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A-to-l editing of microRNAs in the mammalian
brain increases during development

Ylva Ekdahl,'® Hossein Shahrabi Farahani,?> Mikaela Behm, Jens Lagergren,?
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' Department of Molecular Biology & Functional Genomics, Stockholm University, SE-10691 Stockholm, Sweden; °KTH Royal Institute
of Technology, Science for Life Laboratory (ScilifeLab), Center for Industrial and Applied Mathematics (CIAM), School of Computer

Science and Communication (CSC), SE-10044 Stockholm, Sweden

Adenosine-to-inosine (A-to-I) RNA editing targets double-stranded RNA stem-loop structures in the mammalian brain.
It has previously been shown that miRNAs are substrates for A-to-l editing. For the first time, we show that for several
definitions of edited miRNA, the level of editing increases with development, thereby indicating a regulatory role for
editing during brain maturation. We use high-throughput RNA sequencing to determine editing levels in mature miRNA,
from the mouse transcriptome, and compare these with the levels of editing in pri-miRNA. We show that increased editing
during development gradually changes the proportions of the two miR-376a isoforms, which previously have been shown
to have different targets. Several other miRNAs that also are edited in the seed sequence show an increased level of editing
through development. By comparing editing of pri-miRNA with editing and expression of the corresponding mature
miRNA, we also show an editing-induced developmental regulation of miRNA expression. Taken together, our results
imply that RNA editing influences the miRNA repertoire during brain maturation.

[Supplemental material is available for this article.]

Adenosine-to-inosine (A-to-I) RNA editing is a co-transcriptional or
post-transcriptional processing event that converts adenosine to
inosine within double-stranded RNA. The reaction is catalyzed by
the ADAR (adenosine deaminase that acts on RNA) enzymes (Bass
et al. 1997). Due to structural similarities, inosine is read as gua-
nosine (G) by the cellular machineries. Thus, an inosine in the
RNA sequence will appear as an A-to-G change. Editing of the RNA
sequence will yield a product different from the one encoded
by the genome and thereby enhance product diversity. In mam-
mals the ADAR gene family consists of three members: ADAR,
ADARB1, and ADARB2 (also known as ADAR1, 2, and 3). However,
only ADAR and ADARB1 have been shown to be active. They
modify both messenger RNA (mRNA) and non-coding RNA se-
quences, particularly in the brain (Melcher et al. 1996; Higuchi
et al. 2000; Hartner et al. 2004; Wang et al. 2004). Several genes
involved in neurotransmission are edited in the coding sequence,
changing the readout of the protein and thereby increasing the
number of protein isoforms (Sommer et al. 1991; Burns et al. 1997;
Hoopengardner et al. 2003; Ohlson et al. 2007). Furthermore,
small non-coding RNAs such as microRNAs (miRNAs) have been
shown to undergo A-to-I editing (Luciano et al. 2004; Blow et al.
2006; Yang et al. 2006; Kawahara et al. 2007a,b). Mature miRNAs
are small single-stranded (ss) RNA molecules of ~21-23 nt in
length, whose main function is to down-regulate gene expression.
The miRNA matures from a primary RNA transcript (pri-miRNA),
which contains short inverted repeats in the sequence and, there-
fore, forms a stem-loop structure (Kim 2005). The stem-loop is
recognized and cleaved by the nuclear RNase DROSHA, together with
an essential RNA-binding protein, the DiGeorge syndrome critical

3These authors contributed equally to this work.

“Corresponding author

E-mail marie.ohman@molbio.su.se

Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.131912.111.

region 8 (DGCRS) protein. The pri-miRNA is processed into a 70-nt-
long stem-loop precursor miRNA (pre-miRNA) (Lee et al. 2003,
2006; Denli et al. 2004; Han et al. 2006). If processed correctly,
exportin-5 and RanGTP transport the pre-miRNA to the cyto-
plasm. The length of the stem-loop and the presence of 3’ over-
hangs are critical for correct recognition of the pre-miRNA by
exportin-5. In addition, exportin-5 will protect the pre-miRNA
from digestion (Yi et al. 2003; Lund et al. 2004). In the cytoplasm,
another RNase, DICER1 (also known as Dicer), in concert with the
dsRNA binding protein TRBP, processes the pre-miRNA into a ma-
ture miRNA*-miRNA duplex (Hutvagner et al. 2001; Chendrimada
et al. 2005). The strands are then separated and incorporated into
the RNA-induced silencing complex (RISC). This configuration has
the capacity to down-regulate protein production by targeting se-
quences complementary to the mature miRNA, in 3" UTRs of
mRNAs (Gregory et al. 2005; Filipowicz et al. 2007). One or both
strands of the duplex may serve as the mature miRNA, although
the 5’-strand (5p) has been shown to be dominant (Khvorova et al.
2003; Schwarz et al. 2003). In complex with RISC, the miRNA
prevents expression either by mRNA cleavage or translational re-
pression (Bass 2000; Sempere et al. 2004; Kim et al. 2005; Zamore
and Haley 2005; Filipowicz et al. 2007). Interestingly, recent
studies indicate that up to 84% of the protein down-regulation,
shown upon miRNA repression, is due to mRNA destabilization
rather than inhibition of translation initiation (Guo et al. 2010). To
be active, the miRNA has to bind with full complementarity in the
seed sequence that encompasses nucleotides 2-8 in the 5’ end of
the miRNA. Thus, a change in this region may change the target
recognition and thereby biogenesis.

We have previously shown that site-selective A-to-I editing of
mRNA substrates in general increases during brain development
from embryogenesis to adulthood (Wahlstedt et al. 2009). In the
present investigation, we have analyzed whether editing of miRNAs
can change target selection during brain development. Using high-
throughput (HTP) RNA sequencing (RNA-seq), we performed an
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unbiased search for edited, mature miRNAs in mouse brain tissue
from several developmental stages. This resulted in novel sites of
editing as well as evidence of a dramatic increase in editing of
miRNAs from the embryonic to the postnatal brain. These results
indicate that A-to-I editing diversifies target recognition by miRNAs
during development. Furthermore, our data suggest that specific
genes, targeted by non-edited and edited miRNAs, are regulated in
a manner that agrees with differences in editing frequencies.

