1, Supplemental Table
S$18), further supporting this link. It still remains to be shown
how this regulation is achieved at the molecular level, but
such a model may explain how a limited number of editing
sites can globally affect splicing patterns of many genes.
Irimia et al. (2012) showed that conserved A-to-I RNA edit-
ing in the CDS of the splicing factor NOVAI can cause stabi-
lization of its protein and suppress proteasome degradation.

The editing activity of ADAR can also potentially alter the
secondary structure of the mRNA. Inosine can interact with
cytosine through Watson-Crick base-pairing and with aden-
osine and uridine through wobble base-pairing. It can create
or disrupt base-pairing (Levanon et al. 2004) and can change
the accessibility of RNA to splicing factors. A distant cluster
of editing sites can potentially alter the splicing pattern of
a remote region by changing the structure and stability of
RNA. Indeed, a growing body of evidence suggests that AS
is also controlled by the secondary structure of RNA (Shep-
ard and Hertel 2008; Schwartz et al. 2009a; Pervouchine
et al. 2011). A probable example for this regulation in our
analysis is the third exon of SEPN1, where two reverse-orient-
ed Alus form the substrate for both editing and splicing
(Supplement 1, Supplemental Fig. S8). Based on these obser-
vations, we also suggest that binding of ADAR enzymes to DS
RNA can affect splicing independently of editing events.
Recently, it was shown that ADAR can affect microRNA
and RNAI processing through a mechanism independent of
its editing activity (Heale et al. 2009).

Other mechanisms that cannot be ruled out for splicing
regulation are editing of the RNA components of the spliceo-
some. Editing of various types of regulatory RNA molecules
has been recently reported (Nishikura 2009; Hundley and
Bass 2010). Modification of spliceosomal RNA has a poten-
tial to facilitate global changes in splicing, similar to those in-
duced by splicing factors. Further work is needed to assess the
importance of such mechanisms in splicing regulation.

Splicing and editing are the two main processes con-
tributing to transcriptome diversity. At the same time, they
contribute various potential levels of post-transcriptional
regulation. Both processes occur more widely in primates
compared with other organisms (Eisenberg et al. 2005; Paz-
Yaacov et al. 2010). Our study highlights the connection be-
tween these two processes, emphasizing how ADAR contrib-
utes to AS regulation. ADAR enzymes appear to be crucial for
development, because Adar knockout mice die in the em-
bryonic stage and Adarb1 knockout mice suffer from seizures
and die at an early age (Higuchi et al. 2000; Schoft et al. 2007).
In human, RNA editing was also shown to be frequent in the
central nervous system (Levanon et al. 2004). Improper RNA
editing was found in neurological disorders including depres-
sion, epilepsy, amyotrophic lateral sclerosis, and schizophre-
nia (Maas et al. 2006; Grohmann et al. 2010). Lower levels
of editing were found in glioblastoma multiforme (GBM)
and have been associated with epileptic seizures (Maas et
al. 2001; Paz et al. 2007). The wide extent of RNA editing
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in the CNS and the relation between ADAR activity and AS,
as globally examined and demonstrated in the present study,
highlight the importance of ADAR in the acquisition of high-
er functions in primate evolution.

MATERIALS AND METHODS

Genomic data

The hg19 version (GRCh37) of the human genome was downloaded
from the UCSC ftp site (ftp:/hgdownload.cse.ucsc.edu/goldenPath/
hg19/) and served as the DNA reference for detection of editing sites.
We used RefSeq (Pruitt et al. 2007) annotation to define genes and
exon—intron boundaries. Genomic variation data are based on
dbSNP132 (Sherry et al. 2001) and were downloaded from the
UCSC table browser (Karolchik et al. 2004). Repeat data were taken
from RepeatMasker (http://www.repeatmasker.org/).

Transcript data

EST and mRNA data (June 2009 version; at the time of the analy-
sis, this database included 249,717 and 7,510,566 sequences for
mRNAs and ESTs, respectively) and their alignments to the human
genome (GRCh37/hg19) were taken from the UCSC table browser.
454 Life Sciences RNA-seq data (Mane et al. 2009) were downloaded
from the Sequence Read Archive (SRA; SRA003647/SRP000614).
This experiment allows comparison of RNA samples from brain tis-
sue (HBRR; human brain reference RNA) and RNA from a pool of
several human tissues (UHRR; universal human reference RNA). All
reads from this experiment were aligned to the human genome
(hgl9) using BLAT (Kent 2002). Detailed information regarding
the numbers of reads aligned and annotation of each run can be
seen in Supplement 1, Supplemental Table S1.

