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Abstract

Adenosine deaminases acting on RNA (ADARs) are involved in editing of adenosine residues to
inosine in double-stranded RNA (dsRNA). Although this editing recodes and alters functions of
several mammalian genes, its most common targets are noncoding repeat sequences, indicating the
involvement of this editing system in currently unknown functions other than recoding of protein
sequences. Here we show that specific adenosine residues of certain microRNA (miRNA) precursors
are edited by ADAR1 and ADAR?2. Editing of pri-miR-142, the precursor of mMiRNA-142, expressed
in hematopoietic tissues, resulted in suppression of its processing by Drosha. The edited pri-miR-142
was degraded by Tudor-SN, a component of RISC and also a ribonuclease specific to inosine-
containing dsRNAs. Consequently, mature miRNA-142 expression levels increased substantially in
ADAR1 null or ADAR2 null mice. Our results demonstrate a new function of RNA editing in the
control of miRNA biogenesis.

ADARs bind dsRNAs and deaminate adenosine residues to inosine. The resulting A—l
conversions replace A-U Watson-Crick pairs with U wobble pairs in the dSRNAZ1:2. Although
I*U and isosteric GeU wobble base pairs, like Watson-Crick pairs, participate in forming helical
regions in RNA folding, they seem to have unique conformational and biological features3.
Three members of the ADAR gene family (ADAR1-3) have been identified in vertebrates4:
5. In addition, two isoforms of ADARL, an interferon-inducible, cytoplasmic 150-kDa protein
(p150) and a constitutive, nuclear 110-kDa protein (p110) are synthesized by translation
initiation at alternative methionine codons6. Members of the ADAR gene family contain
multiple dsSRNA-binding domains and a separate deaminase domain7~10. Although apparently
functional domain features are conserved in ADARS3, its enzymatic activity has not yet been
demonstrated9.

An inosine residue converted from adenosine in RNA is detected as an A—G change of the
complementary DNA sequence, and the translation machinery reads inosine as guanosine,
leading to alterations of codons. Relatively few editing sites located within the coding
sequences of target genes have been identified by comparing individual cDNA sequences to
their corresponding genomic sequences®. Involvement of both ADAR1 and ADAR?2 in site-
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selective A—1 RNA editing of these sites has been well established1%11, The RNA editing
profoundly alters the functions of target genes such as glutamate receptor subunits and
serotonin receptor 2C (5-HTocR)11714. Studies of in vitro RNA editing using purified
recombinant proteins as well as analysis of in vivo editing-pattern alterations in ADARL null
or ADAR2 null neurons indicate that ADAR1 and ADAR2 have substantial differences in site
selectivity. The editing sites of ADAR1 and ADAR? revealed by in vitro assays accurately
predict their in vivo editing site selectivity. For instance, ADAR2 edits almost exclusively the
‘D’ site of 5-HT,cR precursor messenger RNA (pre-mRNA) both in vitro and in vivo, whereas
ADAR1 selectively edits the ‘A’ and ‘B’ sites1:15:16, The editing site selectivity of different
ADARs indicates a difference in their recognition of substrate RNA, possibly mediated through
the functional interactions of the two monomers of the ADAR1 or ADAR2 homodimerl’.

Many A—I| RNA editing sites have been revealed recently through systematic computational
analysis of human expressed sequence tag and genome databases18720, Notably, almost all
the new sites identified in the human transcriptome (over 10,000 sites mapped in ~2,000
different genes) reside in noncoding introns and 3’ untranslated regions that consist of inversely
oriented repetitive elements®-20. These results implicate A—1 RNA editing and ADARs in
anew function, perhaps one very different from recoding of protein-coding genes, for example
regulating noncoding RNAs and silencing of retrotransposons21.

Numerous small noncoding RNAs, miRNAs involved in RNA-mediated interference (RNAI),
have been identified?2—24. The miRNA precursors are transcribed from invertebrate and
vertebrate genomes as well as certain DNA virus genomes. They are processed sequentially
by two members of the RNase I11 superfamily, Drosha and Dicer, which recognize the foldback
hairpin structure of the miRNA precursors25:26. First, nuclear Drosha together with its
essential partner DGCRS (refs. 27730) cleaves long, primary transcripts (pri-miRNAS),
releasing 60- to 70-nucleotide (nt) intermediates, pre-miRNAs25:26. Recognition of correctly
processed pre-miRNAs and their nuclear export is carried out by exportin-5 and RanGTP31.
Cytoplasmic Dicer, together with a dsSRNA-binding protein, TRBP, then processes the pre-
miRNAs into 20- to 22-nt short interfering RNA (siRNA)-like duplexes32:33. One or both
strands of the duplex may serve as the mature miRNA. After integration into the RNA-induced
silencing complex (RISC), miRNAs block translation of specific mMRNAs containing partially
complementary targets located in the 3’ untranslated regions or guide degradation of target
MRNAS (as do siRNAs)34736. The biological functions of miRNAs are largely unknown,
except for a few examples34736. It has recently been reported that miR-142 regulates
promotion of T lymphoid-lineage cells3’. Similar abundances of both sense (5p) and antisense
(3p) miR-142 are expressed in hematopoietic tissues3’. In the present study, we set out to
investigate the interaction between the A—1 RNA-editing and miRNA-biogenesis pathways.
Both ADARL and ADAR? edit specific adenosine residues of precursors of certain miRNAs
including mouse miR-142. We demonstrate here that A— 1 editing alters the dSRNA structure
of pri-miR-142, inhibits miR-142 processing by Drosha and, consequently, decreases mature
miR-142-5p and miR-142-3p RNA levels. Thus, we reveal, for the first time, a new function
of A—I| RNA editing in the regulation of processing and expression of miRNAs.

