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Adenosine deaminases that act on RNA induce
reproducible changes in abundance and sequence
of embryonic miRNAs
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Adenosine deaminases that act on RNA bind double-stranded and structured RNAs and convert adenosines to inosines
by hydrolytic deamination. Inosines are recognized as guanosines, and, hence, RNA editing alters the sequence in-
formation but also structure of RNAs. Editing by ADARs is widespread and essential for normal life and development.
Precursors of miRNAs are abundantly edited by ADARs, but neither the abundance nor the consequences of miRNA
editing has been firmly established. Using transgenic mouse embryos that are deficient in the two enzymatically active
editing enzymes ADAR and ADARBI, we compare relative frequencies but also sequence composition of miRNAs in these
genetically modified backgrounds to wild-type mice by “next-generation sequencing.” Deficiency of ADARBI leads to
a reproducible change in abundance of specific miRNAs and their predicted targets. Changes in miRNA abundance seem
unrelated to editing events. Additional deletion of ADAR has surprisingly little impact on the mature miRNA repertoire,
indicating that miRNA expression is primarily dependent on ADARBI. A-to-G transitions reflecting A-to-l editing events
can be detected at few sites and at low frequency during the early embryonic stage investigated. Again, most editing
events are ADARBI-dependent with only few editing sites being specifically edited by ADAR. Besides known editing events
in miRNAs, a few novel, previously unknown editing events were identified. Some editing events are located to the seed

region of miRNAs, opening the possibility that editing leads to their retargeting.

[Supplemental material is available for this article.]

Adenosine deaminases that act on RNAs (ADARs) are double-
stranded RNA binding proteins that hydrolytically deaminate
adenosines to inosines in double-stranded RNA structures. This
process is known as A-to-l editing. In mammals, three ADARs
designated as ADAR (also known as ADAR1), ADARB1 (also known
as ADAR2), and ADARB2 (also known as ADAR3) are found. Of
these, the brain-specific ADARB2 is considered to be inactive be-
cause no enzymatic activity could be detected either in vitro, or in
vivo (Nishikura 2010). Substrates for ADARs are double-stranded or
structured RNAs that are bound by the double-stranded RNA
binding domains (dsRBDs) found in ADARs. dsRBDs show little
sequence specificity but can recognize specific structures such as
terminal loops (Stefl et al. 2010; Barraud and Allain 2012). Con-
sistently, ADARSs can edit promiscuously but also very site-specifi-
cally, depending on the substrate. Because inosine (I) base-pairs
with cytosine, it is interpreted as guanosine (G) by the cellular
machineries. Thus, editing leads to protein recoding in some genes
(Gallo and Locatelli 2012) but can also alter the secondary struc-
ture and stability of an RNA.

Editing is an essential process, because Adarbl1 ™/~ mice die
around day 20 after birth due to epileptic seizures. The phenotype
is caused by the lack of editing of glutamate receptor B (GRIAZ2, also

“These authors contributed equally to this work.

SCorresponding author

E-mail Michael.Jantsch@univie.ac.at

Article published online before print. Article, supplemental material, and pub-
lication date are at http://www.genome.org/cgi/doi/10.1101/gr.133025.111.
Freely available online through the Genome Research Open Access option.

known as GIuR-B), which is a substrate for ADARB1 (Brusa et al.
1995). ADAR-deficient mice already die around embryonic day 12
showing rapid liver disintegration and hematopoietic defects
(Hartner et al. 2004). It was shown that ADAR plays an essential
role in hematopoietic stem cell maintenance and suppresses in-
terferon signaling (Hartner et al. 2009). However, the exact mo-
lecular basis for the severe embryonic phenotype remains elusive.

Currently, a few dozens of protein-coding mRNA targets are
known, although their list is ever increasing. Interestingly, the
majority of protein-coding substrates for editing have been iden-
tified in nervous tissue (Sommer et al. 1991; Brusa et al. 1995;
Burns et al. 1997; Hoopengardner et al. 2003; Ohlson et al. 2007).
However, the majority of A-to-I editing events do not affect coding,
but noncoding sequences. The most abundant editing events oc-
cur in SINEs. When multiple of these elements are found in
inverted orientation within the same RNA, base-pairing between
the elements produces double-stranded structures that serve as
editing substrates (Levanon et al. 2004; Li et al. 2009). In humans,
thousands of mRNAs showing edited SINEs have been identified.
The consequences of these editing events are still under debate.
Potentially, editing in 3" UTRs can affect transport, localization,
stability, or translation of substrate RNAs.

Another class of noncoding RNAs targeted by ADARs are the
stem-loops formed by repetitive regions and miRNA precursors
(Wu et al. 2011). The primary miRNA transcript folds into an im-
perfect double-stranded structure and is subsequently cleaved by
DROSHA-DGCRS into a 60-70-nt-long premature miRNA (pre-
miRNA). After export into the cytoplasm via EXPORTIN 5/RAN-
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GTP, the pre-miRNA is processed by DICER], resulting in a 19-24-
nt-long mature miRNA. The mature miRNA finally is incorporated
into RISC, which hybridizes to partially complementary sites in
the 3’ UTR of target mRNAs. This can either result in a translational
block or in degradation of target mRNAs (Bartel 2004).

Editing of miRNA precursors can affect miRNA processing
steps or lead to changes in the target specificity of the edited ma-
ture miRNA. Examples of miRNAs that are either not processed by
DROSHA or DICER1 upon A-to-I editing have been demonstrated
(Yang et al. 2006; Kawahara et al. 2007a). In rare cases, editing even
increases the processing efficiency of the miRNA (Kawahara et al.
2008). Moreover, in those cases in which editing occurs in the
recognition or 5'-seed sequence (nucleotides 2-8), editing can lead
to retargeting. One remarkable example in which editing in the
5'-seed region changes target specificity is miR-376. The edited
form of this miRNA was shown to specifically target a different set
of genes (Kawahara et al. 2007b). Besides this striking effect of
ADARs on miRNA targeting, it was also shown that ADARs can
affect miRNAs even in the absence of editing, simply by binding
the double-stranded structure (Heale et al. 2009). If this is a com-
mon phenomenon, one can expect many more miRNAs than the
known edited ones to be affected by the lack of ADARs.

