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MicroRNAs (miRNAs) are small regulatory RNAs that derive from distinctive hairpin transcripts. To learn
more about the miRNAs of mammals, we sequenced 60 million small RNAs from mouse brain, ovary, testes,
embryonic stem cells, three embryonic stages, and whole newborns. Analysis of these sequences confirmed 398
annotated miRNA genes and identified 108 novel miRNA genes. More than 150 previously annotated miRNAs
and hundreds of candidates failed to yield sequenced RNAs with miRNA-like features. Ectopically expressing
these previously proposed miRNA hairpins also did not yield small RNAs, whereas ectopically expressing the
confirmed and newly identified hairpins usually did yield small RNAs with the classical miRNA features,
including dependence on the Drosha endonuclease for processing. These experiments, which suggest that previous
estimates of conserved mammalian miRNAs were inflated, provide a substantially revised list of confidently
identified murine miRNAs from which to infer the general features of mammalian miRNAs. Our analyses also
revealed new aspects of miRNA biogenesis and modification, including tissue-specific strand preferences,
sequential Dicer cleavage of a metazoan precursor miRNA (pre-miRNA), consequential 5’ heterogeneity, newly
identified instances of miRNA editing, and evidence for widespread pre-miRNA uridylation reminiscent of

miRNA regulation by Lin28.
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MicroRNAs (miRNAs) are endogenous ~22-nucleotide
(nt) RNAs that post-transcriptionally regulate gene ex-
pression (Bartel 2004). miRNAs mature through three
intermediates: a primary miRNA transcript (pri-miRNA),
aprecursor miRNA (pre-miRNA), and a miRNA:miRNA*
duplex. RNA Polymerase II transcribes the pri-miRNA,
which contains one or more segments that each fold into
an imperfect hairpin. For canonical metazoan miRNAs,
the RNase III enzyme Drosha together with its partner,
the RNA-binding protein DGCRS, recognize the hairpin,
and Drosha cleaves both strands ~11 base pairs (bp) from
the base of the stem (Han et al. 2006). The cut leaves a
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5’ phosphate and 2-nt 3’ overhang (Lee et al. 2003). The
liberated pre-miRNA hairpin is then exported to the
cytoplasm by Exportin-5 (Yi et al. 2003; Lund et al.
2004). There, the RNase III enzyme Dicer cleaves off
the loop of the pre-miRNA, ~22 nt from the Drosha cut
(Lee et al. 2003), again leaving a 5’ monophosphate and
2-nt 3’ overhang. The resulting miRNA:miRNA* duplex,
comprised of ~22-nt strands from each arm of the original
hairpin, then associates with an Argonaute protein such
that the miRNA strand is usually the one that becomes
stably incorporated, while the miRNA* strand dissoci-
ates and is degraded.

In addition to canonical miRNAs, some miRNAs ma-
ture through pathways that bypass Drosha/DGCRS recog-
nition and cleavage. Members of the mirtron subclass of
pre-miRNAs are excised as intron lariats from the pri-
miRNA by the spliceosome and, following debranching,
fold into Dicer substrates (Okamura et al. 2007; Ruby et al.
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2007a). For some mirtrons, known as tailed mirtrons,
a longer intron is excised such that only one end of the
pre-miRNA is generated by the spliceosome, whereas the
other end of the pre-miRNA matures through the Drosha-
independent trimming of a 5’ or 3’ tail (Ruby et al. 2007a;
Babiarz et al. 2008). Members of another subclass of pre-
miRNAs, called endogenous shRNAs, are suitable Dicer
substrates without preprocessing by either Drosha or the
spliceosome (Babiarz et al. 2008). Other small silencing
RNAs are generated from the sequential processing of long
hairpins or long bimolecular duplexes. These small RNAs
are classified as endogenous siRNAs rather than miRNAs
because they derive from extended duplexes that produce
many different small RNA species, whereas miRNAs
derive from distinctive hairpins that produce one or two
dominant species (Bartel 2004).