Results

We wanted to investigate whether A-to-I editing of miRNA is reg-
ulated through development, as is the case for mRNA. The ADAR
enzymes have been shown to recognize pri-miRNAs for editing,
but in principle also pre-miRNAs can be edited. We were particu-
larly interested in (1) editing leading to processing inefficiency
or deficiency of miRNAs, and (2) editing of seed sequences al-
tering target recognition, i.e., acting as co-translational or post-
translational modifications that increase target variety during
brain development.

To determine the frequency of editing in mature miRNAs in
the brain, we applied HTP RNA-seq to small RNAs (10-50 nt in
length) from three different developmental stages of the mouse
brain: embryonic day 15 (E15), postnatal day 2 (P2), and postnatal
day 21 (P21). After RNA extraction from total brain, the samples
were fractionated; this was followed by adapter hybridization, re-
verse transcription, and cDNA library amplification using standard
emulsion PCR. We primarily used the SOLiD system for the HTP
RNA-seq analysis, but, in order to increase specificity, we also took
advantage of Illumina sequenced miRNA from Chi et al. (2009).
Since inosine is read as guanosine during reverse transcription,
A-to-I editing can be detected as A:G mismatches between the
RNA-seq reads and genomic DNA.

Initial translation, trimming, and filtering

Obtaining a good specificity, i.e., excluding non-genuine editing
sites, was the main challenge in analyzing the SOLiD reads. We
took advantage of the special properties of the SOLiD system’s di-
base coding in order to remove as many reads with errors as pos-
sible. As explained in Methods, the reads were translated from
color space into nucleotide sequences, and only the reads for
which the 3’-end adapter was properly translated were used in the
subsequent analysis. In this way, we could exclude many reads
containing errors, and the error rate in the analyzed sequences
became significantly lower than in merely translated SOLiD
sequences.

In the SOLiD system, the adapter at the 3’ end of the sequence
can be attached to a fragmented RNA sequence of any length.
Before applying our analysis pipeline, we removed all reads with
a length shorter than 19 nt or longer than 24 nt, i.e., not re-
sembling a mature miRNA. Supplemental Figures 1-3 show the
distribution of read lengths after removal of adapter sequences in
the three developmental stages. As shown, in each stage, more
than 200,000 reads (read length 0) were solely adapter sequences.
Table 1 shows the total number of SOLiD reads and the number
of reads with length 19-24 after removing the adapter sequences.
After this initial translation and filtering, the remaining reads
were aligned against miRBase (Griffiths-Jones et al. 2006) using
SHRiMP (Rumble et al. 2009) in order to identify A-to-G mismatches
between miRNAs in the database and the read, i.e., preliminary
indications of A-to-I editing.

Table 1. Total number of SOLID reads and the number of usable
reads

Stage Total number of SOLID reads Reads of length 19-24
E15 8,660,775 651,338
P2 9,875,846 649,093
P21 14,207,246 1,085,049

The resulting alignments showed a clear bias toward mis-
matches at the 3’ end of miRNAs, e.g., a substantial number of A:G
mismatches at positions 16-24 (Fig. 1) as well as mismatches in
general (Supplemental Fig. 4). These mismatches could a priori be
due to a real biological phenomenon, but turned out to be SOLiD
sequencing errors. A key observation underlying this conclusion
was that exonic SOLID reads, of various lengths, showed the same
type of mismatch peak at the 3’ end (Supplemental Figs. 5-7), but
[Nlumina miRNA reads from Chi et al. (2009) did not (Supple-
mental Fig. 8). For a more detailed explanation, see Supplemental
Section S2.

In our bioinformatics analysis pipeline (Fig. 2), the reads were
aligned to precursor miRNA sequences in miRBase and also to the
mouse genome mm9. The reason that we use precursor miRNA
sequences from the miRBase instead of mature miRNAs is because
thereis a considerable variation of start and end positions for mature
sequences corresponding to the very same miRBase entry. Each read
with an alignment to precursor miRNA sequences starting on or
before the initial position of the miRBase annotated mature se-
quence, and ending on or after the annotated end, were kept. One
of the aims of the bioinformatics pipeline was to distinguish be-
tween A:G mismatches, which arose from genuine editing events,
and other changes such as single nucleotide polymorphisms (SNPs).
However, none of the A:G mismatches between our reads (trans-
lated SOLiD as well as Illumina) and precursor miRNAs in miRBase
were known SNPs (Sherry et al. 2001).

To further increase specificity, we developed the K-safety filter.
Families of miRNA consist of miRNAs with similar sequences. In
some cases, two family members differ by an A:G mismatch only
(Fig. 3A). A read with an A:G mismatch to one miRNA and with
a perfect alignment to a second miRNA, or a genomic locus with
a hairpin-forming potential, was not considered to provide suffi-
cient evidence of editing. With no perfectly matching miRNA or
genomic loci with hairpin-forming potential, a read passed the
O-safety filter and was counted as the result of an editing event.
Higher values of K were used to obtain more stringent filters. In
general, a read passed the K-safety filter if it had (1) an A:G mis-
match to a known miRNA; and (2) more than K mismatches to
any other miRNA as well as a genomic locus with hairpin-forming
potential.

Given the high computational cost to search for all loci with
a hairpin-forming potential that a given read can be aligned to
with at most K mismatches, we performed a slightly different
search that in practice gave the same result. Reasoning that if
a locus with hairpin-forming potential actually hosted an miRNA,
there should be reads originating from it that align perfectly with
the genomic locus, allowed us to search instead for hairpin reads,
i.e., reads aligning perfectly to a locus with hairpin-forming
potential, with at most K mismatches to the currently filtered read.

For example, in Figure 3B, read R, appears to be an edited
version of mmu-miR-421. However, there is also an assumed
hairpin read, R;, that has one mismatch to read R,. Thus, R, does
not pass the 1-safety filter. Furthermore, in our HTP screen, we also
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Figure 1. Bar chart for number of A:G mismatches in miRNA reads at
developmental day E15 from SOLID. The chart shows alignment of the
reads against miRBase. Each color band means a species of miRNA. Note
that the same color in different bars can represent different species of
miRNA.

detect other nucleotide changes than A to G (see Supplemental
Figs. 9-16).