To precisely determine the impact of RNA editing on the
miRNA repertoire of an organism, we have used next-generation
sequencing to compare miRNA pools derived from embryonic
mice lacking ADARB1, or ADAR and ADARB1, with those from
wild-type embryos.

Results

Abundance of mature miRNAs in embryos deficient in ADARs

Editing of miRNAs by ADARs can interfere with their proper pro-
cessing by either DROSHA or DICER1. Moreover, the presence of
inosines in miRNAs and their precursors can even lead to their
degradation by Tudor-SN (Yang et al. 2006; Kawahara et al. 2007a,
2008). Interestingly, ADARs can even interfere with miRNA mat-
uration in the absence of editing, presumably by binding to
miRNA precursors (Heale et al. 2009). We thus hypothesized that
miRNAs that are normally impaired in processing by editing will
get enriched in the pool of mature miRNAs in the absence of
editing. Vice versa, miRNAs that get more efficiently processed
upon editing should be reduced in the

absence of ADAR and ADARB1 (Kawahara

et al. 2008). To determine sequence vari- 0.1

used. On average, 25 million total reads were obtained per lane (see
Supplemental Table 1). Of these, ~40% were mappable to anno-
tated mature miRNA sequences (release 16 of miRBase) (Kozomara
and Griffiths-Jones 2011; see Methods). We call a read mappable to
a miRNA if it has at most two mismatches. Three independent
biological replicates of each genotype were examined for all anal-
yses. After mapping against mature mouse miRNAs using an in-
house next-generation sequencing mapper, miRNA reads were
normalized to total mappable miRNA read counts per sequencing
lane. This was done to correct for the fact that sequencing depth
and percentage of miRNAs per total reads varied between bi-
ological replicates (see Supplemental Table 1).

Of the 1055 mature miRNAs annotated in miRBase, we
detected on average 993 in the three biological replicates, allowing
a maximum of two mismatches and considering a coverage of at
least 10 reads per miRNA and run. Among these, only a small set of
14 miRNAs accounted for 47% of the mappable reads (Supple-
mental Fig. 1). This group of most abundant miRNAs was com-
posed of the same members in all replicates and in all three ge-
notypes, with mmu-miR-199a-3p being most abundant. Of the
most abundant miRNAs, mmu-miR-124 consistently showed
a strong reduction in coverage to 59% in both Adarbl~'~ and
Adar~'~, Adarb1~/~ mice. Mmu-miR-124 is not reported to be
edited, and our sequence data also fail to detect editing in the
mature miRNA. However, it contains two adenosines (one in the
-5p and one in the -3p sequence) that match the reported editing
site preferences of ADAR and ADARB1 reasonably well (Eggington
etal. 2011). Editing of the corresponding pri-miRNA or pre-miRNA
can therefore not be excluded.

However, the known edited miRNAs in this set of most abun-
dant miRNAs, namely, mmu-miR-130b, -17, and -143, showed
similar abundance in wild-type and knockout individuals (Fig. 1).

When further investigating changes in miRNA abundance in
different genotypes, we restricted our analysis to miRNAs with
a coverage of at least 300 reads, to stay biologically relevant. Rel-
ative abundance to wild-type expression was calculated for all 418
miRNAs that were above this threshold. Of these, 4% of miRNAs
were down-regulated by at least 1.3-fold in both knockout geno-
types, and 35% and 32% of miRNAs were at least 1.3-fold up-
regulated in Adarbl '~ and Adar~'~, Adarb1~'~ mice, respectively.
Thus, the effect of deficiency of ADARs led mostly to an up-
regulation of mature miRNA sequences. This also fits previous
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Figure 1. A small set of highly abundant miRNAs found in all biological replicates and all genotypes.
Normalized read numbers of the 14 most highly abundant miRNAs in wild-type, Adarb1~/~, and Adar~'~,
Adarb1~/~ mice are shown (n = 3). Of these miRNAs, only mmu-miRNA-130b, -17, and -143 have
previously been shown to be edited (Yang et al. 2006; Landgraf et al. 2007; Kawahara et al. 2008). (*)
Student’s t-test, P < 0.07; (°) Student’s t-test, P< 0.1.
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findings in which more examples where
editing leads to a block in miRNA pro-

cessing were found than cases where 1000

W Adarb1””
| Adar'/ ", Adarb1 i

editing enhanced processing. A com-
plete list of consistently up-regulated
and down-regulated miRNAs is shown in
Supplemental Table 2.

Changes in edited miRNAs in mice
deficient in ADARs

According to previous findings, quanti-
tative changes in miRNA abundances

log(reads in KOs in % of WT reads)

dependent on ADARs were primarily
expected in edited miRNAs. Moreover,
since both ADARs can potentially act on
pri-miRNAs, quantitative changes were
expected to be more dramatic in Adar /-,
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than in Adarb1~/~ single-knockout sam-
ples. However, individual miRNA abun-
dances were similar for both single- and
double-knockout embryos when com-
pared with wild-type embryos, suggesting
that a large fraction of observed changes
results from ADARB1 deficiency (Fig.
2A,B). More precisely, when miRNAs with
a significant, at least 1.3-fold, up-regula-

log(reads in KOs in % of WT reads)

tion or down-regulation in Adar~’",
Adarb1~'~ double-knockout embryos
were considered, at least 52% showed
the same significant change in Adarb1~/~
mutant embryos. Of the remaining 48%,
only a single miR-30b showed an oppos-

ing trend (up-regulation in Adar /-, -
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Adarb1~'~, down-regulation in Adarb1~/'~
embryos), while the rest showed minor
alterations that were nonsignificant in
embryos lacking ADARB1 only (Supple-
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mental Table 2).