Editing of miRNA precursors by ADAR1p110 and ADAR2

We chose eight miRNA precursors: pri-miR-142, pri-miR-181a, pri-miR-181b1, pri-
miR-181b2, pri-miR-223 (expressed mainly in hematopoietic cells), pri-122a. (liver), pri-
miR-1-1 (heart) and pri- miR-143 (spleen, stomach, adipocyte), and determined whether they
could serve as substrates for A—l RNA editing (Fig. 1a). The sequence covering 20-30 nt
upstream and downstream of the pre-miRNA foldback dsSRNA is sufficient to support Drosha
and Dicer processing steps25:26, Therefore, the region surrounding the selected miRNA
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precursor sequence (~200-300 nt) was PCR-amplified using mouse chromosomal DNA and
cloned into Bluescript KS vector. The synthetic pri-miRNAs labeled with 32P ATP were
subjected to an in vitro RNA editing assay using one or a combination of recombinant ADAR
proteins, and the reaction products were analyzed for base modification by thin-layer
chromatography (TLC)’. A substantial fraction of adenosine residues of pri-miR-142, pri—
miR-223, pri-miR-1-1 and pri-miR-143 RNAs were edited to inosines by ADAR1p110 and
ADAR2. For instance, approximately 6.9% or an average of 6 out of 90 adenosine residues
present in the pri-miR-142 RNA were edited. By contrast, no A—I modification of pri—
miR-181a, pri-miR-181b1, pri-miR-181b2 or pri-miR-122a was detected (Fig. 1a).

To identify adenosine residues that underwent editing, the reverse-transcription (RT)-PCR
products of in vitro—edited pri-miRNAs were cloned and analyzed by sequencing individual
cDNA isolates, revealing the specific sites of the pri-miRNAs edited in vitro by different
ADARs. For instance, 11 specific adenosine residues of pri-miR-142 (Fig. 1b) edited
frequently by ADAR1p110, ADAR?2 or both were revealed as A—G changes within cDNA
sequence inserts (Fig. 1c). Only a few DNA sequence alterations were detected among the 76
cDNA clones derived from pri-miR-142 RNAs treated in vitro with ADAR1p150 (Fig. 1c).
The difference between ADAR1p150 and ADAR1p110 in editing pri-miR-142 is, to our
knowledge, the first observed variation in enzymatic activity reported with these two ADAR1
isoforms. Possibly relevant to this, we have recently reported that ADAR1p150 binds siRNAs
almost stoichiometrically and with extremely strong affinity, but without editing38. Similarly,
we found that one specific adenosine residue (position +9) of pri—-miR-143 was frequently
edited by ADAR1p110 (60%) and ADAR2 (80%). ADAR?2 also edited four specific adenosine
residues (positions —35, +11, +14 and +21) of pri-miR-1-1 (up to 30%) and two sites (positions
—37 and +17) of pri-miR-223 (10%) (Fig. 1b). Our findings suggest that A—1 editing of
miRNA precursors by ADAR1p110 and ADAR2 is selective, depending on the dsSRNA
foldback structure of each pri-miRNA.

Editing inhibits processing of pri-miR-142 by Drosha

Certain editing sites are located within the region corresponding to the sequence of mature
miRNAs. For instance, six sites are located within the region corresponding to the mature
miR-142-5p sequence, and three sites are located within the region corresponding to the mature
miR-142-3p (Fig. 1b). If processed to mature miRNAs, the edited miR-142-5p and miR-142-3p
might hybridize with and silence genes different than those targeted by the unedited
miR-142-5p and miR-142-3p. Alternatively, A—1 editing of miRNA precursors may affect
their processing pathways. Editing of 11 adenosine residues identified within the pri-miR-142
sequence replaces A-U or U-A Watson-Crick pairs with I¢U or Uel wobble pairs. Multiple I+U
or Usl pairs reduce the overall stability and change dramatically the dsRNA structure, as
detected by altered migration upon nondenaturing gel electrophoresis?:2.

We investigated the effects of A—1 RNA editing on pri-miR-142 RNA processing first in
HEK?293 cells transfected with miRNA precursor expression plasmids. We examined two pri—
miR-142 RNA expression plasmids: one for synthesis of unedited, wild-type pri-miR-142
RNA (pri-miR142WT) and the other for synthesis of ‘pre-edited’ pri-miR-142 RNA carrying
four guanosine (instead of adenosine) residues at the +4, +5, +40 and +50 sites (pri-miR142ED)
(Fig. 2a). The structural alterations introduced in the pre-edited pri- miR-142 RNAs (four A-
U or U-A pairs replaced with GeU or UG pairs) are anticipated to be equivalent to those of
the edited pri-miR-142 RNAs with four isosteric 1sU or Usl pairs3. In contrast to the efficient
editing of wild-type pri-miR-142 RNAs, essentially no additional A—1 modification occurred
for the pre-edited pri-miR-142 RNA when it was tested for in vitro editing with a combination
of ADAR1p110 and ADAR2 (Fig. 2b).
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The expression levels of pri— and pre-miR-142 RNAs, as well as mature miR-142-5p and
miR-142-3p, present in transfected HEK293 cells were quantitatively monitored by the
dideoxynucleotide-quenched RT primer-extension assay using a set of primers corresponding
to the miR-142-5p sequence and a separate set of primers corresponding to the miR-142-3p
sequence (see Fig. 2c for details of these primers). Control experiments conducted separately
by using in vitro—edited pri-miR-142 RNAs confirmed that the assay is differential and
quantitative: unedited and edited pri-miR-142 RNAs are detected only with a specific,
sequence-matching wild-type or pre-edited primer in proportion to their degree of editing.
Additional experiments were conducted with degenerate primers (Fig. 2c) to monitor the total
miR-142 RNA levels, independent of the editing extent (Supplementary Fig. 1 online).
Accordingly, the two 5p-specific primers 5pWT (wild-type) and 5pED (pre-edited)
distinguished unedited and pre-edited miR-142-5p RNAs synthesized in transfected HEK293
cells (Fig. 2d, lanes 1, 3, 5and 7). Similarly, the two 3p primers, 3pWT and 3pED, distinguished
unedited and pre-edited miR-142-3p RNAs (Fig. 2d, lanes 9, 11, 13 and 15).