Sets of putatively edited miRNAs of varying stringency

Editing candidates were identified, at various stringency levels,
and compared with candidates from previous analyses (Kawahara
et al. 2007a,b, 2008; Chiang et al. 2010).

Table 2 shows, for various values of K, the number of miRNAs
with A:G mismatches for SOLiD (Applied Biosystems/Life Technol-
ogies), Illumina, and both SOLiD and Illumina data that pass the
K-safety filter. The first row of the table contains the number of
potential edited sites obtained when no K-safety filter is applied. As is
seen in the table, increasing stringency by applying the 4-safety filter
narrows down the number of candidates from 180 to 75 for SOLiD,
from 35 to 17 for lllumina, and from 19 to eight for the intersection
of the llumina and the SOLiD data. Using K equal to 1 and 4 gives
the same result for the Illumina data as well as for the intersection.

Table 3 contains all candidate A-to-I editing sites that pass the
4-safety filter and appear in both the SOLiD and the Illumina data,
i.e., our most reliable identified edited miRNAs. More information
about these candidates and other candidates with a lower value of
K can be found in Supplemental Table 3. Six of the eight candidates
in Table 3 have an increasing ratio of editing through develop-
ment. Of the eight miRNAs in Table 3, miR-376b, miR-376¢, miR-
376a* and miR-379 have previously been shown to be edited in
samples from adult brain (Kawahara et al. 2007b, 2008). In all but
one (miR-130a), the editing frequency is higher in the adult brain
than in the developmental stages.

By lowering the stringency level one step, we get the mis-
match sites that pass the 4-safety filter and (1) appear in positions
1-15 and only in the SOLiD data; or (2) appear only in the Illumina
data. Supplemental Tables 1 and 2 contain the list of our candi-
dates for SOLiD and Illumina, respectively, for each value of K.
Twelve of the 19 SOLID sites are increasing. Two of these previ-
ously not reported candidates, miR-24-2* and miR-337-3p, are
edited in positions 7 and 11, respectively. In the Illumina data,
there are five candidates on this stringency level. Among these five
candidates, the most interesting one is miR-1196, which is edited
at position 7, i.e., in the seed region. This site is highly edited; the
frequencies are 66.57% and 63.64% in brains A and B, respectively.

When relaxing stringency to the O-safety filter for the in-
tersection of SOLiD and Illumina data, we found miR-301a, let-7c,

miR-669a-3p, miR-6690-3p, and miR-101a to be edited at positions
10, 17, 10, 10, and 16, respectively (Supplemental Table 3). These
sites are novel and pass the Chiang et al. (2010) test (see Methods)
but were not reported in Chiang et al. (2010) or Kawahara et al.
(2007a,b, 2008). There is an interesting observation regarding miR-
669a-3p and miR-6690-3p; these two miRNAs have identical
mature sequences, so they merely pass the O-safety filter. A closer
inspection showed that the nearest hairpin read to the edited se-
quence of these two miRNAs is the miRNA miR-669a-3-3p, which
has two mismatches to the edited sequence. Taking this fact into
account, miR-669a-3p and miR-6690-3p can be considered to be
more reliable editing candidates. Editing of these two miRNAs is
also increasing during development. However, we have not de-
termined whether both miRNAs are edited or just one of them.
Finally, as can be seen, for each K value between 0 and 4, the ma-
jority of the miRNAs in the SOLiD data that are edited in positions
1-15 and pass the K-safety filter have an increasing ratio of edited-
to-unedited reads during development (Table 2).

Table 4 contains a summary of the number of SOLiD and
Ilumina reads that passed the test in Chiang et al. (2010) and the
K-safety filter at various values of K. As Table 4 shows for both
SOLiD and Illumina data, the 4-safety filter gives a few more can-
didates than the Chiang test. In particular, some candidates that
passed the 4-safety filter did not satisfy the Chiang test require-
ment that each candidate should be supported by at least 10 reads.
For example, miR-34b-5p, which also appears in the intersection of
the SOLiD and the Illumina data and is edited at 40% at stage P21,
is rejected by the Chiang test due to this requirement.

Evidence for C-to-T editing from HTP data

By comparing our SOLiD HTP data with the Illumina data, we also
detected candidates for C-to-U editing. Several novel substrates for
C-to-U editing, possibly by the APOBEC1 enzyme, have recently

lllumina reads

1 SOLiD reads ]

L 3
Translation to
nucleotides

l

Trimming adapter
sequences

Align reads against:
- Genome
- miRBase
- Other reads

l

K-safety filter

Candidate editing
sites

Figure 2. The analysis pipeline. Initially, all of the SOLID reads are
translated to nucleotides from color space. Thereafter all adapters were
removed, and the reads with length 19-24 were aligned against miRBase,
the mouse genome, and other reads. The alignments were further ana-
lyzed with the hairpin test and K-safety filter in the analysis pipeline.
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A
mmu-let-7f: TGAGGTAGTAG(A)TTGTATAGTT
mmu-let-7a: TGAGGTAGTAG(G)TTGTATAGTT
B
mmu-miR-421
ATC(AJACAGACATTAATTGGGCGC R,: ATCAACAGACATTAATTGGG(T)GC
One mismatch
One mismatch
R,: ATC(G)ACAGACATTAATTGGG(C)GC
C

miRNA M

Only one A:G mismatch

HP-read H

More than K mismatches of
any type

NHP-read R

Figure 3. lllustration of the K-safety filter. (HP-read) Read with hairpin-
forming potential. (NHP-read) Read without hairpin-making potential. (A)
A read can simply be another known miRNA with an A:G mismatch to the
source. (B) Read R; is an HP-read that has a C:T mismatch with read R,.
Read R, looks like the edited version of miR-421 with an A:G mismatch in
position 4. (C) Shows a read, R, with a negative hairpin test (NHP-read),
comprising only one mismatch with any known miRNA, M. The closest
read with a positive hairpin to this read has more than K mismatches with
it, thus the read R passes the K-safety filter.