The same was true when only miRNAs
that were proven to be edited were con-
sidered (Fig. 2C). In addition, among
edited miRNAs, a larger proportion of
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miRNAs was up-regulated in the absence
of either one or two ADARs, while a
smaller fraction of miRNAs was down-
regulated. More precisely, only 2% of the
known edited miRNAs showed an at least
1.3-fold down-regulation in both knock-
out genotypes, whereas 36% and 33%
were up-regulated by at least 1.3-fold in
the Adarb1™'~ and Adar™'~, Adarbl™'~
mice, respectively. However, the majority
of edited miRNAs did not show any sig-
nificant difference in abundance com-
pared with wild-type levels, indicating
that editing or the presence of ADARs does not affect their pro-
cessing. Moreover, in some cases, changes in abundance were
similar or even higher in ADARB1 single-mutant mice than in the
double-mutant embryos (Fig. 2B). Table 1 lists edited miRNAs with
a consistent up-regulation or down-regulation in at least one of

Figure 2.

20 30 40 50 60 70

known edited miRNAs

Edited and unedited miRNAs show a similar distribution of relative abundance in Adarb1~/~
and Adar~/~, Adarb1~/~
relative abundance to wild type (displayed as % of wild-type abundance) in both KO genotypes and
plotted on a half-logarithmic scale. miRNAs in Adarb1~'~ (blue) and Adar~'~, Adarb1~'~ (red) mice.
Wild-type expression level is represented by 100, and a threshold of 1.3-fold deregulation is marked by
dashed lines. (B) miRNAs shown in A are sorted by their abundance in the Adarb1~/~ embryos. (C)
miRNAs known from literature to be A-to-1 edited were sorted according to their relative abundance in
the Adarb1~/~ embryos (displayed as % of wild-type abundance). miRNAs in Adarb1~/~ (blue)
and Adar~'~, Adarb1~~ (red) mice. Wild-type expression level is represented by 100, and a threshold of
1.3-fold deregulation is marked by dashed lines.

embryos. (A) miRNAs with a read depth >300 were sorted according to their

the mutant genotypes. For example, mmu-miR-532-5p, -142-5p,
-450b-3p, and 376b are consistently up-regulated in the ADARB1-
deficient mice but unaffected or much less affected in the double-
knockout mice (Table 1). Together, this demonstrates that miRNA
abundance and therefore miRNA processing are mainly influenced
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Table 1. Edited miRNAs that are consistently up-regulated or down-regulated

Fold change Fold change in
in Adarb1~/~ P-value Adar~'~, Adarb1~/~ P-value Reference for editing
Down-regulated edited miRNAs
let-7g -1.5 0.01 -1.39 0.105 Kawahara et al. 2008; Chiang et al. 2010
miR-3099 -1.15 0.19 -1.31 0.03 Chiang et al. 2010
miR-376¢c -1.14 0.362 -1.35 0.07 Kawahara et al. 2008; Chiang et al. 2010
Up-regulated edited miRNAs
miR-219-3p* 2.4 0.099 1.53 0.067 Chiang et al. 2010
miR-450b-5p 2.08 0.025 1.51 0 Landgraf et al. 2007
miR-106a 1.86 0.062 1.55 0.223 Kawahara et al. 2008
miR-450b-3p 1.81 0.031 1.25 0.111 Landgraf et al. 2007
miR-376b 1.79 0.01 1.29 0.198 Kawahara et al. 2008
miR-19b 1.58 0.167 1.81 0 Landgraf et al. 2007
miR-379* 1.55 0.052 1.27 0.186 Chiang et al. 2010
miR-532-5p 1.55 0.052 1.06 0.378 Kawahara et al. 2008
miR-144* 1.55 0.001 1.47 0.076 Blow et al. 2006
miR-142-5p 1.48 0.044 1.1 0.29 Yang et al. 2006
miR-381 1.44 0.073 1.24 0.052 Chiang et al. 2010
miR-133a* 1.34 0.087 1.52 0.062 Blow et al. 2006; Kawahara et al. 2008
miR-17* 1.32 0.064 1.29 0.193 Landgraf et al. 2007
miR-503* 1.13 0.309 13 0.028 Kawahara et al. 2008

The fold changes marked in bold are consistent over all three replicates (Student’s t-test, P < 0.1). Only miRNAs with a minimum of 1.3-fold up-regulation
or down-regulation were considered. (*) A miRNA expressed at low levels relative to the miRNA on the opposite arm in miRBase release 18.

by ADARBI1 and that an additional loss of ADAR has only a minor
effect on expression of mature miRNAs.

Editing-independent changes in miRNA abundance

Many miRNAs that are apparently not edited are strongly up-
regulated or down-regulated in an ADARB1 or ADAR and
ADARB1-deficient background (Fig. 2; Supplemental Table 2).
We therefore wondered whether the most deregulated miRNAs
would harbor possible editing sites close to their DROSHA or
DICERI cleavage site but outside the mature miRNA so that editing
would remain undetected in deep-sequencing approaches that
focus on the mature product. Such editing sites adjacent to pro-
cessing sites could lead to binding of ADARs but also induce
structural changes due to editing that could both interfere with
miRNA processing.