Comparing the four different sizes of primer-extended products allowed us to quantitatively
assess the effects of editing on the expression levels of pri— and pre-miR-142 as well as mature
miR-142-5p and miR-142-3p. All primer-extended products were quantitated after normalizing
their band intensities to those separately determined for 5S ribosomal RNA expression levels.
Endogenous Drosha and Dicer present in HEK293 seem to efficiently process unedited
miR-142 precursors. For instance, the primer-extension experiment conducted using the primer
specific to the unedited miR-142-3p sequence (3pWT) generated very few 26-nt extended
products, indicating that no substantial amount of pri— or pre-miR-142 RNAs was present (Fig.
2d, lane 9). Thus, almost all 20-nt 5pWT primer-extended products detected for analysis of
RNAs derived from unedited pri-miR-142 RNA expression plasmid (pri-miR142WT)
represented mature miR-142-5p and not pre-miR-142 (Fig. 2d, lane 1). Notably, expression
levels of processed, mature miR-142-5p and miR-142-3p increased by ~1.5-fold (Fig. 2d, lanes
2 and 10) when expression plasmids driving synthesis of recombinant Drosha and Dicer were
cotransfected (Supplementary Fig. 2 online). Analysis of RNAs derived from pre-edited pri—
miR-142 RNA expression plasmid revealed that essentially no pre-edited mature miR-142-5p
or pre—-miR-142 (20-nt products extended with the 5pED primer) was present (Fig. 2d, lane 7),
nor was pre-edited mature miR-142-3p (22-nt products extended with the 3pED primer; Fig.
2d, lane 15). However, we detected a substantial level of unprocessed pri-miR-142 (25-nt
products extended with the 5pED primer; Fig. 2d, lane 7), indicating inefficient processing of
pre-edited pri-miR-142 RNA (Fig. 2d, lanes 7 and 15) despite the presence of extra
recombinant Drosha and Dicer enzymes (Fig. 2d, lanes 8 and 16). These results indicate that
editing of the four sites examined interferes with the Drosha cleavage step.

Identification of sites inhibitory for Drosha cleavage

Among the four sites investigated in vivo, editing of particular adenosine residues may have
disproportionately marked effects on processing of pri-miR-142 to pre-miR-142 by Drosha.
As the pri- miR-142 RNA pre-edited at a single site was found to be further edited at additional
sites by endogenous ADAR1p110 and ADARZ2, it was not possible to identify the most crucial
editing site that inhibits the processing of pri-miR-142 in transfected HEK293 cells (data not
shown). Therefore, we next examined processing of pre-edited pri-miR-142 RNAs in vitro by
using recombinant Drosha—DGCR8 and Dicer-TRBP miRNA processor complexes as
described in refs. 28:32, As expected, unedited pri-miR-142 RNAs were efficiently cleaved to
shorter pre-miR-142 RNAs (58 nt) by the Drosha—DGCR8 complex and then to mature
miR-142-5p (20 nt) and miR-142-3p (22 nt) by the Dicer-TRBP complex (Fig. 3a, lanes 2, 3,
8 and 9). By contrast, processing of pre-edited pri-miR-142 RNAs (four adenosine residues
substituted by guanosine at positions +4, +5, +40 and +50) to pre—-miR-142 intermediates by
the Drosha—DGCR8 complex was completely blocked (Fig. 3a, lane 5). Consequently,
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production of mature miR-142 RNAs by the Dicer-TRBP complex was not detected either
(Fig. 3a, lane 6). Furthermore, analysis of a separate pre-edited pri-miR-142 RNA revealed
that the editing sites inhibitory for processing of pri— to pre-miR-142 RNAs by the Drosha—
DGCR8 complex are the +4 and +5 sites located in the foldback dsSRNA stem near the Drosha
cleavage site (Fig. 3a, lane 11). By contrast, editing of the +40 site seemed to have no
noteworthy effects on either Drosha or Dicer cleavage (Fig. 3a, lanes 14 and 15).

Finally, we conducted in vitro Drosha—DGCRS8 processing assays with pri-miR-142 RNAs
that had been edited in vitro by ADAR1p110 and ADAR2. These experiments using in vitro—
edited pri-miR-142 RNASs containing inosine residues (not substituted guanosine) clearly
indicated that cleavage of pri-miR-142 to pre-miR-142 by Drosha— DGCRS is progressively
suppressed in proportion to the extent of A— 1 editing (Fig. 3b). The results confirm that Drosha
recognizes both A—G and A—1 changes.

Degradation of edited pri-miR-142 RNAs by Tudor-SN

As expected, miR-142-5p and miR-142-3p expression levels were reduced substantially (Fig.
4a, lanes 4 and 5, and Fig. 4b) when an ADAR1p110 or ADAR2 expression plasmid was
cotransfected (Supplementary Fig. 2), indicating that A— I editing of pri-miR-142 by these
two ADARSs inhibited their processing in transfected HEK293 cells. By contrast, when the pri—
miR-181b1 RNA expression plasmid was transfected into HEK293 cells, no change in the
expression level of miR-181b1 was detected, regardless of the presence or absence of
coexpressed recombinant ADAR1p110 or ADAR?2 proteins (data hot shown). No editing sites
were found in pri-miR-181b1 (Fig. 1a). The presence of extra recombinant ADAR1p150
protein (Supplementary Fig. 2) did not appreciably affect the overall expression levels of
miR-142-5p and miR-142-3p (Fig. 4a, lane 3 and Fig. 4b), consistent with the fact that the
p150 form of ADARL seldom edits pri-miR-142 RNAs in vitro (Fig. 1c).