The first indication of the abundance of miRNA genes
came from sequencing small RNAs from mammals, flies,
and worms (Lagos-Quintana et al. 2001; Lau et al. 2001;
Lee and Ambros 2001). Hundreds of mammalian miRNAs
have been identified by Sanger sequencing of cloned
small RNA-derived cDNAs (Lagos-Quintana et al. 2001,
2002, 2003; Houbaviy et al. 2003; Berezikov et al. 2006b;
Landgraf et al. 2007). Some miRNAs, however, are ex-
pressed only in a limited number of cells or through a lim-
ited portion of development, and their rarity makes them
difficult to detect. Computational methods have been used
to identify mammalian miRNAs initially missed by se-
quencing, and some of these predicted miRNAs have been
evaluated experimentally—e.g., by rapid amplification of
cDNA ends (RACE) (Lim et al. 2003; Xie et al. 2005),
hybridization to RNA blots (Berezikov et al. 2005), micro-
arrays (Bentwich et al. 2005), and RNA-primed array-based
Klenow extension (RAKE) (Berezikov et al. 2006b). Each of
these experimental methods, however, can yield false
positives. Indeed, recent work in invertebrates and plants
(Rajagopalan et al. 2006; Ruby et al. 2006, 2007b) has
shown that the fraction of erroneously annotated miRNAs
can be quite high, depending on the quality of the initial
computational predictions. Even when miRNA genes
are predicted correctly, the resolution of the prediction is
often insufficient to confidently determine the precise
5’ end of the mature miRNA. Because miRNAs repress tar-
get mRNAs by pairing to the seed sequence, which is de-
fined relative to the position of the miRNA 5’ end, single-
nucleotide resolution of 5’-end annotations is required for
useful downstream analysis of their physiological con-
sequences (Bartel 2009).

Another approach for finding miRNAs and other small
RNAs missed in the early discovery efforts is high-
throughput sequencing (Lu et al. 2005). In mammals,
high-throughput sequencing methods that have contrib-
uted to miRNA discovery efforts have included massively
parallel signature sequencing (MPSS) (Mineno et al. 2006),
miRNA serial analysis of gene expression (miRAGE)
(Cummins et al. 2006), 454 pyrosequencing (Berezikov
et al. 2006a, 2007; Calabrese et al. 2007), and Illumina
sequencing (Babiarz et al. 2008; Kuchenbauer et al. 2008).

Here we use the Illumina sequencing-by-synthesis plat-
form (Seo et al. 2004) for miRNA discovery in mice.

Mammalian microRNAs

Analyses of these reads, combined with experimental
evaluation of newly identified miRNAs as well as pre-
vious annotations, led us to substantially revise the set
of confidently identified murine miRNAs, thereby pro-
viding a more accurate picture of the general features of
mammalian miRNAs and their abundance in the ge-
nome. In addition, our results revealed new aspects of
miRNA biogenesis and modification, including tissue-
specific strand preferences, sequential Dicer cleavage of a
metazoan pre-miRNA, cases of consequential 5’ hetero-
geneity, newly identified instances of miRNA editing,
and widespread pre-miRNA uridylation reminiscent of
Lin28-like miRNA regulation.

Results

We sequenced small-RNA libraries from three mouse
tissues—brain, ovary, and testes—as well as embryonic
day 7.5 (E7.5), E9.5, E12.5, and newborn. Combining these
data with data collected similarly from mouse embryonic
stem (ES) cells (Babiarz et al. 2008) yielded 28.7 million
reads between 16 nt and 27 nt in length that perfectly
matched the mouse genome assembly (Supplemental
Table 1). Of these reads, 79.3% mapped to miRNA
hairpins, and 7.1% mapped to other annotated noncoding
RNA genes (Supplemental Table 2). Because the sequenc-
ing protocol was selective for RNAs with 5’ monophos-
phate and 3’ hydroxyl groups, this dominance of miRNA
species was expected (Lau et al. 2001).

miRNA gene discovery

As when analyzing high-throughput data from inverte-
brates (Ruby et al. 2006, 2007b; Grimson et al. 2008), we
identified miRNA genes in mice by applying the follow-
ing criteria: (1) expression of the candidate miRNA, with
a relatively uniform 5’ terminus; (2) pairing characteris-
tics of the predicted hairpin; (3) absence of annotation
suggesting non-miRNA biogenesis; (4) absence of proxi-
mal reads suggesting that the candidate is a degradation
intermediate; and (5) presence of reads corresponding to
a miRNA* species with potential to pair to the miRNA
candidate with ~2-nt 3’ overhangs. Using a low-strin-
gency genomic search strategy that considered the first
four criteria, 736 miRNA candidates were identified from
the total data set of mouse reads. Manual inspection of
these candidates, focusing on all five criteria, narrowed
the list to 465 canonical miRNA genes, 377 of which were
already annotated in miRBase version 14.0 (Griffiths-
Jones 2004) and 88 of which were novel (Fig. 1A; Supple-
mental Fig. S1; Supplemental Table 3). We also found 14
mirtrons (including 10 tailed mirtrons), four of which
were already annotated, and 16 endogenous shRNAs, six
of which were annotated previously (Fig. 1B). When added
to the 88 novel canonical miRNA genes, the newly
identified mirtons and shRNAs raised the total number
of novel genes to 108.