Within a range of 4 nt upstream of and downstream from the
respective processing sites, we screened for putative editing sites
harboring adenosines with a flanking 5’ Uand a G, C, or A as the 3’
nucleotide, which reflects good target sites for both ADARs (Sup-
plemental Table 2; Eggington et al. 2011). Twenty-five miRNAs
that are consistently highly up-regulated in one or both knockout
genotypes (five miRNAs overlap in Adarb1~/~ and Adar™'~,
Adarb1~'~ mice) were analyzed. Of these, nine and eight miRNAs
have a preferential editing site near the DROSHA or the DICER1
cleavage site, respectively. Similarly, of 15 down-regulated miRNAs
(five miRNAs overlap in Adarb1 =/~ and Adar™’ ~, Adarb1 -I= mice),
three and eight possible editing sites were detected near the
DROSHA or DICER1 cleavage sites, respectively (Supplemental
Table 2).

However, when we screened for the presence of candidate
editing sites in pri-miRNAs that were unaffected by ADARs, we
could detect such sites at similar frequencies as in the deregulated
sample. Moreover, a large group of highly up-regulated or down-
regulated miRNAs still lacks putative editing sites. Thus, it seems
unlikely that editing is the major cause for the observed changes in
miRNA abundances.

Changes in miRNA abundance affect potential target mRNAs

To test whether changes in miRNA levels dependent on ADARs
have an impact on predicted target mRNAs, expression profiles of
wild-type, Adarb1~'~, and Adar~'~, Adarb1~/~ female E11.5 em-
bryos were analyzed on whole mouse genome microarrays. Puta-
tive target mRNAs were either picked from published data or, al-
ternatively, selected by target predictions using TargetScan 5.2
(Friedman et al. 2009). Expression of these putative targets was
compared in the two knockout genotypes relative to wild type.
Indeed, a few known and experimentally validated targets of de-
regulated miRNAs showed altered expression in our microarray
data. Similarly, when the first 20 hits of a TargetScan search were
included in our analysis, a few more putative targets were found
deregulated in the microarray analysis. A summary of miRNAs and
their regulated targets is shown in Table 2. Interestingly, many of
the miRNAs affected by loss of ADARs target mRNAs of membrane
proteins (CNTN2:: mmu-miR-34b-5p and -34c; CELSR3:: mmu-
miR-30a-c/e; and EFNA3:: mmu-miR-210, -137, and -673-5p) (Hu
et al. 2010). In the group of inversely regulated miRNA-mRNA
pairs, also three previously reported, edited miRNAs and their
targets were found. NEROD1 (neurogenic differentiation 1) is
known to be targeted by mmu-miR-19b (Zhang et al. 2011),
whereas the targets of the reported edited mmu-let-7g and mmu-
miR-153, HOXA9 (homeobox A9), and SYN2 (synapsin II) are
predictions of TargetScan. The predicted target for mmu-miR-153,
SYNZ2, is also predicted to be targeted by mmu-miR-30a-c&e as well
as mmu-miR-32, all consistently up-regulated in the double
knockout (Table 2). The fact that we were able to correlate the
expression changes of some miRNAs in the knockout mice with
the expression of potential target mRNAs underscores the impor-
tance of ADARs for mature miRNA homeostasis.

Transitions dependent on ADARs in mature miRNAs

A-to-I editing levels increase during development as shown for
some specific substrates of ADARB1 (Wahlstedt et al. 2009). Thus,
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Table 2. miRNAs deregulated in mice deficient in ADARs and their corresponding targets

miRNA mRNA TargetScan
miRNA fold mRNA fold fold change fold cha/nge total
change in change in in Adar™”", Adar™", context

miRNA Adarb17/~ P-value Adarb1”~  P-value Adarb17/~ P-value Adarb 1‘/ - P-value score Target
let-7a -1.4 0.011 2.3 2x10°¢ -1.3 0.089 1.8 2x10* —0.18  HOXA9®
let-7c 2.2 21 %10 -1.6 0.106 -0.18
let-7d -1.8 0.003 -1.6 0.056 -0.18
let-7g -1.5 0.010 -1.4 0.105 -0.18
miR-124 -1.7 3.7x 1077 1.5 7%x1073 -1.6 0.007 2.5 6x107'>  —0.74  TRIB3
miR-190 1.9 0.156 1.0 7 x 107" 2.2 0.041 -5.8 2x107° —-0.51 ZC3Hé
miR-19b 1.6 0.167 -2.4 2 x 10*2 1.8 41 x 1074 -1.8 3x10 ‘7‘ —0.65 NEUROD1"
miR-673-5p 1.2 0.442 1.2 5% 10" 2.4 0.093 2.3 5% 10" —-0.27
miR-137 1.1 0.393 1.2 5% 10*2 -1.5 0.011 23 5 x 10*; -0.22 EFNA3°
miR-210 1.4 0.199 1.2 5% 10" -1.3 0.005 2.3 5% 10" -0.18
miR-30a 1.3 0.179 -1.3 6 x 1072 1.4 0.021 -2.5 4x10°8 —-1.57  CELSR3
miR-30b -1.1 0.042 1.9 0.054 &
miR-30c 1.3 0.229 -1.3 9% 107* 1.8 0.047 -4.7 5%x 107" -0.18 SYN2
miR-30e 1.2 0.269 1.4 0.044
miR-32 1.4 0.265 -1.3 9x10°* 1.7 0.054 -4.7 5x 10" -0.75 SYN2
miR-153 1.4 0.179 -1.3 9x10™* 1.3 0.020 -4.7 5%x 107" —-0.15 SYN2

miR-335-3p 1.9 0.081 -4.6 8 x 103 1.9 0.095 -5.2 4x10°3 —0.89  STXBP5L

miR-34b-5p 1.7 0.059 -2.4 3x10°% 1.7 0.020 -23 1%x10°° —0.66  CNTN2

miR-34c 13 0.031 2.4 3.x 1078 1.4 0.021 -23 1x10°° —0.66  CNTN2

Either up-regulated or down-regulated miRNAs, for which inversely regulated targets were found in the microarray analysis, are listed. (Underlined)
Known edited miRNAs. Significant down- or up-regulation is marked in bold.