ADAR KD and control samples (with two biological replicates
per sample) from the U87MG cell line were downloaded from the
publicly available data of Bahn et al. (2012). U87MG reads were
aligned to the human reference genome (hgl9) and were analyzed
by the same approach we used for our RNA-seq of HepG2 and
K562 (see details below).

A-to-1 RNA editing detection and collection

RNA editing sites were originally detected based on comparison of
the transcript data (mRNA/EST/RNA-seq reads) and the reference
genome. Single nucleotide variation (SNV) between the transcripts
and the reference genome was reported. To enrich the data with
putative RNA editing events over sequencing errors and genomic
polymorphism, several filters were used, some of which can be re-
garded as general “quality assurance” criteria, while others were
more directly related to the biology of A-to-I RNA editing enzymes.
The general criteria included:

1. The SNV site must be distal from sequence ends because error
probability increases significantly toward the sequence terminus.
Only sites located more than 20 bases from the edge of the tran-
scripts were considered.

2. Known single nucleotide polymorphism (SNP) sites were ex-
cluded (a stringent approach was used, and SNPs were excluded
irrespective of their source and frequency in the population).
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3. Variation from the reference must be supported by at least 5%
of all aligned reads that cover the site and at least two ESTs or
one mRNA.

Specific A-to-I targeted criteria included:

1. A-to-I RNA editing sites tend to cluster; thus putative A-to-I
RNA editing must be joined by at least two additional A-to-G
changes within a window of 32 bases where no more than one
different alteration (non-A-to-G) is found in this span (each ed-
iting site is found in a cluster of A-to-G sites, but not all of the
sites in a given cluster are reported in the final stage due to other
criteria mentioned here).

2. ADAR enzymes can only edit double-strand RNA (DS RNA).
Putative DS RNA was defined as regions with >80% of the 24-
base-long sequences flanking the SNV site complementary to a
sequence up to 2000 nucleotides (nt) from the SNV sites.

Putative editing sites detected based on the MPS data of breast
cancer (Shah et al. 2009) were also applied using the published list
(Table S10 of Shah et al. 2009) with no additional processing.
DARNED editing sites (Kiran and Baranov 2010) were examined
to verify the trends detected using our own predicted editing sites.
DARNED sites were collected from previous studies (Athanasiadis
et al. 2004; Kim et al. 2004; Levanon et al. 2004) based on EST/
mRNA data available at the time of their publication.

The procedure to validate editing sites based on our own RNA-
seq experiment is detailed below. Editing sites detected in recent
publications (Li et al. 2009b; Bahn et al. 2012; Peng et al. 2012;
Ramaswami et al. 2012) were taken from their supplemental data.
Comparison between editing sets is shown in Supplement 1,
Supplemental Table S3.

Annotations of RNA editing to genomic regions

For annotation of particular genomic sites scripts developed in
house, IntersectBed of the BEDTools package (Quinlan and Hall
2010), PeakAnalyzer (Salmon-Divon et al. 2010), and ANNOVAR
(Wang et al. 2010) were used.

Splicing data sets

The known Alt (Sugnet et al. 2004) track of UCSC was used to define
constitutive and cassette exons. Experimentally proven SREs were
taken from two recent papers (Akerman et al. 2009; Piva et al.
2009). Skippy (Woolfe et al. 2010) was used in order to computa-
tionally verify our SREs in silico assay. 5'-ss and 3'-ss consensus mo-
tifs were derived based on splice junctions in RefSeq genes in order
to detect their alterations. Publicly available HNRNPF CLIP-seq
data (Huelga et al. 2012) were aligned to the human genome using
TopHat (Trapnell et al. 2009) with similar parameters as described
below for the RNA-seq reads and analyzed with MACS (Zhang et al.
2008b) using default parameters.