been identified by HTP RNA-seq, but none of these reside in
transcripts coding for miRNAs (Rosenberg et al. 2011). Supple-
mental Tables 4 and 5 contain lists of C:T mismatch sites for SOLiD
and [llumina data, respectively. Supplemental Table 6 contains the
list of C:T mismatched sites that are both in SOLiD and Illumina
data and shows C-to-U editing candidates for all values of K. We
consider those mismatch sites that passed the 4-safety filter and
the Chiang test to be our most reliable C-to-U editing candidates.
Editing of miR-379, miR-140* and miR376a was analyzed by
Sanger sequencing of RT-PCR products at the pri-miRNA level in
an attempt to verify C-to-U editing. However, C:T mismatches,
indicative of C-to-U editing, could not be found (data not shown)
at the pri-miRNA level. One possible explanation is that this par-
ticular C-to-U editing occurs only in pre- or mature miRNA.

Dramatic increase in A-to-l editing of miRNAs after birth

To confirm the findings in the SOLiD data of increased editing in
the seed sequences of the mature miRNAs during development, we
analyzed editing of the candidate miRNAs at the pri-miRNA level
in mouse brain during embryogenesis as well as several postnatal
stages. cDNAs as well as genomic DNA from the same mouse strain
were amplified by PCR using primers specific for each pri-miRNA.
Editing was considered to be verified whenever the putatively
edited position had a visible G peak in a chromatogram obtained
by direct Sanger sequencing; editing frequency was in this step
estimated based on the relative heights of A and G peaks in the
chromatogram. However, due to technical limitations, Sanger se-
quencing cannot reliably detect editing levels below ~10%. An
increase in editing of the adenosines in the seed sequence was
verified for six different miRNAs. Since this method is applied to
pri-miRNA, it cannot exclude editing occurring on the pre-miRNA
level.

It has previously been shown that mmu-miR-376b is edited in
the adult brain (Kawahara et al. 2007b). miR-376b is edited at po-
sition +6, which resides in the seed sequence (Fig. 4A). In our
validation, the following observations were made. At E15 only
a low level of editing was detected (Fig. 4A). At birth the A and G
peaks in the chromatogram were equal, indicating that at least
50% of the pri-miRNAs are edited, but no further increase in editing
was detected in the adult brain, rather a slight decrease. When
editing of pri-miRNA-376b was analyzed in the adult ADARB1~/~
knockout mouse brain, a higher level of editing could be detected
than in the wild-type mouse. This result corroborates earlier re-
ports that editing of miR-376b is performed by ADAR. The higher
level in the knockout also suggests that ADARB1 interferes with
ADAR editing, possibly by binding competition. Despite differ-
ences in editing levels between pri-miRNA-376b and the mature
form, the result of the Sanger sequencing agrees well with the HTP
RNA-seq data. As can be seen in Table 3, the latter shows an in-
crease in editing at the +6 site of the mature miR-376b, with 8,5%,
63%, and 66% of the transcripts being edited at E15, P2, and P21,
respectively. Thus the editing level is low during embryogenesis,
but increases dramatically after birth and is then kept at a constant
high level.

In miR-376b*, editing has previously been detected at posi-
tion +8 of the mature miRNA (Kawahara et al. 2007b). For the +8
site, in our RNA-seq data we can only see editing in the adult brain,
where 38% of the miRNAs are edited (Supplemental Table 1).
However, miR-376b* is not commonly incorporated into the RISC
complex. The mature frequency of this miRNA is very low in our

Table 2. Number of A:G mismatches with different values of K for SOLID, lllumina, and intersection of SOLiD and lllumina data

Number of sites
in SOLID reads

Positions 1-24 Positions 1-15

Number of sites

Number of sites intersection
of SOLiD and lllumina

Positions 1-24 Positions 1-15

K Increasing® Total Increasing? Total lllumina reads Increasing? Total Increasing? Total
None 81 180 50 66 35 9 19 8 14
0 80 177 50 65 30 7 13 6 11
1 54 122 28 38 17 7 8 6 8
2 29 78 14 21 17 7 8 6 8
3 28 76 13 20 17 7 8 6 8
4 27 75 12 19 17 6 8 6 8

®Number of sites with an increasing editing rate during development.
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Table 3. A:G mismatches common between SOLiD and lllumina reads with 4-safety filter

A-G E15° P2° pP21° lllumina data®

miRNA name Position® ned? ed® %’ ned ed % ned ed % Brain ned ed % Kmax?
mmu-miR-376b 6 140 13 8.5 119 207 63.5 259 506 66.14 B 444 765 63.28 4
mmu-miR-376c¢ 6 49 0 0 21 24  53.33 129 84 39.44 A 140 270 65.85 4
mmu-miR-376a* 4 29 0 0 30 0 0 81 21 20.59 A 141 58 29.15 4
mmu-miR-381 4 61 0 0 47 11 18.97 53 14 20.9 B 721 175 19.53 4
mmu-miR-3099 7 14 0 0 0 0 0 5 19 7917 A 249 104 29.46 4
mmu-miR-379 5 102 0 0 30 0 0 134 23 14.65 B 231 41 15.07 4
mmu-miR-34b-5p 11 0 0 0 0 0 0 9 6 40 A 227 16 6.58 4
mmu-miR-130a 8 5679 8 0.14 1725 10 0.58 247 0 0 C 206 4 1.9 4

4(E15) embryonic day 15; (P2) postnatal day 2; (P21) postnatal day 21.
PRepresents data as presented in Chi et al. (2009).

Position in the mature miRNA where the mismatch occurs.

9Number of reads with a non-edited wild-type sequence.

*Number of reads with an A-to-G edited sequence.

fPercent of edited reads.

%Value of K in K-safety filter as explained in Figure 3.

data, possibly due to degradation. For this site, Sanger sequencing
verification of editing levels at the pri-miRNA level shows absent or
very low editing levels (no visible G peak) at the earlier develop-
mental stages and low, but visible, editing at the adult stage (Fig.
4A). This result confirms the RNA-seq data on mature miRNAs
and shows that editing in this case is not interfering with the
maturation.