Of these 108 genes, 36 appeared to be close paralogs of
previously annotated miRNA genes (most of which were
paralogs of mir-466, mir-467, or mir-669), producing
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miRNA reads that were identical to the previously
annotated miRNAs, creating ambiguity as to which loci
contributed to the sequenced reads. Most of these close
paralogs (35 of 36), as well as 14 other novel loci, were
clustered with annotated miRNAs. The 72 novel genes
with reads distinguishable from those of previously iden-
tified genes were expressed at a lower level than the pre-
viously annotated genes (median read counts 27 and 8206,
respectively), and, compared with previously annotated
miRNAs, a higher fraction of these novel miRNAs were
located within introns of annotated RefSeq (Pruitt et al.
2005) mRNAs (47% and 26%, respectively).

Experimental evaluation of unconfirmed miRNAs

Of 564 miRBase-annotated miRNA genes (including four
confirmed mirtons and six confirmed shRNAs) that map
to mm8 genome assembly, 157 annotated miRNAs did
not pass the filters for miRNA candidates (Fig. 1A,B;
Supplemental Fig. S1; Supplemental Table 4). Of these
157, 26 mapped to annotated rRNA and tRNA loci, 52
had no reads mapping to them, and another 72 had some
reads but in numbers deemed insufficient for confident
annotation. The remaining seven either had reads with
very heterogeneous 5’ ends, which suggested nonspecific
degradation of a non-pri-miRNA transcript (mir-464, mir-
1937a, and mir-1937b); had many reads that mapped well
into the loop of the putative hairpin, which were incon-
sistent with Dicer processing (mir-451, mir-469, and mir-
805); or did not give a predicted fold with the requisite
pairing involving the candidate and predicted miRNA*
(mir-484) (Supplemental Fig. S2). For five of these seven,
we have no reason to suspect that they might be authen-
tic miRNA genes. Among the remaining two, mir-484
might be regarded as a miRNA candidate because manual
refolding was able to generate a hairpin with the requisite
pairing, but, even so, this candidate lacked reads for the
predicted miRNA*. miR-451 is a noncanonical miRNA
generated from an unusual hairpin without production
of a miRNA:miRNA* duplex (S Cheloufi and G Hannon,
pers comm.). We do not suspect that any other annotated
miRNA genes failed to pass our filters for the same reason
as mir-451.

An additional 20 annotated miRNA hairpins were in
our set of candidates but failed the manual inspection
because they lacked predicted miRNA* reads even after
allowing for alternate hairpin structures. Hundreds of
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Figure 1. Mouse miRNAs and candidates initially iden-
tified by high-throughput sequencing. (A) Overlap be-
tween previously annotated miRNA hairpins (miRBase

current study, and the subset of these candidates that met
our criteria for classification as confidently identified
canonical miRNAs (red). Additional considerations in-
creased the number of confidently identified canonical
miRNAs to 475. (B) Overlap between previously anno-

shRNAs supported by our study, colored as in A.

candidates from other miRNA discovery efforts (Xie et al.
2005; Berezikov et al. 2006b) also failed to pass the filters,
usually because no reads mapped to them.

One of the annotated miRNA genes missing from our
data sets was mir-220, which had been predicted compu-
tationally using MiRscan as a miRNA gene candidate
conserved in humans, mice, and fish, and was supported
experimentally using RACE analysis of zebrafish small
RNAs (Lim et al. 2003). In contrast, the other 37 miRNAs
newly annotated by Lim et al. (2003) were among our
confirmed miRNAs. The absence of mir-220 in our data
sets might have reflected either very low expression in the
sequenced samples or inaccuracy of its annotation. Simi-
larly, mir-207, annotated in a contemporaneous study that
cloned novel miRNAs from mouse tissues, was missing
from our data set, but another 27 miRNAs annotated from
that study were confirmed (Lagos-Quintana et al. 2003).