Precursor RNAs of miR-142 were practically immeasurable by primer-extension assay in
HEK?293 cells cotransfected with either ADAR1p110 or ADAR2 expression plasmid.
Therefore, the RT-PCR products corresponding to unprocessed miR-142 precursor RNAS
present in HEK293 cells were cloned and the DNA sequences of cDNA isolates were examined
(Fig. 4c). Notably, we found that several editing sites were also edited in vivo in HEK293 cells
transfected with the pri-miR142WT plasmid alone, most likely by endogenous ADAR1p110
and ADAR2, at low frequencies (about 109%—20%; Fig. 4c, white bars). Editing of certain sites
was increased by the presence of extra recombinant ADAR proteins; this could be seen, for
example, at the +40 and +50 sites in HEK293 cells transfected with the ADAR2 expression
plasmid (Fig. 4c). In view of the suppressive effects of A— I editing on the processing of pri—
miR-142 and on the expression levels of mature miR-142-5p and miR-142-3p RNAs, however,
we had anticipated detecting a substantial amount of the highly edited pri-miR-142 RNA
sequences in HEK293 transfected with ADAR1p110 or ADAR2 expression plasmid (Fig. 4c).
One possible explanation for their observed scarcity is that such highly edited precursor RNAs
(prohibited from cleavage by Drosha) may be rapidly degraded, perhaps by a ribonuclease
specific to inosine-containing, highly edited dsRNAs (1-dsRNAs)3°. Thus, cDNA sequences
derived from RT-PCR products may over-represent under-edited or unedited pri-miRNAs. In
accordance with this hypothesis, accumulation of pre-edited pri-miR-142 RNAs derived from
the pri-miR142ED plasmid was noted (Fig. 2d, lanes 7 and 15), probably because these pre-
edited precursor RNAs contain guanosine residues in place of inosine and thus are not subject
to the ribonuclease specific to I-dsRNAs. Detection of edited pri-miR-142 RNAs may depend
on the overall balance of efficiency of the miRNA-processing machinery and degradation of
the edited precursors by the ribonuclease specific to I-dsRNAs.

Notably, Tudor-SN (TSN), a member of the staphylococcal nuclease gene family and a known
component of RISC0, has recently been identified as either the ribonuclease specific to |-
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dsRNA itself or an activator of the ribonuclease4l. The ribonuclease activity has been tested
so far only with synthetic, inter- and intramolecular dSRNA substrates containing Uel and IsU
pairs in a specific sequence context39-41. No naturally occurring intramolecular duplexes
containing multiple Uel and l+U pairs such as the edited pri-miR-142 RNA have been tested
previously. Therefore, we ectopically expressed Flag epitope—tagged TSN proteins in HeLa
cells and purified recombinant TSN proteins on anti-Flag affinity columns, which were then
subjected to the ribonuclease assay for pri-miR-142 RNAs (Fig. 5a). The in vitro—edited pri—
miR-142 RNAs became progressively sensitive to the TSN endonucleolytic cleavage in
proportion to the number of A—I modifications (Fig. 5a, lanes 8-12), whereas the unedited
pri-miR-142 RNA (Fig. 5a, lane 4) and the pre-edited pri-miR-142 RNA with four GeU and
UeG pairs remained resistant (Fig. 5a, lane 2). A specific competitive inhibitor of
staphylococcal nucleases, 2'-deoxythimidine 3',5’-bisphosphate (pdTp), inhibits the activities
of TSN and the 1-dsRNA—specific ribonuclease*?+41. Cleavage of highly edited pri-miR-142
RNAs by TSN was completely blocked in the presence of pdTp (Fig. 5a, lane 7). Notably, it
has been reported that the recombinant TSN protein ectopically expressed in yeast requires
supplementation of Xenopus laevis oocyte extracts for the 1-dsSRNA-specific ribonuclease
activity4L. When purified to a single band (Supplementary Fig. 3 online), our mammalian TSN
preparation cleaved the edited pri-miR-142 RNAs, which indicates that TSN alone is
responsible for the 1-dsSRNA-specific ribonuclease activity. However, we cannot completely
rule out the possibility that other less abundant proteins (cofactors) were copurified with our
mammalian TSN preparation.

We then tested our hypothesis that inhibition of the TSN activity by pdTp might increase the
probability of detecting edited pri-miR-142 RNAs in vivo in transfected HEK293 cells. We
examined the pri-miR-142 sequences of cDNA clones derived from RNAs extracted from
HEK?293 cells that had been transfected with pri-miR142WT plasmid in the presence of pdTp
inhibitor or 2'-deoxythimidine 3'-monophosphate (dTp) control4C. As anticipated, editing of
several sites including the +4, +5, +40 and +50 sites dramatically increased in HEK293 cells
treated with pdTp for 24 h (Fig. 5b). Together, our results support the hypothesis that the steady-
state levels of edited pri-miRNAs are indeed affected by TSN. In addition, our results indicate
that A— | editing of pri-miR-142 RNAs is a more widespread phenomenon than is predicted
by the measured ratio of edited to unedited miRNA precursor cDNA sequences (see below).