It has been shown that mmu-miR-376c is edited at position +6
of the mature miRNA (Kawahara et al. 2007b). Our HTP sequenc-
ing data detect no editing of the mature miRNA before birth but
~40%-50% editing at the postnatal stages (Table 3). This level
of editing is different from that at the pri-miRNA level. Already
at E15, the +6 site is highly edited, and it stays highly edited
throughout development (Fig. 4B). This result indicates that edit-
ing interferes with pri-miR-376¢ maturation, and it is therefore
detected at a higher level in the pri-miRNA.

Editing of the mature mmu-miR-151 was not detected in our
HTP screen (data not shown), which is supported by previous
analysis showing that editing of mmu-miR-151 leads to a DICER1
processing deficiency (Kawahara et al. 2007a). Nevertheless, it has
been shown that pri-miR-151 is edited at positions —1 and +3. We
therefore wanted to investigate whether we could find an increase
in editing during development at the pri-miRNA level, before DICER1
processing. Indeed, we found editing to increase at the +3 site
during development (Fig. 4C). One obvious explanation for the

absence of miR-151 at the adult stage is the very low frequency of
mature product. However, why mature miR-151 is absent at the
embryonic stage is less obvious. One reasonable explanation is that
itis not the editing event per se that leads to the inability of further
processing, but rather that ADAR binding affects the accessibility
of the miRNA to be processed by DICER1.

In the adult human brain, miR-379 has been shown to be
edited at the +5 site to 60% at the pri-miRNA level and to 15% in
the mature miR-379 RNA (Kawahara et al. 2008). We can confirm
editing at the adult stage of both mature and pri-miR-379 (Fig. 4D;
Table 3). However, up to P7, no editing could be detected in this
miRNA. This result indicates that it is only at the adult stage that
editing has the potential to influence target recognition by changing
the seed sequence of the miRNA.

In summary, we can conclude that most of the miRNAs,
shown by us and others to be edited, have low levels of editing
before birth that increase until adulthood. These sequence differ-
ences are post-transcriptional, not detected in the genomic DNA,
as shown in Supplemental Figure 17.

Editing of miRNAs can lead to a change in gene regulation
during development

miR-376a* has previously been shown to be edited at two sites, —1
and +4 (Kawahara et al. 2007b). In our HTP sequencing screen,

Table 4. Fraction of SOLID and lllumina reads that pass the Chiang test for all reads and reads with increasing A-to-G editing rate
SOLiD data
All sites 1-15° All increasing sites 1-15° lllumina data Intersection
K Total Chiang pass© Total Chiang pass© Total Chiang pass© Total Chiang pass®©
NA 66 13 50 9 35 27 19 16
0 65 13 50 9 30 22 13 12
1 38 9 29 7 17 11 8 7
2 21 8 14 7 17 11 8 7
3 20 8 13 7 17 11 8 7
4 19 8 12 7 17 11 8 7
2All editing sites that are located at positions 1-15.
PAll editing sites with an increasing editing rate during development at positions 1-15.
“The number of editing sites that pass the test in Chiang et al. (2010).
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Figure 4. Editing of pri-miRNAs at different developmental stages, detected by direct Sanger sequencing. RNA from whole mouse brain was amplified
by RT-PCR followed by Sanger sequencing. Typical samples of biological triplicates are shown. The different developmental stages used for sequencing
are indicated in each figure. The edited position is indicated by an arrow. (A) Editing of pri-miR-376b. (B) Editing of pri-miR-376c. (C) Editing of pri-miR-
151-3p. (D) Editing of pri-miR-379-5p.

editing at the +4 site is estimated to be 21% in the adult mouse
brain, but it is not detectable in the earlier developmental stages
(Table 3). For pri-miR-376a*, the frequency of editing increased
throughout development, with a very low level at E15 that grad-
ually increases until the adult stage, where the majority of all
miRNAs are edited (Fig. 5A). Thus, the editing frequency is signifi-
cantly higher at the pri-miRNA stage than at the mature miRNA
stage, indicating a possible processing deficiency due to the editing
event.

Two targets for miR-376a* have been verified, TTK (threonine
and tyrosine kinase), targeted by the non-edited miR-376a*; and
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PRPS1 (phosphoribosyl pyrophosphate synthetase 1), a target of
the miRNA when it is edited in the seed sequence at position +4
(Kawahara et al. 2007b). To investigate the functional consequences
of increased editing of this miRNA, we assayed the expression of
these targets during brain development. Total RNA from E15, P2, P7,
and adult was extracted from whole mouse brain. RT-PCR with
primers specific for either TTK (target for the non-edited miRNA) or
PRPS1 (target for the edited miRNA) was performed followed by
quantitative PCR (q-PCR) (Fig. 5B). Interestingly, the expression of
the two targets changes concurrent with the editing event changing
target recognition of the miRNA. The PRPS1 transcript is highly
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Figure 5. Editing of miR-376a redirects targeting during development.
(A) Editing of pri-miR-376a at six different developmental stages. RNA
from whole mouse brain was amplified by RT-PCR and sequenced. The
different developmental stages used for sequencing are as indicated.
(Arrows) Edited positions. (B) RNA from whole mouse brain at four dif-
ferent developmental stages (E15, P2, P7, and adult) was amplified by RT-
PCR, and mRNA levels of TTK and PRPS1 were analyzed by qPCR. All error
bars represent the SEM. (C) Protein levels of PRPS1 during development of
the mouse brain. Immunoblot analysis showing PRPST protein expression
during developmental day E19, P2, P7, P14, and adult. An anti-actin an-
tibody was used as loading control.

expressed in the embryo and decreases gradually until adulthood,
while the TTK mRNA increases after birth. These results agree with
the recent results showing that changes in the mRNA levels closely
mirror the influence that miRNAs have on gene expression, which

point toward mRNA destabilization being the major reason for
reduced protein levels (Guo et al. 2010).

To further verify the developmental regulation of PRPS1, we
analyzed the protein expression by immunoblotting. Protein was
extracted from five different developmental stages (E15, P2, P7,
P14, and adult). Also, at the protein level, a slight decrease in the
amount of PRPS1 throughout development can be identified
(Fig. 5C).