2Shen et al. 2008.
bZhang et al. 2011.
“Hu et al. 2010.

we expected only a low editing frequency of mature miRNAs in
embryos at E11.5. Still, we analyzed the amount of A-to-G transi-
tions compared with all 11 other possible transition types in ma-
ture miRNAs in wild type and the two knockout genotypes. Lack of
ADARs should lead to a decrease of A-to-G changes in mature
miRNAs. This change should be more pronounced in the Adar~/~,
Adarb1~/~ double-mutant embryos than in single Adarb1~/~
embryos.

To allow detection of up to two editing events, the mapping
algorithm allowed for a maximum of two mismatches to known
miRNAs. Furthermore, we just took reads into account that map-
ped 3’ to 5’ on the annotated miRNA list. The cloning protocol for
miRNAEs is strand-specific. Reads that mapped to the reverse com-
plement strand were ignored because they either result from
nonannotated novel miRNAs originating from the 5p- or 3p- se-
quence, or might be the result of erroneous mapping.

Reads were aligned to the best
matching miRNAs. The number of map-

pable reads per miRNA was counted, 025

quence alignment (Smith and Waterman 1981). Therefore, the
algorithm automatically ignores bases that differ between a read
and the reference toward the end of the read.

The frequency of each of the 12 possible nucleotide transi-
tions was normalized by the sum of all transitions in all alignable
reads in each replicate. By doing so, we were able to compare the
overall nucleotide transition profile between the three genotypes.
We observed all 12 possible nucleotide transitions in the se-
quenced mature miRNAs to different extents (Fig. 3). The number
of A-to-G transitions, which likely result from A-to-I editing, was
reduced to the same extent in both Adarbl1™/~ and Adar -,
Adarb1~/~ embryos. In addition, the reduction of A-to-G transi-
tions was statistically significant in all reads. Thus, as already ob-
served for the effect on miRNA abundance, ADARB1 seems to have
the major impact on the amount of A-to-I editing within those
regions of the miRNA precursors that eventually give rise to mature

whereas weighting was applied when
0.2

awT
- — v Adarb1*"

there were several miRNAs with equal

best alignment scores. Additionally, the
0.15

w Adar™", Adarb1™”" | |

number (0, 1, or 2) of mismatches per

read and type of nucleotide transition was
01 L

AN

]

recorded for each position in the aligned
reads. This allowed the generation of
a tabular listing of all positions of transi-
tions for all three genotypes and all rep-
licates. Frequently, the last 2 or 3 bases are

normalized transitions

trimmed before mapping to avoid the o © S

lower quality of base calls toward the end
of a read. We considered this step unnec-
essary because our mapping algorithm
computes a local optimal pairwise se-

Figure 3. A-to-G transitions drop significantly in mice deficient in ADARs. All 12 possible nucleotide
transitions in the miRNA reads were summed up and normalized to total transition numbers in all three
replicates. (*) Student’s t-test, P < 0.04; (°) Student’s t-test, P < 0.1.
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miRNAs. Some transitions occurred to an even higher extent than
the A-to-G transitions, but most of those showed no significant
genotype-specific variation. However, T-to-C and T-to-G transi-
tions, possibly resulting from U-to-C and U-to-G transitions at the
RNA level, were significantly increased in the backgrounds de-
ficient in ADARs. This observation remains to be analyzed further,
because no biological mechanism is known for these kinds of
substitutions. However, a recent study has also described abundant
occurrence of non-canonical base transitions, raising the possi-
bility of novel, unknown editing mechanisms (Li et al. 2011).

Novel editing events in mature mouse miRNAs

Despite the low editing levels at E11.5, we were still able to detect
novel A-to-I editing events in our data set. The identification of
editing events was done as follows. In each biological replicate,
A-to-G transitions were recorded and counted for individual posi-
tions in all miRNAs for each genotype. Given an A in the mature
miRNA sequence from miRBase, an editing event is called signifi-
cant when more G’s are observed than expected just due to se-
quencing error and experimental noise. These events were iden-
tified by means of a ¥ test (also see Methods). Significant events
were computed separately for each biological replicate and geno-
type. Only those events for which a significant reduction in A-to-G
transitions was consistently observed in at least two out of three
Adar~'~, Adarb1~'~ double-knockout replicates but not in the wild-
type samples were considered further.

This method yields a list of “significant editing events” per
miRNA and position (e.g., see Supplemental Table 3). Thirty
miRNAs showed a significant A-to-G change at a certain position in
at least two out of three replicates (Supplemental Table 4). Some of
the miRNAs detected by us showed a low read number and thus
low coverage. We therefore restricted the number of significantly
edited miRNAs to those with more than 100 mapped reads. This
resulted in a list of 10 miRNAs (Table 3), of which four were already
known to be edited (mmu-miR-378, -376b, -381, -3099). Within
these known edited miRNAs, only miR-378 is edited outside of the
seed region (nucleotides 2-8 from the 5’ end of the mature se-
quence). In general, four out of the 10 edited miRNAs are edited