To evaluate whether the missing annotated miRNAs and
candidates represented authentic miRNAs, we developed
a moderate-throughput assay to examine if their respective
hairpins could be processed as miRNAs in cultured cells
(Fig. 2A). If these putative miRNAs were missing from our
data sets because they were not expressed in the sequenced
tissues or stages, we reasoned that they would probably be
detected in cells ectopically expressing their respective
hairpins, because most authentic miRNAs are processed
correctly from heterologous transcripts that include the
full hairpin flanked by ~100 nt of genomic sequence on
each side of the hairpin (Chen et al. 2004; Voorhoeve et al.
2006). Alternatively, if these putative miRNNAs were miss-
ing because they were not authentic miRNAs and therefore
lacked the features needed for Drosha and Dicer processing,
they would not be sequenced from cells ectopically ex-
pressing their hairpins. To evaluate many hairpins simul-
taneously, we transfected pools of hairpin-expressing con-
structs into HEK293T cells and isolated small RNAs for
high-throughput sequencing.

The performance of 26 positive controls, chosen from
canonical human/mouse miRNAs confirmed by our se-
quencing from mice, illustrated the value of the assay. For
all but one of these controls, miRNA and miRNA* reads
were more abundant in the cells ectopically expressing the
hairpin than in the cells without the hairpin constructs
(Fig. 2B-D; Supplemental Figs. S3, S4). For example, both
hsa-miR-193b and mmu-miR-137 (from humans and mice,
respectively) were >10 fold overexpressed (Fig. 2B). The
positive controls included genes of tissue-specific miRNAs,
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Figure 2. Experimental evaluation of annotated miRNAs and previously proposed candidates. (A) Schematic of the expression vector
transfected into HEK293T cells. (B) Examples of the standard ectopic expression assay, transfecting plasmids indicated in the key. Reads
from the control transfection (no hairpin plasmid) were from endogenous expression in HEK293T cells. (C) Assay results for annotated
human miRNAs and published candidates. Bars are colored as in B; asterisks indicate detectable overexpression (=1 read from both the
anticipated miRNA and miRNA*, with miRNA and miRNA* combined expressed more than threefold over endogenous levels). (D)
Assay results for unconfirmed annotated mouse miRNAs and published candidates. Mouse controls were selected from miRNAs that
were sequenced from our mouse samples. Bars are colored as in B; detectable overexpression is indicated (asterisks). Shown are the

results compiled from two experiments (Supplemental Figs. S3, S4).

including mir-122 (liver), mir-133 (muscle), mir-223 (neu-
trophil), and several neuron-specific miRNAs, with the idea
that hairpins of tissue-specific miRNAs might require
tissue-specific factors for their processing, and therefore
might be sensitive to the potential absence of such factors
in HEK293T cells. Differences were observed, ranging from
~100 to 10,000 reads above the control transfection (Fig.
2C, hsa-mir-214 and hsa-mir-9-1, respectively), consistent
with the idea that factors absent in HEK293T cells might

play a role in processing of some miRNAs. Alternatively,
some miRNA hairpins might be processed less efficiently in
all cell types, perhaps because our vectors might not present
the hairpins in an optimal context for processing. Perhaps
hsa-mir-192, the control gene that did not overexpress in
our assay, lacked crucial processing determinants needed in
all cells. In either scenario, the very high sensitivity of high-
throughput sequencing enabled miRNAs to be observed
from most of the less efficiently processed hairpins.
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From the 52 annotated mouse miRNAs that our study
did not sequence, 17 miRNAs, including mir-220 and mir-
207, were tested in the ectopic expression assay. One, mir-
698, generated a single read corresponding to the anno-
tated miRNA, and the rest failed to generate any reads
representing the annotated miRNA (Fig. 2D). From the 72
annotated miRNAs that we could not identify due to in-
sufficient number of reads, 28 were tested, and only four
of these were found to be overexpressed (Fig. 2D). The
difficulty in overexpressing a canonical control miRNA
(hsa-miR-192) illustrates that our ectopic expression assay
cannot be used to prove conclusively that a particular
hairpin does not represent an authentic miRNA gene.
However, the inability to overexpress each of the 17
unsequenced miRNAs, as well as most of the 28 insuffi-
ciently sequenced miRNAs, strongly indicated that, over-
all, these annotations have been faulty, and that our failure
to detect previously annotated miRNAs in mouse samples
was not merely due to inadequate sequencing coverage.