Editing may promote dendrite outgrowth during early
development

In our HTP screen for miRNAs targeted for A-to-I editing, we found
anovel candidate, miR-381, to have increased editing at the +4 site
of the seed sequence during development (Fig. 6A). Editing of the
adult miR-381 was also recently suggested by the Bartel laboratory
(Chiang et al. 2010). Interestingly, this miRNA is situated in the

A

J
[}QM E15

-U E19

-a miR-381 PO
-A \ P7

U adult

A2

e ————
g-“,_ Actin
E15 E19 PO P7

adult

Figure 6. Consequence of editing at the +4 site in miR-381 throughout
development. (A) Editing of pri-miR-381 at five different developmental
stages. RNA from whole mouse brain was amplified by RT-PCR and se-
quenced. The different developmental stages used for sequencing are
indicated in the figure. (Arrow) The edited position. Editing of miR-381 in
RNA extracted from an ADARB1-null mouse (A2~/) indicates that ADAR is
the major enzyme to edit this site. (B) Detection of Pum2 mRNA levels
using semiquantitative RT-PCR. RNA from whole mouse brain at five dif-
ferent developmental stages (E15, E19, PO, P7, and adult) was amplified
by RT-PCR with primers specific for Pum2.
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same cluster (miR379-410) as most of the other known edited
miRNAs. The mature miR-381 shows no sign of editing at E15,
but a clear presence of edited transcripts is seen in the two post-
natal stages, P2 and P21, where the proportions of edited reads are
19% and 21%, respectively (Table 3). We also observe a steady
increase in editing of pri-miR-381, with low editing levels at E15
that increase to at least as many edited as non-edited pri-miRNAs
in the adult brain (Fig. 6A). Although both of these results, from
the mature miR-381 and the pri-miRNA, support an increasing
trend of editing, the level of editing at the pri-level is clearly
higher, supporting the idea that editing leads to processing de-
ficiency.

Hitherto, no target for miR-381 has been confirmed, but, in
a recent publication by Schratt and co-workers, miR-381 has been
suggested to be an important player in activity-induced denditro-
genesis (Fiore et al. 2009). As previously mentioned, miR-381 is
expressed together with other miRNAs in a cluster identified as
miR379-410. It has been shown that, during activity-dependent
dendritogenesis, Mef2 induces the expression of this cluster.
Pumilio 2 (Pum?2) is a translational repressor that negatively regu-
lates dendritic outgrowth (Vessey et al. 2006, 2010). The non-
edited miR-381 has at least two potential target sites in the 3" UTR
of the Pum2 mRNA that are evolutionarily conserved between
mouse, rat, and human. miR-376b and miR-134 are two other
miRNAs from the miR379-410 cluster that have conserved target
sites in Pum2. Interestingly, as shown above, both of these are also
edited. Editing of mature miR-376b increases drastically during
development and reaches a level of 66% in the adult brain, while
the mature miR-134 could only be detected at the embryonic stage,
where 40% of the sequences showed A-to-I editing at position 18
(Table 3; Supplemental Table 1). However, editing of miR-134
could not be confirmed at the pri-miRNA level (data not shown).
Although editing at position 18 will not affect its targeting, it is
likely that ADAR binding to position 18 will interfere with the
maturation process.

To determine whether the level of Pum2 transcript is related
to editing of miR-381, miR-376b, and possibly miR-134, we
extracted RNA from five different developmental stages and per-
formed semiquantitative RT-PCR using primers specific for Pum2.
At the embryonic stages, when mature miR-381 and miR-376b are
edited to a low extent or not at all, only low levels of Pum2 tran-
scripts could be detected. As editing of these two miRNAs increases
during development, the expression of Pum2 increases (Fig. 6B;
Table 3). We cannot exclude that Pum2 expression is regulated also
in other ways, but our results point to a developmental regulation
of miR-381 and miR-376b editing, which prevents them from
targeting the Pum2 mRNA for degradation.

Discussion

In this study, we have analyzed whether A-to-I editing of miRNAs is
regulated during brain development. Editing of miRNA has been
shown to either lead to new targets, if it occurs within the crucial
seed sequence, or maturation defects due to insufficient processing
of the miRNA by either DROSHA or DICER1 (Yang et al. 2006; Kawahara
et al. 2007a,b). It is also possible that editing affects strand pref-
erence when loaded into the RISC complex. All of these steps can
consequently affect biogenesis. With current HTP RNA-seq methods,
it is possible to detect low levels of editing in mature miRNAs to an
unprecedented precision. We have primarily used SOLiD HTP RNA-
seq to evaluate A-to-I editing levels of mature miRNAs in mouse
brain throughout development. We used total mouse brain RNA

from three developmental stages—E1S5, P2, and P21—to search for
known and novel editing sites within short RNA structures resem-
bling the length of mature miRNAs with altered levels of editing
during development. For five out of our eight most stringent
editing candidates, we verified increased editing on the pri-miRNA
level during brain maturation (Table 3). Out of the three that were
not verified experimentally in the pri-miRNA, we are particularly
confident about editing at position 11 of miR-34b-5p because it
also passed the test in Chiang et al. (2010).

There are editing sites reported in Chiang et al. (2010) that
cannot be found in our SOLiD data. The reason may be that the
miRNAs are not extracted from the same tissue types. In Chiang
et al. (2010), three mouse tissues are used: brain, ovary, and testes,
from embryonic E7.5, E9.5, E12.5, and newborn mice. We used
only brain tissue from E1S5, P2, and P21 mice. It is clearly possible
that these miRNAs are expressed and edited differently in ovary
and testis.

We can conclude that the gradual increase in editing effi-
ciency seen for most selectively edited sites involved in neuro-
transmission also applies to miRNAs during development of the
mammalian brain. The most striking editing events all occur in the
crucial seed sequence, essential for target recognition. This will
render the miRNAs to change targets during the course of de-
velopment. Two clear examples of editing events within the seed
sequence are miR-381 (novel) and miR-376b. One potential target
for these miRNAs is Pum2, which increases in expression concur-
rent with the increase in miRNA editing throughout development
(Fig. 6B). Pum2 is an important player as a negative regulator of
dendrite outgrowth that has also been suggested to modulate the
activity of RISC in neurons (Schratt 2009).