Increased endogenous miR-142 levels in ADAR null mice

A major effect of A— 1 editing of pri-miR-142 seems to be suppression of pri—to pre-miR-142
processing by Drosha and, consequently, decreased expression of mature miR-142 RNAs.
Accordingly, one may predict a substantial increase in the expression levels of miR-142-5p
and miR-142-3p in the absence of ADARSs. Therefore, we examined RNA samples extracted
from spleens and thymuses of ADAR1 null mice (ADAR119X/flox-cD19-Cre*) and ADAR2
null mice#2. The B-lineage cell-specific ADAR1 null mutant mouse line, ADAR1flo¥/flox-cp19-
Cre™, has been established recently in our laboratory. Endogenous miR-142-5p expression is
substantially higher in the spleen of ADAR1 null mice (2.5-fold) and ADAR2 null mice (3.3-
fold) and in the thymus of ADAR2 null mice (3.0-fold) compared to those of the wild-type
control mice (Fig. 6a,b). We expected ADARL1 to be inactivated only in B-lineage cells of
ADAR1flox/flox-cD19-Cre* mice, and the thymus mainly contains T lymphocytes. Therefore,
the reason for a slightly higher expression level (1.4-fold) of miR-142-5p detected also in the
thymus of ADAR11oX/flox:cD19-Cre* mice is currently unknown. We found identical results
for miR-142-3p expression levels (data not shown). The changes detected in the endogenous
miR-142-5p and miR-142-3p expression levels did not, however, result from a general effect
on the level of every miRNA in ADAR null mice. For instance, we found no appreciable
difference in the expression levels of miR-181b1 (B-lineage cell-promoting miRNAS) in
ADAR1 null and ADAR2 null spleens (data not shown) and a liver-specific miR-122a. in the
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RNA samples prepared from livers of ADAR1Mox/flox: Alp-Cre* (liver-specific ADAR1 null)
16 and ADAR2 null mice (Fig. 6b). We found no editing sites in pri-miR-181b1 and pri—
miR-122a RNAs (Fig. 1a). Analysis of cDNA clones derived from RT-PCR products
corresponding to the pri-miR-142 RNAs revealed that, indeed, endogenous pri-miR-142
RNAs are edited at several sites in spleens of wild-type mice, although at low levels. This low-
frequency editing was detected in spleens of even ADAR2 null mice but not of ADAR1 null
mice (Fig. 6¢). The steady-state abundances of edited endogenous pri-miR-142 RNAs are
therefore certainly detectable but low, perhaps owing to their rapid degradation by TSN. Our
results suggest that endogenous pri-miR-142 is also subject to A—I| RNA editing by
ADAR1p110, ADAR?2 or both and that editing suppresses pri-miR-142 processing to mature
miR-142-5p and miR-142-3p.

DISCUSSION

In this study, we demonstrated that select miRNA precursors (four among eight randomly
chosen) are edited by ADAR1p110 and ADAR2. Thus, A—l editing may occur for many
miRNA precursors. In accordance with this proposition, editing of pri-miR-22 at very low
levels but in many tissues has been reported recently*3. However, the potential effects of editing
on processing and expression of miRNA have never been investigated previously43. We found
that A— | editing of pri-miR-142 results in a substantial reduction in mature miR-142-5p and
miR-142-3p levels in transfected HEK293 cells. Furthermore, levels of endogenous
miR-142-5p and miR-142-3p are substantially lower in wild-type mouse spleens than those in
ADAR17~ and ADAR2~/~ spleens. Results of an in vitro miRNA processing assay identified
the most crucial step affected by editing: processing of pri— to pre-miR-142 RNA by the
Drosha—DGCR8 complex. Finally, we demonstrated that highly edited pri-miR-142 RNAs are
degraded by TSN in vitro and in vivo. These results clearly indicate that A—1 editing inhibits
pri-miR-142 processing.

Modulation of miRNA biogenesis by RNA editing

Processing of primary miRNA transcripts by Drosha is a crucial step for generation of final
mature miRNAs22:44, Previous studies using mutant miRNA precursors have indicated that
Drosha may measure the junction of the terminal loop and the adjacent stem and then cleave
approximately two helical turns into the stem?26. The integrity of the precursor RNA stem seems
to be essential for processing2>:44. By contrast, the Drosha digestion step is less sensitive to
alteration of the underlying sequence of the stem structure or terminal loop??:26:44, A—| editing
of pri-miR-142 at eleven sites replaces an A-U or U-A Watson-Crick pair with a less stable
I*U or Uel wobble pair, leading to substantial changes in the stem structure and stability. An
invitro miRNA processing assay with three pre-edited pri-miR-142 RNAs containing isosteric
GeU or UG pairs in place of IsU or Uel pairs revealed that editing at the +4 and +5 sites
completely blocks the Drosha cleavage step, whereas editing at the +40 site (near the terminal
loop) has no inhibitory effect on the Drosha or the Dicer cleavage step. However, sequence
analysis of individual cDNA clones derived from pri-miR-142 edited in vitro or in vivo
suggests that editing usually occurs at multiple sites, such as +4, +5 and +40 simultaneously.
Therefore, most edited pri-miR-142 RNAs are likely to be blocked for processing by Drosha.

Finally, pri-miR-142 RNAs edited at multiple sites are degraded efficiently in vitro by TSN,
a component of RISC and a recently identified ribonuclease specific to inosine-containing
dsRNAs*L. The results of in vivo experiments using a TSN inhibitor also indicate that TSN
indeed degrades a substantial fraction of highly edited pri-miR-142 not promptly processed
by Drosha. According to this hypothesis, however, highly edited pri-miR-142 RNAs, not
having been processed by Drosha, must be exported to the cytoplasm, where TSN is
localized39:41. Only properly processed pre-miR RNAs are exported efficiently to the
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cytoplasm by the RanG TP—exportin-5—-dependent mechanism31. However, nuclear export of
miRNA precursors longer than properly processed pre-miR RNAs (exportin-5—independent
and perhaps nonspecific) has also been reported3L. Because of the rapid degradation of highly
edited pri-miR RNA molecules by TSN, such nonspecific export might have been unnoticed
in previous studies.