We also tested 10 of the 20 annotated miRNA genes
that we identified as candidates but did not confidently
classify as miRNA genes because the predicted miRNA*
species was not sequenced. Four of seven genes without
a miRNA* read and one of three genes with substantially
offset miRNA* reads produced the predicted miRNA*
species in our ectopic expression assay (Fig. 2D). mir-184
and mir-489, both of which tested positive in this assay,
are conserved. mir-184 is conserved throughout mam-
mals, and mir-489 is conserved to chicken, although the
miRNA seed, which is highly conserved in mammals and
chickens, differs in mice and rats. Thus, these two genes,
as well as mir-875, which is a broadly conserved gene with-
out a miRNA* read, were added to our set of confidently
identified miRNA genes. Also added were mir-290, mir-
291a, mir-291b, mir-292, mir-293, mir-294, and mir-295,
which were missing in the genome assembly (mm8) used
in our analysis because they fall in the region of the genome
that is difficult to assemble. Including these 10 genes, plus
mir-451, brings the total number of confidently identified
miRNA genes to 506, which includes 475 canonical genes.

Our sets of confirmed and novel murine miRNAs also
provided the opportunity to evaluate results of more
recent computational efforts to find miRNAs conserved
among mammals. One set of studies predicted miRNAs
based on phylogenetic conservation, and then tested these
and additional murine-specific hairpins using RAKE and
cloning (Berezikov et al. 2005, 2006b). Among the 322
candidates supported by these experiments, 11 were in
our sets of miRNAs (two in our confirmed set, and nine in
our novel set), and another nine did not satisfy our an-
notation criteria but had at least one read consistent with
the predictions. Another study started with MiRscan pre-
dictions conserved in four mammals, and filtered these
predictions for potential seed pairing to conserved motifs
in 3’ untranslated regions (UTRs) (Xie et al. 2005). Of
their 144 final candidates, 45 were paralogs of miRNAs
already published at the time of prediction. Of the
remaining 99 candidates, 27 were in our sets of miRNAs
(26 in our confirmed set and one in our novel set), and one
did not satisfy our annotation criteria but had three reads
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consistent with the miRNA* of the predicted miRNA.
However, only four of the 27 confirmed miRNA genes
(4% of the 99 novel predictions) gave rise to the mature
miRNA with the predicted seed, suggesting that filtering
MiRscan predictions for potential seed pairing provided
little, if any, added benefit. This conclusion concurs
with a recent analysis of miRNA targeting: miRNAs that
are not conserved beyond mammals do not have enough
preferentially conserved sites to place these sites as
among the most conserved UTR motifs (Friedman et al.
2009). Therefore, it stands to reason that preferentially
conserved UTR motifs would provide little value for
predicting such miRNAs.

To investigate whether the computational candidates
might have been missed because of low expression in
tissues and stages from which we sequenced, we included
representatives from each study in our ectopic expression
assay. We randomly selected 12 Xie et al. (2005) candi-
dates and eight Berezikov et al. (2006b) candidates that our
study did not sequence, as well as four human candidates
from the Berezikov et al. (2005) set whose mouse ortho-
logs were not sequenced. None generated reads represent-
ing the candidate miRNAs (Fig. 2C,D). Taken together,
our results raise new questions regarding the authenticity
of these candidates, and suggest that previous extrapola-
tion from these candidates, which had suggested that
mammals have a surprisingly high number of conserved
miRNA genes (as many as 1000) (Berezikov et al. 2005),
should be revised accordingly.

Experimental evaluation of novel miRNAs
and new candidates

We also used the ectopic expression assay to evaluate
novel miRNAs identified from our sequencing. Of the 25
evaluated hairpins, 18 (72%) generated a significant num-
ber of miRNA-like reads in HEK293T cells, indicating
that most, although perhaps not all, of our 108 novel
annotations represented authentic miRNAs (Fig. 3; Sup-
plemental Figs. S5, S6). These 25 hairpins were selected
arbitrarily for evaluation, except for a preference for rare
miRNAs; i.e., those that had <10 mature miRNA reads.
The rare miRNAs and the higher-abundance miRNAs
performed similarly (five of seven and 11 of 14 positives,
respectively).