Cells and transfections

The K562 cell line was originally derived from a chronic myeloge-
nous leukemia (CML) in a blast crisis (Lozzio and Lozzio 1975),
and the HepG2 cell line was originally derived from liver tissue of
a hepatocellular carcinoma patient (Barretina et al. 2012). Both
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cell lines were stably transfected with plasmids containing siRNA de-
signed to specifically knock down ADAR expression (ADAR KD).
Different types of siRNA were tested, and the one yielding the best
ADAR reduction was chosen. The same cells transected with a plas-
mid containing the scrambled siRNA (SCR) were used as a control.
Quantitative real-time (RT) PCR using specific primers designed
for ADAR mRNA was used for validation. Reduction of ~75% in
the p110 isoform expression was observed, confirming successful
knockdown of the ADAR gene (Supplement 1, Supplemental Fig.
$6). Significant reduction of ADAR editing activity was validated us-
ing RNA-seq of these cell lines (Fig. 2; Supplement 1, Supplemental
Fig. S3). In K562, most cells die soon after ADAR silencing, and sur-
viving cells show only ~30%-55% reduction of ADAR (Supplement
1, Supplemental Fig. S6). Recent studies have shown that ADAR
plays a major role in chronic myeloid leukemia (CML) tumor pro-
gression. In these studies, most cells underwent apoptosis following
ADAR reduction (Steinman et al. 2012; Jiang et al. 2013). We used
RT-PCR in order to verify AS of HNRNPR in HepG2 ADAR KD
cells (Supplement 1, Supplemental Fig. S17). The AS exon primers
were (chrl:23667345-23667510, hgl9) forward: CAGGTGAAT
GGTAATGCGGTA and reverse: GAGGCCTGCCTCTATCAGTG.
The constitutive exon primers were (3’ UTR of HNRNPR, chrl:
23,636,378-23,637,558, hgl9) forward: GCTGGCTATTCACAGA
GGGG and reverse: CCTACATTGCCCCCACGATT.

Microarray experimental setting

The microarray experiment was performed using an exon-specific
microarray (Affymetrix exon 1.0 st, http:/www.affymetrix.com).
This array includes a probe set for each annotated exon, making
it feasible to compare expression levels of individual exons and
thus to evaluate AS. RNA was purified using TRIzol. For each cell
line, control (SCR) samples and ADAR KD samples were tested.
ADAR was repressed 4.43-fold and 2.8-fold for HepG2 and K562,
respectively.

Microarray analysis

The Partek genomic suite (http://www.partek.com/) was used for
analysis of the microarray data. AS ANOVA (analysis of variance)
was used for splicing analysis and expression ANOVA for total
gene expression level analysis. Only genes without a large change
in expression were considered in the AS analysis (fold-change <
1.5). Filtering for gene expression is important in analyzing exon-
specific microarrays (Gaidatzis et al. 2009). Lists of AS genes were
extracted using four different significance thresholds (AS ANOVA
P-values of 0.001, 0.01, 0.015, and 0.025). For comparison of total
gene expression between samples, four fold-change ratios of 1.4, 1.5,
2, and 3 were used. Different thresholds were applied to ensure that
the results were robust for each specific threshold used and to ex-
amine the universality of AS regulation in different cell types com-
pared with total gene expression level.

Expected numbers of overlapping genes (Ney,) between the two
cell lines were calculated under the independence assumption:

N N
Nog = (M) o (M) e, 0

where N is the total number of genes represented on the array.
Nuepg2 and Nise, are the numbers of detected genes in HepG2

and K562, respectively, under a certain threshold. See Supplement
1, Supplemental Tables S12 and S13, for exact numbers of intersect-
ing genes. Detection of AS regulation of specific genes was cross-val-
idated using AltAnalyze (Emig et al. 2010; Salomonis et al. 2010).
Because the exon microarray included only one replicate per sample,
it suffers from low statistical power; thus, only trends common for
both cell types were reported after correcting P-values for multiple
hypothesis testing (Storey and Tibshirani 2003) and verifying these
trends using RNA-seq.

The ADAR KD microarray data of hESC (Osenberg et al. 2010)
were downloaded from the Gene Expression Omnibus (GEO;
GEO -ID: GSE19719, http://www.ncbi.nlm.nih.gov/geo/).

RNA-seq experimental setting

RNA-sequencing (RNA-seq) of the same cell lines (HepG2 and
K562) was performed. RNA-seq provides data on gene expression,
exon-level expression, and the actual transcript sequences for mea-
surement of editing level. 76 base paired-end reads were sequenced
in Mlumina GAIIX with two technical replicates for each sample
(2 X control and 2 x ADAR KD for HepG2 and K562). Sample an-
notation and details can be found in Supplement 1, Supplemental
Table S2.

Short-read alignment

Alignment of RNA-seq reads was done using TopHat (Trapnell et al.
2009), a splicing-aware aligner. The reads were mapped to the hu-
man reference genome (hg19). Mismatches were not allowed adja-
cent to the splice junction, and a splice-junction anchor of at least 12
bases was used. The alignment was done with respect to known
Ensembl transcripts (using Ensembl62 transcripts GTF file), and
unknown splice-junction detection was set to “off.” Therefore, un-
known splice variants could not be detected, and all results shown in
this study are based on known variants. Using SAMtools (Li et al.
2009a), only paired-end reads were retained, where both ends
aligned in a proper orientation and with less than 100,000 bases be-
tween them. A similar approach was used to analyze RNA-seq of
U87MG cell lines from Bahn et al. (2012).