Alternatively, A— 1 editing of miRNA precursors at a limited number of sites (for example,
the +40 site of pri-miR-142) may have little effect on cleavage by Drosha and also may not
trigger degradation by TSN. This would result in the processing and expression of mature
miRNAs with edited sequences. Although we did not find the edited version of miR-142 in
the mMiRNA Registry45, miR-142 RNAs with A—| edited sequences may not have been
registered because they did not match any region of the genome. It has been reported that many
miRNA-like molecules could not be assigned to a specific genomic sequence22:23. It may be
worthwhile to re-examine certain miRNA-like molecules, identified through cloning but not
assigned to a specific genomic sequence owing to few A—G mismatches, as ‘edited’ miRNAs.
Notably, a recently reported viral mMiRNA, KSHV-miR-K12-10, with a single adenosine
residue substituted by guanosine (miR-K12-10b) is frequently detected among cDNA isolates
identified by the small-RNA cloning method. This indicates that editing of this particular site
does not, in fact, inhibit pri-miR-K12-10 RNA processing, but leads to expression of mature
miRNA with the edited sequence24.

Together, the structural changes of certain miRNA precursors caused by editing of multiple
sites are significant for their interactions with the miRNA-processing machinery. Such changes
inhibit processing, whereas editing of other miRNA precursors at few select sites may be
tolerated. If editing sites are located in the mature miRNA sequence, as in the case of KSHV-
miR-K12-10b, the edited miRNAs could be expressed and possibly target genes different from
those silenced by the unedited miRNAs. In particular, the latter possibility should be considered
when designing an miRNA expression vector aimed at silencing a specific target gene, as
unexpected editing of the miRNA precursor RNA derived from the expression vector could
silence unintended, wrong-target genes.

Ectopic expression of miR-142-5p in cultured hematopoietic progenitor cells from mouse bone
marrow leads to a substantial increase (~40%) in the T lymphoid-lineage cells3”. Accordingly,
we expected that the number of T lymphoid-lineage cells might also be increased in the spleen
of ADAR1flox/flox-cH19-Cre* mice and in the spleen and thymus of ADAR2 null mice.
However, we found no appreciable change in the T lymphoid lineage in these ADAR-mutant
mice compared to wild-type control mice (Q.W. and K.N., unpublished data). The steady-state
level of ectopic miR-142-5p achieved with the retroviral vector system used in the previous
in vitro studies might be substantially higher than that resulting from ablation of ADARL or
ADAR2. Alternatively, the increase of miR-142 may somehow be compensated to
counterbalance the otherwise increased T lymphoid- lineage cells by a separate mechanism
during development of ADAR null mutant mice.

Interaction of RNA editing and RNAIi pathways

Double-stranded RNA-binding proteins, in general, have no apparent sequence specificity.
Therefore, it has been speculated that ADARs may intersect with other cellular mechanisms,
such as RNAI, that also act on dsRNA by competing for shared substrate dsSRNAs*6:47,
Caenorhabditis elegans strains containing homozygous deletions of both the c.e.ADARL and
c.e.ADAR2 genes show defective chemotaxis*®. The phenotypic alteration of the mutant
worms, however, can be reverted in RNAi-defective strains of C. elegans, indicating the
dependence of ADAR null worm phenotypes on RNAI#’. In addition, the cytoplasmic full-
length isoform of ADAR1p150 sequesters siRNA and thereby limits the potency of SiRNA in
mammalian cells38. In the present studies, we have demonstrated the involvement of the A—l|
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RNA editing system in the control of the miRNA biogenesis pathway and the expression levels
of mature miRNAs. Finally, TSN, a known component of RISC, has now been identified as a
ribonuclease that specifically cleaves dSRNAs containing leU and Uel pairs, such as edited
pri-miR-142. These findings all point to frequent interactions between the A—l editing
mechanism and the RNAi mechanism as well as to a potential role for ADARSs in regulating
the RNAI pathway.

Inactivation of ADARL1 leads to an embryonic-lethal phenotype caused by deficiency in
hematopoiesis and widespread apoptosis15+16. It seems that the editing of an unknown target
dsRNA(s) protects developing embryos from massive apoptosis, which underlies the
embryonic-lethal and apoptosis-prone phenotype of ADARL null mutant embryos. It is
tempting to hypothesize that the phenotype of ADAR1 null mutant embryos may be due to the
absence of interaction between A—1 RNA editing and RNAi pathways during, for example,
the biogenesis of particular miRNAs.

Plasmid pBSmiR142 contains a 258-base-pair (bp) fragment of mouse chromosomal DNA
encompassing the region that is transcribed to miR-142 precursor RNAs. The DNA fragment
was PCR-amplified using mouse genomic DNA and PCR primers 142S1 and 142A1, and was
cloned into pBluescript KS vector (Stratagene). Primer sequences were as follows: 142S1, 5'-
CGGGATCCGAAGTTACACGGAGGGGAGGGGG-3'; 142A1, 5'-CGGAATTC
GGCGTGTGAGAGATGCTCACCTGT-3'. Plasmids pCMV-pri-miR142WT and pCMV-
pri-miR142ED contain a DNA fragment corresponding to the pri-miR-142 RNA (unedited
and pre-edited at the +4, +5, +40 and +50 sites, respectively) cloned into pSilencer4.1-
CMVpuro vector (Ambion).

In vitro RNA editing assay

The in vitro editing reaction mixture, containing 20 fmol of pri-miR-142 RNA prepared by in
vitro transcription and 20 ng of Flag-tagged ADAR1p150, ADAR1p110 or ADAR?2 protein,
was incubated at 30 °C for 1 h as described previously#°.