To evaluate Drosha and Dicer dependence of the over-
expressed hairpins, the experiment was repeated with and
without a plasmid encoding a dominant-negative allele of
either Drosha or Dicer (Fig. 3A; Han et al. 2009). All but two
canonical miRNA controls and most of the novel canonical
miRNAs (16 of 17) responded to TNdrosha coexpression
(Fig. 3B; Supplemental Fig. S7). Fewer responded to
TNdicer, suggesting that this construct was less disruptive
of normal miRNA processing (Supplemental Fig. S7).

The tested hairpins included several noncanonical
miRNA precursors. The level of mmu-miR-1224, an an-
notated mirtronic miRNA (Berezikov et al. 2007), in-
creased in the presence of TNdrosha, as expected if this
pre-miRNA had more access to Exportin-5 and Dicer
when the canonical pre-miRNAs were reduced (Grimm



et al. 2006). Although mmu-miR-1839, an annotated
shRNA (Babiarz et al. 2008), did not overexpress, mmu-
miR-344e and mmu-miR-344f, novel shRNAs, did over-
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express from our vector, and, as expected for shRNAs,
their biogenesis was Drosha-independent (Fig. 3B; Sup-
plemental Figs. S5-S7). Repeating the ectopic expression
assay in Dicer knockout and control cells confirmed that
mmu-miR-344e biogenesis was Dicer-dependent (data
not shown).

We also evaluated our candidates that had not satisfied
our criteria for confident annotation as miRNAs, usually
because they lacked reads representing the predicted
miRNA*. We tested three sets of these candidates. One
set represented our candidates that lacked predicted
miRNA* reads, yet, based on small RNA sequencing re-
sults from wild-type and mutant ES cells (Babiarz et al.
2008), appeared DGCRS8- and Dicer-dependent. Another
set represented candidates that appeared conserved in
syntenic regions of other mammalian genomes, and the
third set was selected at random from among the remain-
ing candidates. All but one of the 28 tested candidates
failed to generate miRNA-like reads, and the processing
of the candidate that did generate miRNA-like reads in
HEK293T cells was not dependent on Dicer, based on its
presence in Dicer knockout ES cells (Babiarz et al. 2008).

The results evaluating the novel miRNAs and candi-
dates illustrated the importance of requiring a convincing
miRNA* read as a criterion for confident miRNA anno-
tation. Five previously annotated miRNAs that were
initially rejected due to lack of a convincing miRNA*
read had tested positive in our overexpression assay (Fig.
2D), which indicated that this criterion was too stringent
for some of the previously annotated genes. However, the
results for the newly identified miRNAs and candidates
showed that the presence of a convincing miRNA* read
was the primary criterion that distinguished the novel
canonical miRNAs (most of which tested positive) from
the remaining candidates (nearly all of which tested
negative). By requiring a convincing miRNA* read in ad-
dition to the other four annotation criteria, our approach
accurately distinguished miRNA reads from the millions
of other small RNA reads generated by high-throughput
sequencing, with relatively few false positives among the
novel annotations and few false negatives among the
rejected candidates.

miRNA expression profiles

To compare expression levels of each miRNA in different
sequenced samples, we constructed relative miRNA
expression profiles (Fig. 4; Supplemental Table 5), and to
compare the relative expression of various miRNAs with

Figure 3. Experimental evaluation of novel miRNAs and
candidates. (A) Examples of assays evaluating Drosha depen-
dence, transfecting plasmids indicated in the key. (B) Assay
results for control miRNAs, novel miRNAs, and miRNA
candidates. Bars are colored as in A; detectable overexpression
(black asterisks), overexpression attempted but not detected
(black minus sign), detectable Drosha dependence (orange as-
terisks), and Drosha dependence assayed but not detected
(orange minus sign) are all indicated. Shown are the results
compiled from three experiments (Supplemental Figs. S5-S7).
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Figure 4. miRNA relative expression profiles. Profiles of mature miRNAs were constructed as described (Ruby et al. 2007b). The
relative contribution of each miRNA from each sample and the sum of the normalized reads of all samples are provided (Supplemental

Table 5).

each other, we generated a table of overall miRNA
abundance (Supplemental Table 5). Most miRNAs had
substantially stronger expression in some tissues or
stages than in others, in agreement with previous obser-
vations (Wienholds et al. 2005). We expect that strong
tissue- or stage-specific expression preferences inferred
from our limited sample set will be revised as more
tissues and stages are surveyed.