The edited forms of miR-381 and miR376b are less likely to
target Pum2. Thus, editing could be a way to indirectly regulate the
growth of dendrites during development. We show that both miR-
381 and miR-376b are predominantly, if not exclusively, edited
by ADAR (Figs. 4A, 6A). The long form of ADAR, p150, has been
shown to shuttle between the nucleus and cytoplasm (Patterson
and Samuel 1999). It is therefore possible that these miRNAs are
edited also at the pre-miRNA level directly, at their site of action, in
the dendrites. However, we cannot exclude that other regulatory
determinants are involved in this process. For example, Schratt
and co-workers have shown that down-regulation of Pum2 by
miR-134 is important for activity-dependent dendritogenesis, but
miR-134 had no effect under basal conditions (Fiore et al. 2009).
Although we show that miR-134 is edited in our HTP sequencing
screen at E15, the edited nucleotide should not change its targets.
However, editing at position 18 could interfere with its maturation
and, thereby, regulate miR-134 levels in uninduced neurons. It is
also noteworthy that the edited form of mmu-miR-381 shares the
same seed sequence as mmu-miR-300, although the rest of the se-
quence differs between the two miRNAs. However, similarly to the
case of miR-381, the targets of miR-300 are yet to be determined.

Interestingly, our HTP screen on mature miRNAs combined
with direct Sanger sequencing indicates that editing not only af-
fects miRNA targeting, but it also affects the maturation and pro-
cessing of several miRNAs. These processes are also increasingly
affected during development. For example, in a previous study, it
was shown that editing of miR-151-3p at the —1 and +3 sites leads
to inhibition of DICER1 processing (Kawahara et al. 2007a). In
line with this, our data show no editing of miR-151-3p at the mature
level (Table 3). However, we can verify editing at the pri-level
showing an increased frequency throughout development (Fig.
4C). This result indicates that, due to editing-induced inhibition of
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maturation, there may be more edited miRNAs than those detected
in our analysis of mature miRNAs.

Another miRNA with processing deficiencies is miR-142,
which has been shown to be edited at nine different sites in both
the 5p and the 3p strand of the pri-miRNA in hematopoietic tissue
(Yang et al. 2006). The functional consequence of these editing
events is an inability to be further processed by DROSHA; that is,
editing regulates the maturation from pri-miRNA to pre-miRNA.
The unprocessed edited miRNA is degraded by the ribonuclease
Tudor-SN previously shown to degrade inosine-containing tran-
scripts (Scadden 2005). Direct Sanger sequencing of pri-miR-142
uncovered no editing in mouse brain from embryogenesis to adult-
hood (data not shown). This result may indicate that editing of this
miRNA is tissue-specific.

In the case of both miR-376a* and miR-381, the editing event
leads to a change or prevention of target recognition during de-
velopment. The two genes shown to be targets of miR-376a* are
TTK (target of the non-edited) and PRPS1 (target of the edited)
(Kawahara et al. 2007b). We can show that the expression levels of
these two targets change concurrently and in agreement with the
increased editing, suggesting change of targets of the miRNAs as
the brain matures. However, the apparent effect of editing on TTK,
the former target, is much larger than that on PRPS1, the new target.
In addition to the change of targets, miR-376a* and miR-381 also
seem to be subjected to processing deficiencies. The most likely
explanation of this is that the binding of ADARs to the miRNA not
only leads to the editing event, but it also competes with the pro-
cessing by DROSHA and DICER1, even in cases in which no editing
takes place. We therefore propose that increased ADAR activity
during development most often leads to a down-regulation of the
miRNA with which it is interacting.

Some of the mature miRNAs in our HTP screen that show high
levels of editing at all developmental stages could not be verified by
direct Sanger sequencing on the pri-miRNA level. One explanation
for this is that editing occurs on the pre-miRNA level. An editing
event that occurs on the pre-miRNA level has the potential to be
edited both in the nucleus and in the cytoplasm. Noteworthy,
editing of miR-93 cannot be verified at the pri-mRNA by Sanger
sequencing, although it is confirmed at the mature miRNA level in
all three developmental stages (data not shown). Conversely to
editing at the pri-miRNA level, the efficiency of editing in miR-93 is
decreasing as the brain matures. Unpublished data from our lab-
oratory indicate that both ADAR and ADARBI1 are located in the
cytoplasm during early development, and as development pro-
ceeds, they translocate to the nucleus. If miR-93 gets edited at the
pre-miRNA level in the cytoplasm, a decrease in editing could be
explained by the change in localization of the ADAR enzymes
during development. We cannot, however, exclude that the reason
we do not observe editing at the pri-miRNA level is the limitations
of direct Sanger sequencing.

We here show that RNA editing influences miRNA expression
extensively, not only on the level of expression, but also by redi-
recting targeting. Since this regulation increases as the brain ma-
tures, it suggests that editing of miRNAs is important for brain
development. Furthermore, detecting editing by the ADAR en-
zymes in miRNAs by HTP RNA-seq is powerful, but functional
studies are required to identify downstream effects of the editing
events, i.e., verification of miRNA target loss and the impact it may
have. We here show the power of combining HTP sequencing,
bioinformatics, and specific experimental verifications in order to
shed light on the impact of A-to-I editing on the process of RNA
interference.

Methods

RNA extraction

Total brains from NMRI mice were collected at different develop-
mental stages: E15, E19, PO, P2, P7, and P21. Total brain RNA was
extracted from adult ADARB1~/~ mice. The RNA was isolated using
TRIzol (Invitrogen) according to the manufacturer’s instructions.
Before cDNA synthesis, the RNA was DNase (Fermentas) treated.