within the seed sequence. Also, 47% of the 30 miRNAs found
edited in at least two out of three replicates show editing within the
seed region (Supplemental Table 3). This enrichment for editing in
the seed region goes along with the second function of ADARs in
the interaction with the miRNA pathway, namely, retargeting of
mature miRNAs as already reported for the mmu-miR-376 cluster
(Kawahara et al. 2007b). However, at the early developmental stage
of our mice, the editing efficiency is, as expected, low. Editing ef-
ficiencies for the detected significant editing events were calcu-
lated as reads with A-to-G transitions in percent of total reads of the
miRNA. By doing so, editing efficiency ranged from very low
(0.2%) to low editing (6.3%) in the 10 edited miRNAs (Table 3).
Additionally, we determined the editing efficiency in the Adarb1~/~
and Adar~'~, Adarb1~/~ mutant genotypes. In six out of the 10
edited miRNAs, editing levels already dropped dramatically in the
Adarb1~/~ mice, hinting at preferential editing by ADARB1. Only
four of the detected edited miRNAs showed a drop in editing only
in the double knockout, suggesting that those miRNAs are ADAR
substrates or targeted by both editing enzymes (Table 3). In fact,
position 6 of mature hsa-miR-376b was already shown to be tar-
geted by both ADAR and ADARB1 (Heale et al. 2009). The editing
efficiency of two miRNAs (mmu-miR-1957 and -706) even in-
creased in Adarb1~'~ mice, suggesting that these miRNAs are po-
tential substrates of ADAR, that are normally protected from
editing by binding to ADARB1 (Table 3).

Although no strict target sequence motif has been found for
ADARs, there are certain preferences for the bases upstream,
downstream, and opposite the edited adenosines (Wong et al.
2001; Kawahara et al. 2008; Kleinberger and Eisenberg 2010;
Eggington et al. 2011). Recently, the editing site preferences for
human ADAR and ADARB1 were redefined. Upstream from the
editing site U>A>C>G is favored by both ADARs. Whereas ADAR
prefers an G>C=A>U as the base downstream from the edited A,
and ADARB1 preferentially edits before a G>C>U=A (Eggington
et al. 2011). The nucleotide opposing the editing site is usually
either a C or U and rarely an A or G (Wong et al. 2001). In eight of
the 10 identified edited miRNAs, the editing site fulfills the “next
neighborhood” criteria for preferential editing. Of these 10 edited
miRNAs, six are newly identified in this study, while four miRNAs

Table 3. Significant editing events detected in at least two out of three replicates of miRNAs with more than 100 total reads

Edited by
Average % editing Editing in Most likely ADAR or
read % editing % editing Adar™/-, number of edited by both
miRNA number Position Context wt +SD Adarb1™/~ +SD Adarb1~/~ =SD replicates ADARB1 enzymes
miR-378° 58589 16 CAG/U 0.22 0.00 0.13 0.04 0.04 0.01 2 x
miR-376b" 13612 6 UAG /U 0.68 0.33 0.39 0.14 0.02 0.03 2 x
miR-1957 2704 15 UAU /U 0.18 0.02 0.35 0.01 0.10 0.08 2 X
miR-381° 2206 4 UAC/U 1.02 0.21 1.09 0.02 0.07 0.09 3 X
miR-467d* 1145 9 UAC/C 0.57 0.23 0.02 0.02 0.04 0.01 2 x
miR-3099° 684 7 UAG/C 3.52 0.28 1.68 0.81 0.07 0.09 2 x
miR-706 228 20 AAA /U 6.25 3.75 9.68 6.98 0.00 0.00 2 X
miR-1186 199 16 AAG/C 1.92 0.12 0.65 0.61 0.00 0.00 2 x
miR-3102-5p.2 196 18 GAG /U 1.30 0.10 0.12 0.12 0.10 0.14 2 x
miR-703 156 4 AAA /U 2.04 1.19 0.28 0.28 0.00 0.00 2 x

The five miRNAs in bold have already been identified as edited mature miRNAs. The underlined A in the “Context” column marks the edited adenosine,
the nucleotide after the slash is the editing site opposing base. Sequence contexts in bold are preferred sites for editing. The “Position” column lists the
nucleotide position of the edited adenosine in the mature miRNA sequence. Positions in bold are located within the seed sequence of the miRNA
(nucleotides 2-8). (*) A miRNA expressed at low levels relative to the miRNA on the opposite arm in miRBase release 18.

?Chiang et al. 2010.

PKawahara et al. 2008; Chiang et al. 2010.
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(mmu-miR-378, -376b, -381, -3099) had already been reported to
be edited.

Of the four previously reported, edited miRNAs, three har-
bored a preferential editing site (mmu-miR-376b, -381, -3099),
while a preferential editing site could be found in five out of six
newly identified edited miRNAs (mmu-miR-1957, -467d*, 706,
-1186, -703). Of these, mmu-miR-703 harbors the editing site
within the seed sequence (Table 3).

Discussion

In this study, we have analyzed changes in abundance and se-
quence of miRNAs that occur in the absence of ADARs. We can
show that lack of ADARs leads to a clear and reproducible change in
abundance of certain miRNAs. Interestingly, changes in abundance
can be found in both Adarb1~'~ and Adar~'~, Adarb1~'~ embryos.
Changes in abundance vary from a 2.5-fold down-regulation to
amore than fourfold up-regulation in the absence of ADARs. Not
only is there a stronger up-regulation than down-regulation in
the absence of ADARs, but also the number of miRNAs that are
up-regulated is significantly larger than those that are down-
regulated.

The general trend that lack of ADARs leads to an up-regulation
of miRNAs is consistent with the previous observation that
DROSHA or DICER1 cleavage can be antagonized by editing (Yang
et al. 2006; Kawahara et al. 2007a, 2008). However, changes in
miRNA abundance were also found in cases in which no editing
had been detected or would even be expected based on the absence
of candidate editing sites close to the processing sites. However, the
recent finding that ADARs can interfere with miRNA processing
even in the absence of editing is in good agreement with our
finding (Heale et al. 2009). It might be that mere binding of ADARs
can prevent efficient processing of miRNA precursors. In this
context, it is interesting to note that the Adarb1 deletion allele used
in this study truncates the deaminase domain but leaves the two
dsRBDs untouched (Higuchi et al. 2000). Thus RNA binding of the
remaining protein might be possible. However, it is not clear
whether the remaining protein would stay stable or not.