Processing of pri-miR-142 RNAs in HEK293 cells

A transfection mixture included the following: pCMV-pri-miR142WT or pCMV-pri-
miR142ED (1 pg); pCMV-F-ADAR1p150, pCMV-F-ADAR1p110 or pCMV-F-ADAR?2 (1
1g); pPCMV-F-Drosha (1 pg) and/or pPCMV-F-Dicer (1 ug); or vector-only control pPRC/CMV
(total DNA adjusted to 5 pg). The mixture was electroporated into HEK293 cells using
Nucleofector (Amaxa Biosystems). The transient transfection efficiency was comparable
between separate experiments (70% to 90%). The transfected HEK293 cells were harvested
36 h after electroporation for extraction of total RNA or protein.

Preparation of recombinant TSN proteins

A full-length human TSN cDNA-expressed sequence-tag clone (IMAGE 3345037) was used
to construct a mammalian, Flag epitope—tagged TSN expression plasmid in
p3XFLAGCMV-10 vector (Sigma). The resultant pPCMV-3F-TSN plasmid was used to
transform HeLa cells, which resulted in the establishment of a cell line overexpressing Flag-
TSN proteins. TSN recombinant proteins were purified on an anti-Flag M2 affinity column as
described previously®.
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Effects of pdTp on edited pri-miR-142 RNA levels

Synthesis of pdTp was carried out using 10 mM dTp (Sigma), 10 mM ATP and 1 unit of T4
polynucleotide kinase (Roche) as described previously*?. HEK293 cells transfected with
pCMV-pri-miR142WTwere pretreated with 0.005% (v/v) digitonin (Sigma) for 6 h. After
removing digitonin and replacing with fresh medium, pdTp or control dTp was added to 1 mM
and the cells were cultured further for 24 h.

Preparation of ADAR1flox/flox:cpD19-Cre* mice

Establishment of ADAR1o¥flox mice homozygous for ADAR1-2LoxP allele, was described
previously1®. Intercrossing ADAR1OX/flox mice with CD19-Cre mice®0 resulted in B-lineage
cell-specific ablation of ADARL. All protocols adhered to the Institutional Animal Care and
Use Committee of The Wistar Institute and were performed in accordance with the US National
Institutes of Health Guidelines.

Dideoxyoligonucleotide/primer extension assay

Approximately 10 fmol of 32P-labeled extension primer was mixed with 10 pg of RNA derived
from transfected HEK293 cells or 1 pg of mouse tissue RNA, heated to 70 °C for 10 min and
annealed at 60 °C for 1 h. For analysis of miR-142-5p RNA expression levels, the primer-
annealed RNA was extended with Superscript (Invitrogen) in the presence of 250 uM
dideoxyATP at 60 °C for 1 h. For analysis of miR-142-3p and miR-1220. expression levels,
the extension reaction was carried out in the presence of dideoxyTTP. For analysis of 5S rRNA
expression levels (normalization control), the extension reaction was performed in the presence
of dideoxyGTP. Primers EX-122a (5-CAAACACCATTGTCACACT-3') and EX-5SR (5'-
GCGGTCTCCCATCCAAGTACTAACC-3') were used for the primer-extension assay to
monitor miR-122a and 5S rRNA levels. All primer-extended DNA products were fractionated
on a 15% (w/v) poly-acrylamide, 8 Murea gel. The ratio of the miRNA (miR-142-5p,
miR-142-3p or miR-122a) to 5S rRNA expression levels was estimated by quantifying the
radioactivity of the primer-extended product with a Phosphorimaging System (Molecular
Dynamics).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A—1 RNA editing of pri-miR RNAs by ADAR. (a) TLC analysis of pri-miRNAs edited in
vitro by a mixture of recombinant ADAR1p110 and ADAR?2 proteins (rADAR1p110 and
rADAR2, 20 ng each). (b) A—I editing sites of four pri-miRNAs. Red, edited adenosine
residues (numbered by position with the 5’ end of the mature miRNA sequence counted as +1);
green, the region to be processed into the mature miRNA; arrows in pri-miR-142 hairpin
structure, cleavage sites for Drosha and Dicer. (c) A quantitative summary of the editing
patterns revealed by sequencing of RT-PCR cDNA clones corresponding to pri-miR-142
RNAs edited in vitro by rADAR1p150, rADAR1p110 or rADAR?2. Editing frequency is
represented as a percentage (number of independent cDNA clones representing the edited pri—
miR-142 sequence at that site divided by the total number of cDNA clones examined).
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Figure 2.