Determination of mature miRNA editing sites

For SOLiD high-throughput sequencing, 10 pg of total mouse
brain RNA from three developmental stages—FE15, P2, and P21—was
isolated as described above. Small RNAs (10-40 nt) were purified
form total RNA using flashPAGETM fractionation followed by
adapter hybridization, ligation, reverse transcription, RNase H di-
gest, and library amplification. This was followed by a small RNA
library cleanup and size selection (105-150 bp) by PAGE. Before
sequencing, the DNA was amplified by emulsion PCR. Emulsion
PCR isolates individual DNA molecules along with primer-coated
beads in aqueous droplets within an oil phase. The resulting beads,
each containing only copies of the same DNA molecule, are de-
posited on a glass slide. The template on the selected beads un-
dergoes a 3’ modification to allow covalent attachment to the
slide. Samples were then analyzed on the SOLiD Analyzer. For the
E1S stage, 8,660,775 reads were obtained; for P2, 9,875,846 reads;
and for P21, 14,207,246 reads.

Verification of edited sites in the pri-miRNA sequence

To verify edited sites detected by HTP sequencing, cDNA synthe-
sis was made from 3 ng of total RNA (see above) using random
hexamer deoxyoligonucleotides (Invitrogen) and SuperScript III
reverse transcriptase (Invitrogen) according to the manufacturer’s
instructions. The cDNA was amplified by PCR using specific primers
for each pri-miRNA, Pum2, and actin. Upon request, we can provide
the sequence of the primers. PCR samples were gel-purified using
NucleoSpin Extract II (Macherey-Nagel), and editing of each miRNA
was verified by direct sequencing as a ratio between the A and the G
peaks in the chromatogram (Eurofins MWG Operon). All cDNA
sequences were compared with genomic DNA sequences from the
same individual, and A-to-I editing sites were identified as an A
in the genomic DNA sequence. Biological triplicates were used
for PCR amplification and sequencing of both cDNA and DNA
samples.

Q-PCR

The RNA levels for TTK and PRPS1 were determined by quantita-
tive PCR (Q-PCR) at four different developmental stages—E1S5, P2,
P7, and adult. Real-time PCR amplifications were performed in
a reaction volume of 20 pL on the ABI PRISM 7000 sequencing
detection system (Applied Biosystems). The thermal cycling
started for 2 min at 50°C followed by 10 min at 95°C. This was
followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. Each
sample was analyzed in triplicate and repeated at least once.

Western blot

Mouse brain crude extracts from five different developmental
stages were obtained by homogenizing the brain with 3 volumes of
Lysis-M buffer (Roche) according to the manufacturer’s instructions.
Lysates containing 30 mg of protein and 2X sample buffer (Bio-
Rad) were boiled for 5 min, separated on a 10% polyacrylamide gel,
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and transferred to a polyvinylidine fluoride membrane (Bio-Rad).
Following blocking in 10% nonfat-milk in TBS-Tween, membranes
were incubated with antibodies against PRPS1 (NUVUS) and Actin
(Sigma-Aldrich) as an internal control. A swine anti-rabbit second-
ary antibody coupled to horseradish peroxidase (DakoCytomation)
was used, and the blot was visualized by the ECL-plus Western Blot
Detection Kit (GE Healthcare).

The bioinformatics pipeline

Figure 2 shows a flowchart of the bioinformatics pipeline. For
SOLiD reads, we take advantage of two properties of the reads in
color space in order to obtain nucleotide sequences with very low
error rates. The first property is that a single incorrect color in a color-
space sequence gives rise to many incorrect nucleotides after the
position corresponding to the incorrect color. The second property
is that all reads in color space contain a known adapter sequence
in their 3’ ends. The way we take advantage of these properties is
by removing all reads in which the 3’ end does not translate into
a proper 3' adapter. We also remove the 3’ adapter from each read.
Finally, we remove all reads of length <19 or >24. After translation
to the letter space, this base is removed. This means that each
remaining sequence is correct or originates from a read with at
least two incorrect colors, which is very unlikely. We refer to the
remaining reads as the “translated reads.”

For Illumina reads, we remove the adapter sequence and
barcode. Then we separate reads of length 19-24 nt for further
analysis in the pipeline.

We align each translated SOLiD read and trimmed Illumina
read against the mouse reference genome (Mus musculus NCBI37),
miRBase 17, as well as the entire set of translated reads. To facilitate
a highly sensitive identification of de novo miRNAs among the
translated SOLiD reads and Illumina reads, we apply a simple and
liberal hairpin test. We call the reads that pass the hairpin tests
“HP-reads.” For details of the hairpin test, see the next section,
“Hairpin Test.” The HP-reads are used in the K-safety filter. The
K-safety filter is a method we developed to identify reads that may
be edited versions of a known miRNA, but also can have originated
from another miRNA, known or unknown, through K read errors.
For details, see the section, “The K-Safety Filter.”

Hairpin test

We search for the HP reads by mapping the reads of length 19-24
nt to the mouse genome using SHRiMP (Rumble et al. 2009), and
then we search for any read that matched perfectly to alocus in the
genome for which the reverse complement (with at most three
mismatches) can be located within 100 bp.

The K-safety filter

If an miRBase member has an A:G mismatch to a read, we call the
miRBase member the “source.” We use the K-safety filter to remove
any candidate editing site that may originate from a known miRNA
or an unknown miRNA (a genomic locus with hairpin-making
potential) different from its source. That is, in the K-safety filter, for
each read R with an A:G mismatch to a source, we search for other
known miRNAs or HP-reads with at most K mismatches to the read
R, and if one is found, the read is removed. In Figure 3C, which
illustrates the K-safety filter, the NHP-read R has an A:G mismatch
to a known miRNA, M. Assume that the read H has more than K
mismatches to the read R and that this is the minimum among all
HP-reads, then R passes the K-safety filter. For example, if there are
three mismatches between H and R, then R passes the 2-safety
filter.

The Chiang et al. test

In Chiang et al. (2010), three simple criteria were used to gain
specificity; an miRNA position was considered to be edited if (1)
the relative level of editing was at least 5%; (2) it was supported by
at least 10 reads; and (3) it was not in the two last positions at
the 3’ end of an miRNA.

Data access

Data are archived at the NCBI Sequence Read Archive (SRA) (http://
www.ncbi.nlm.nih.gov/sra) under accession number SRPO08143.
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