Differential expression analysis of RNA-seq data

Differential expression (DE) analysis was done using AltAnalyze
(Emig et al. 2010; Salomonis et al. 2010) by counting the reads for
each constitutive exon in Ensembl genes (Ensembl62) and using
AltAnalyze quintile normalization. For detection of differentially
expressed (DE) genes, we used three fold-change ratios of 1.4, 2,
and 2.5 (detailed in Supplement 1, Supplemental Table S10). The
numbers of the DE genes in both cell lines were compared with
the expected number of DE genes, assuming independent sets (cal-
culated as described above for the microarray analysis). For selected
alternative regions, detection of differential expression was validated
using a Perl code kindly provided by Shahar Alon (Alon et al. 2011).

Alternative splicing analysis of RNA-seq

RNA-seq AS analysis was done using AltAnalyze (Emig et al. 2010;
Salomonis et al. 2010) based on alignment and junctions obtained
by TopHat (Trapnell et al. 2009). AltAnalyze uses two methods:
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(1) Splice-index (SI), adapted from Affymetrix exon microarray
analysis, measures the expression of a given exon relative to the total
gene expression. (2) Analysis of splicing by isoform reciprocity
(ASPIRE), adapted from Ule et al. (2005), uses reads mapped to junc-
tions. Only exons detected as AS by both methods and whose genes
were not found to be differentially expressed (|fold-change| < 2) were
considered as AS exons. Genes with atleast one AS exon were consid-
ered AS genes. For comparison of AS genes common to both cell
lines, we used five SI thresholds of 1.25, 1.5, 1.75, 2, and 2.5 (de-
tailed in Supplement 1, Supplemental Table S11), and the number
of AS genes was compared with the expected number of AS genes
(calculated as described above for the microarray analysis).

To demonstrate ADAR AS regulation on splicing factors and RNA
processing genes, a list of carefully validated AS exons was compiled.
This list contains genes that were:

1. Found to be AS in more than one cell line.

2. Detected by AltAnalyze using the two AS detection methods
(ASPIRE and SI in HepG2 and K562) or by all SI comparisons
of the U87MG samples.

. Checked for AltAnalyze protein isoform prediction.

. Checked manually for differences in junction coverage.

. Visualized using the UCSC Genome Browser.

. The coverage of their detected exon was significantly changed
between KD and control. See Supplemental Table S19 and Sup-
plement 5 for the detailed list.

AS results were verified by DEXSeq (Anders et al. 2012), which
revealed the same global signals.

AN U W W

Verification of editing sites from RNA-seq analysis

To verify editing sites predicted based on mRNA/EST, SAMtools
pileup (Li et al. 2009a) and varScan (Koboldt et al. 2009) were
sequentially applied on the RNA-seq alignments and scanned for
SNV sites of type A-to-G or T-to-C (because the RNA-seq protocol
was not strand specific). In this study, only sites predicted previously
by EST/mRNA analysis and edited in both replicates were consid-
ered. The editing level of these sites was compared between control
and KD. A similar approach was used to examine the editing levels in
adenosines at the same genes not previously reported to be edited.
Editing sites in U87MG cell lines were taken from the supplemental
files of Bahn et al. (2012).

Functional analysis

DAVID (Huang da et al. 2009) was used for functional enrichment
analysis of genes obtained from the RNA-seq and microarray anal-
ysis or the editing sites analysis. Background lists of all known hu-
man genes or only expressed genes were used. Functional analysis
of gene lists from microarrays was also done with Partek Gene
Ontology (Gene Ontology, GO) (Ashburner et al. 2000) enrichment
and cross-validated with DAVID.

Structural analysis

Structural analysis was done using the HNRNPF 1% qRRM pdb file
(pdb id: 2kfy). Contact lists were obtained using the WHATTEF server
(Hekkelman et al. 2010). Structural visualization was done using
Jmol (http:/www.jmol.org/).
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Programs and scripts

Perl scripts, which perform the computational tasks (editing detec-
tion and filtering, SRE detection, random motif shuffling, determi-
nation of splice site strength, automation of microarray and RNA-
seq analysis, and estimation of editing level from RNA-seq), can be
obtained from the authors upon request.

Statistics

Statistical tests (Fisher-exact test, XZ test, correlation test, and Q-val-
ue calculations) were performed using the R statistical programming
language (The R Core Team 2012).

DATA DEPOSITION

For ADAR, see Gene ID: 103; for ADARBI, Gene ID: 104; for
ADARB2, Gene ID: 105; for ADAR (protein), UniProt ID: P55265.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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