Analysis of pri-miR-142 processing in HEK293 cells. (a) Schematic of two pri-miR-142 RNA
expression plasmids, one for wild-type, unedited (pri-miR142WT) and the other for pre-edited
precursor RNA with A—G substitutions at the +4, +5, +40 and +50 positions (pri-miR142ED).
(b) TLC analysis of unedited and pre-edited pri-miR-142 RNAs subjected to in vitro editing
by a mixture of rADAR1p110 and rADAR2 proteins (20 ng each). (c) Primers used for
differential primer-extension assay are shown, together with primer-extended DNA products
of different sizes corresponding to pri—, pre—and mature miR-142 RNAs. A set of three primers
complementary to the miR-142-5p sequence, 5pWT (wild-type and unedited), 5pED (pre-
edited) and 5pDG (degenerate), were used to monitor the Drosha cleavage step and to quantitate
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simultaneously the expression levels of pri- and pre-miR-142 and mature miR-142-5p. The
25-nt products represent unprocessed pri-miR-142, whereas the 20-nt primer-extended
products represent the pre-miR-142, mature miR-142-5p or both. The primer extension of both
pre-miR-142 and mature miR-142-5p RNAs terminates at the same site generated by Drosha
cleavage. The primer extension of pri- miR-142 extends five nucleotides upstream of the
Drosha cleavage site in the presence of dideoxyATP. A separate set of three primers
complementary to the miR-142-3p sequence, 3pWT, 3pED and 3pDG, were used to monitor
the Dicer cleavage step and to quantitate simultaneously the expression levels of pri— and pre—
miR-142 and mature miR-142-3p. The 26-nt products represent pri— and/or pre-miR-142,
whereas the 22-nt primer-extended products represent mature miR-142-3p. The primer
extension of both pri— and pre-miR-142 RNAs terminates at the same location in the presence
of dideoxyTTP. The primer extension of mature miR-142-3p RNA terminates at the site
generated by Dicer cleavage. Degenerate primers (5pDG and 3pDG) were used to monitor the
total miR-142 RNAs (unedited and edited). Coloring is as in Figure 1b. The uracil and
adenosine residues where the extension reaction is terminated by dideoxyATP and
dideoxyTTP, respectively, are highlighted (filled box). Y in the DG primers denotes a random
mix of T and C. (d) Analysis of pri—and pre-miR-142 and mature miR-142-5p and miR-142-3p
RNAs processed in transfected HEK293 cells. Minor bands of primer-extended products with
unexpected sizes (lanes 1 and 2 (22 nt) and lanes 9 and 10 (24 nt)) were also detected. At this
time, we do not know how they are generated.
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Figure 3.

In vitro processing of pri-miR-142 RNAs by miRNA processor complexes. (a) Processing of
pre-edited miR-142 precursor RNAs. Unedited pri-miR-142 RNAs as well as three pre-edited
pri-miR-142 RNAs containing guanosine residues substituted for adenosine at the +4, +5, +40
and/or +50 sites were subjected to the Drosha cleavage reaction using the Drosha—DGCR
complex and, in some experiments, then to the Dicer cleavage reaction using the Dicer—-TRBP
complex, as described previously28:32. Stability and structural changes introduced in pre-
edited pri-miR-142 RNAs by G+U or U+G pairs are equivalent to those of isosteric U or Usl
pairs. The total length of the pri-miR-142 RNA pre-edited only at the +40 site (203 nt) is
shorter than that of the unedited and the two pre-edited RNAs (341 nt). The band positions of
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the pre-miR-142 RNA correctly cleaved by Drosha (58 nt) and mature miR-142 RNAs
generated by Drosha (20 or 22 nt) are indicated. Nonspecific RNase activity of Drosha
described previously?® is probably responsible for generation of other RNA products (~35 nt
and longer). M, indicates a lane containing molecular size markers. (b) Processing of pri—
miR-142 RNAs that had been edited in vitro to different extents (0%, 2.9% or 7.1% A—l
modifications); gel is labeled as in a.
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+40 +50 +55 +62
Editing site of pri-miR-142 RNA

Suppression of pri-miR-142 processing in HEK293 cells transfected with ADAR expression
plasmids. (a) Inhibitory effects of ADAR1p110 and ADAR2 on processing of pri-miR-142 in
HEK?293 cells. Primer-extension assays monitoring for expression levels of miR-142-5p (upper
gel) and miR-142-3p (lower gel) as in Figure 2d are shown. (b) Histograms representing data
like that in a from three independent experiments. The relative miR-142-5p and miR-142-3p

levels in HEK293 cells cotransfected with the ADAR1p150, ADAR1p110 or ADAR2

expression plasmid were compared statistically by individual unpaired Student’s t-tests to those

in HEK?293 cells transfected only with pri-miR142WT plasmid. Significant differences are

indicated as follows: one asterisk, P < 0.01; two asterisks, P < 0.001. Error bars, s.e.m. (c) A
quantitative summary (as in Figure 1c) of the editing pattern revealed by sequencing of cDNA
clones corresponding to pri-miR-142 RNAs edited in transfected HEK293 cells. White bars

represent the results of experiments conducted with HEK 293 cells transfected solely with

wild-type pri-miR-142 RNA expression plasmid.
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Degradation of highly edited pri-miR-142 RNAs by TSN. (a) In vitro assay for degradation
of pri-miR-142 RNAs using purified TSN recombinant proteins. pri-miR-142 RNA edited to
different extents (0%, 0.5%, 1.4%, 3.0% or 6.9% A—I| modification) or pre-edited (four
adenosine residues replaced by guanosine at the +4, +5, +40 and +50 sites) was subjected in
vitro to endonucleolytic cleavage by TSN in the presence or absence of the inhibitor pdTp*L.
(b) Accumulation of highly edited pri-miR-142 RNAs in vivo in transfected HEK293 cells
(quantitated as in Figure 1c) in the presence of the pdTp inhibitor.
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Figure 6.

Increased expression levels of miR-142 RNAs in spleen and thymus of ADAR null mice. (a)
The wild-type sequence primer 5pWT was used for quantitation of mature miR-142-5p RNA
expression levels as in Figure 2d. Identical results were obtained with a separate extension
assay done by using the degenerate sequence primer 5pDG (data not shown). (b) The level of
the mature miR-142-5p in wild-type and ADAR null mice. Results from three independent
experiments are shown. The increase in the relative miR-142-5p levels in comparison to wild-
type mouse tissue was examined statistically by individual unpaired Student’s t-tests.
Significant differences are indicated as follows: one asterisk, P < 0.01; two asterisks, P <0.001.
Error bars, s.e.m. (c) The editing pattern (quantitated as in Figure 1c) revealed by sequencing
of cDNA clones corresponding to the endogenous pri-miR-142 RNAs edited in vivo in spleens
of wild-type, ADAR1 null and ADAR2 null mice.
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