Similarly, the Adar allele used here deletes exons 7-9 and
thereby also deletes part of the deaminase domain and the last
dsRBD. Again, it is not clear whether the remaining construct will
form a stable protein that is able to bind RNA.

While both Adarb1~'~ and Adar~'~, Adarb1~/~ mice show
a large overlapping group of miRNAs that are affected in their
abundance, either protein alone can also affect an individual
subset of miRNAs in their abundance. This would suggest that
some miRNA precursors are bound by ADARB1 while others are
preferentially bound by ADAR, while a larger group of miRNA
precursors is bound by either of the two enzymes. This is also
consistent with the previous finding that specific adenosines in
certain miRNAs can be edited by either enzyme as found for hu-
man miR-376al and miR-376a2 (Heale et al. 2009). However, in
general, the impact of ADARB1 on miRNA processing seems to be
more dramatic than that of ADAR. This, in turn, would suggest that
the embryonic lethality observed in Adar~'~ mice is most likely not
the effect of missing miRNAs.

The observed changes in miRNA abundance correlate nicely
with a change in abundance of putative or proven target mRNAs.
Microarray analysis allowed us to detect solid changes of a few
mRNAs that are consistently up-regulated or down-regulated in
mice deficient in ADARs. The fact that already proven targets such
as HOXA9, NEUROD1, or EFNA3 were found inversely regulated to

their regulatory miRNAs proves that the miRNA changes detected in
the knockout mice are significant enough to exert consequences on
target mRNAs. Moreover, the fact that some miRNAs and their tar-
gets can be found misregulated in the Adarb1~/~ single knockout
suggests that the observed effect is in direct correlation to the pres-
ence of ADARB. Since the Adarb1~/~ embryos are viable until 3 wk
after birth, no indirect, cell-death-related effect would be expected.

Some miRNAs and their putative target RNAs show a stronger
effect in the Adar'~, Adarb1~'~ double-knockout embryos. Of
these, the miR-30 cluster, miR-32, and miR-153 and their predicted
target synapsin II are particularly interesting. It is exceptional that
a group of five miRNAs that all target the same mRNA are de-
regulated. Synapsin IIis associated with synaptic vesicles, and SNPs
in this gene have already been linked to psychiatric disorders
(Bogen et al. 2011).

The abundance of editing events detected in our embryonic
samples is very low and never exceeds 6%. However, the high read
number and the consistent changes observed in the two knockout
genotypes allowed us to reliably detect A-to-G transitions. The fact
that we were also able to detect the previously reported miRNA
editing events also shows the reliability of the applied method.
Besides the already known editing events, we were able to detect
six novel editing sites in miRNAs. Because we limited our analysis
of A-to-G transitions to miRNAs with a minimal read depth of 100
or higher, it is conceivable that more editing events do exist in the
mouse miRNA repertoire. In fact, we find evidence for additional
editing events when miRNAs with lower read coverage are also
considered. It is also interesting to note that ADARBI1 is responsible
for the majority of editing events in miRNAs. In at least two cases,
we could observe an increase in editing in the absence of ADARB1.
This finding would be consistent with the idea that some miRNAs
are protected from being edited by ADAR by being bound to
ADARBLI. A similar finding has been made when editing events in
SINEs were studied in the presence or absence of ADARs. Also,
some sites in SINEs showed increased editing in the absence of
ADARB1, suggesting that some sites might be protected from
editing by ADARB1 (Riedmann et al. 2008).

The biological consequences of the observed editing events
are hard to interpret. First, editing in the miRNAs does not correlate
with their up-regulation or down-regulation. Second, ~50% of the
identified miRNAs show an editing event outside of their seed re-
gion. Third, and most important, the low editing levels detected
here will most likely not result in a significant change in regulation
of novel target mRNAs to which the edited miRNAs might be
redirected. Nonetheless, it is known that overall RNA editing is
very low during the early stages of embryonic development studied
here. Therefore, targets identified here might very well become
biologically relevant at later developmental stages. Since Adarb1 '~
mice are viable and only exhibit mild phenotypes when rescued
with a pre-edited Gria2 allele, it is possible that some of the ob-
served ADARB1-dependent editing events in miRNAs lead to the
observed phenotypic changes (Horsch et al. 2011). In any case, it is
not likely that lack of the low numbers of editing events detected in
miRNAs would be responsible for the observed embryonic lethality
of Adar~'~ mice (Hartner et al. 2004; Wang et al. 2004). It is also
worth considering that the majority of effects both on miRNA
abundance and miRNA sequence change can be equally observed
in Adarb1~'~ and Adar~'~, Adarb1~'~ embryos. Because Adarb1 ™/~
mice are viable well beyond the developmental stages investigated
here, an indirect, secondary effect on miRNAs induced by loss of
ADAR (which eventually leads to embryonic lethality) appears
highly unlikely.
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Methods

Mice

Adarb1~'~ and Adar~'~, Adarb1~'~ knockout mice were a kind gift
of Peter Seeburg. These transgenic mice are in an SV129 back-
ground, which was also used as the reference strain in our study.
Mice were bred in our facility animal house. Pregnant mice were
euthanized at 11.5 days postcoitum (dpc). Embryos were collected
in 1X PBS and genotyped for Adar, Adarb1, and a Y-chromosomal
marker (Brusa et al. 1995; Hartner et al. 2004).

RNA extraction and miRNA cloning

Female mouse embryos were dissected on E11.5 and homogenized,
and total RNA was extracted using peqGOLD TriFast reagent
according to the manufacturer’s instructions (PEQLAB Bio-
technologie GmbH). DNA for genotyping was extracted from
the remaining amnions, and sex determination was performed as
described (Lambert et al. 2000). Total RNA was enriched for small
RNAs (<200 nt) using the mirVana miRNA Isolation Kit (Ambion,
Applied Biosystems). Small RNAs were 5’-end-labeled with 20 nCi
[y-*?P]ATP using T4 polynucleotide kinase (Fermentas). Radio-
labeled RNA was separated on 15% 19:1 AA:bisAA gels (8 M urea in
1X TBE) and exposed to X-ray films. RNA bands between 19 and 25
nt were cut out and eluted in 400 pL of elution buffer (500 mM
NH40Ac, 0.2% SDS, 100 mM EDTA) overnight at room tempera-
ture. Eluted samples were purified over Sephadex G-25 spin-
columns and precipitated. The size-selected RNA was ligated to a
5'-pre-adenylated and 3'-blocked 3’-end adapter (5'-Appp-UCG
UAUGCCGUCUUCUGCUUGUIAT-3') using truncated T4 RNA
Ligase 2 (New England Biolabs) with the supplied buffer and a final
concentration of 20% PEG 6000. Ligations were incubated for 6 h
at room temperature followed overnight by 4°C.

Ligation products were purified on a 10% denaturing PAGE
next to radiolabeled markers and ligated to the 5’ adapter (5'-GUU
CAGAGUUCUACAGUCCGACGAUC-3') using T4 RNA Ligase 1
(New England Biolabs) with the supplied buffer and 20% PEG.
Again, the ligation product was purified on a denaturing PAGE.
The final product was reverse-transcribed using RevertAid H Minus
Reverse Transcriptase (Fermentas) using RT primer 5'-CAAGCAG
AAGACGGCATACGA-3' following the manufacturer’s instruc-
tions. The cDNA was used as template for 15 cycles of PCR am-
plification (forward primer: 5'-AATGATACGGCGACCACCGACA
GGTTCAGAGTTCTACAGTCCGA-3’; reverse primer: 5-CAAGC
AGAAGACGGCATACGA3') using Phusion High-Fidelity DNA
Polymerase (Finnzymes) according to the manufacturer’s protocol.
PCR products were separated on a nondenaturing 6% AA TBE gel
and stained with ethidium bromide in 1X TBE. Bands of ~100 bp
corresponding to the final mature miRNA library were cut out and
eluted in 400 p.L of elution buffer (0.5 M NH,OAc, 1 mM EDTA at
pH 8.1) overnight at room temperature. DNA was precipitated and
subsequently resuspended in 10 pL of 1X TE.

Sequencing and clipping of reads

Completed libraries were quantified with the Agilent Bioanalyzer
dsDNA 1000 assay kit and Agilent QPCR NGS library quantifica-
tion kit. Cluster generation and sequencing were performed using
the Illumina Genome Analyzer (GA) IIx system according to the
manufacturer’s guidelines. After sequencing at a read length of 36 bp,
adaptor sequences were removed using Cutadapt (Martin 2011).

Mapping to mature miRNA sequences

The mapping of the clipped reads to the reference (here mature
miRNA sequences; release 16 of miRBase) (Kozomara and Griffiths-

Jones 2011) was performed with NextGenMap (F] Sedlazeck, S
Tauber, GB Ewing, and A von Haeseler, unpubl.), which computes
a banded Smith-Waterman alignment (Smith and Waterman 1981)
and uses a graphic card to speed up calculations.

A read is called a “putatively mapped read” if at least two
subsequences of 10 bp are identical to the reference and occur close
to each other. For all regions in the reference where a read puta-
tively maps, we compute a banded Smith-Waterman alignment
(allowing for maximal 10 consecutive insertion or deletions) and
select the region(s) with the highest alignment score. The actual
alignment is calculated for these regions. If multiple regions pro-
vide the same highest score, the alignment is computed for each
region. If the alignment of a mapped read has more then two
substitutions, the read is excluded from a further analysis. We
discarded reads that mapped to the minus strand of the annotated
miRNA data set, since those are most probably due to annotation
errors. Since the cloning protocol for miRNAs is strand-specific,
reversely mapped miRNAs are also not expected.

Identification of significant editing events

A x* test was used to identify putative editing events. Because A-
to-G editing events are of interest, the test was applied for each A
in the mature miRNA sequences taken from miRBase. The
number of expected A’s was estimated by the overall perfect
match rate over all alignments. The number of expected G's was
estimated by the number of observed substitutions (besides A to G)
over all alignments. The multiple tests problem was addressed by
using Benjamini and Hochberg’s method “fdr” (Benjamini and
Hochberg 1995). Events that were significant in at least two out of
three replicates were considered as relevant and used for further
analysis.

Microarray analysis

Total RNA of wild-type, Adarb1~/~, and Adar~'~, Adarb1~/~ E11.5
embryos was isolated as described and sent for microarray analysis
to Miltenyi Biotec GmbH. The samples were analyzed using one
8X 60K Agilent Whole Mouse Genome Microarray (one color) for
each genotype. Gene-ratio lists were calculated by dividing the
sample signal intensity by control (WT) signal intensity.

Target gene predictions

mmu-miR target genes were predicted by the TargetScan algorithm
from TargetScanMouse Version 5.2 (http://www.targetscan.org/)
using the default settings.

Data access

Mlumina reads for 21-23-nt-long RNAs as well as the microarray
data for wild-type, Adarb1~/~, and Adar~'~, Adarb1~'~ deficient
embryos have been submitted to the NCBI Gene Expression Om-
nibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under accession
number GSE34626.
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