General features of mammalian miRNAs

Our analyses of high-throughput sequencing data and
subsequent experimental evaluation reshaped the set of
known murine miRNAs, setting aside 173 questionable
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annotations and adding 108 novel miRNA genes to bring
the total number of confidently identified murine genes
to 506. A majority (60%) of the 506 genes appeared con-
served in other mammals (Supplemental Fig. S1; Supple-
mental Table 6). However, only 15 of the 108 novel
miRNA genes were conserved in other mammals, sug-
gesting that the number of nonconserved miRNA genes
will soon surpass that of conserved ones as high-through-
put sequencing is applied more deeply and more broadly.

Five novel miRNAs (mir-3065, mir-3071, mir-3074-1, mir-
3074-2, and mir-3111) mapped to the antisense strand of
previously annotated miRNAs (mir-338, mir-136, mir-24-1,
mir-24-2, and mir-374, respectively), which, when added to
the previously identified mir-1-2/mir-1-2-as pair, brings



the total number of sense/antisense miRNA pairs to six. In
addition, the mir-486 hairpin has a palindromic sequence,
which resulted in the same reads mapping to both the
sense (mir-486) and antisense (mir-3107) hairpins. Analysis
of the antisense loci of all 498 miRNA genes identified six
additional loci that gave rise to some antisense reads
resembling miRNAs (antisense loci of mir-21, mir-126,
mir-150, mir-337, mir-434, and mir-3073). As more high-
throughput data is acquired, these as well as other anti-
sense loci are likely to be annotated as miRNA genes.
However, <0.00002 of our miRNA reads corresponded to
miRNAs from antisense loci (excluding the reads mapping
ambiguously to mir-486/mir-3107), raising the possibility
that none of the murine antisense miRNAs have a function
comparable with that of miR-iab-as in flies (Bender 2008;
Stark et al. 2008; Tyler et al. 2008).

Our substantially revised set of miRNA genes provided
the opportunity to speak to the general features of 475
canonical miRNAs in mice, with the properties of the 295
conserved genes applying also to the conserved genes of
humans and other mammals (Table 1). Most canonical
miRNA genes (61 %) were clustered in the genome, falling
within 50 kb of another miRNA gene, on the same
genomic strand. Even when excluding the four known
megaclusters (Calabrese et al. 2007), which are on chro-
mosomes 2, 12 (two clusters), and X (with 69, 35, 16, and
18 genes, respectively), a sizable fraction of the remaining
genes (153 of 337) were in clusters of two to seven genes.
As observed in humans (Baskerville and Bartel 2005),
miRNAs from these loci within 50 kb of each other
tended to have correlated expression, consistent with
their processing from polycistronic pri-miRNA tran-
scripts (Supplemental Fig. S8). In a scenario of one
transcript per cluster, the 475 canonical miRNA genes
would derive from 245 transcription units. In addition,
many miRNA hairpins mapped to introns. Just over a
third (38%) of the hairpins fell within introns of anno-
tated mRNAs. Several lines of evidence—including coex-
pression correlations, chromatin marks, and directed
experiments—indicate that miRNAs can be processed
from introns (Baskerville and Bartel 2005; Kim and Kim
2007; Marson et al. 2008). In this scenario, as many as 107

Table 1. Properties of canonical miRNAs

Total Conserved Nonconserved

Hairpins 475 295 180
Cluster analysis
In clusters 291 163 128
In small clusters 153 129 24
In large clusters 138 34 104
Not in clusters 184 132 52
Intron overlap
In introns (same strand) 180 77 103
Opposite introns 22 18 4
Not in introns 273 200 73
Arm preferences
With miRNA from 5’ arm 202 137 65
With miRNA from 3’ arm 141 102 39
With miRNAs from
both arms 132 56 76

Mammalian microRNAs

(44%) of the 245 transcription units could double as pre-
mRNAs. Other hairpins were found within transcripts
that lacked other annotated functions, falling either
within introns or exons, or in transcripts without evi-
dence of splicing.

miRNA hairpins are generally thought to each give
rise to a single dominant mature guide RNA. This was
usually the case for the murine miRNAs, although, as in
other species, this result relied on grouping together as
a single functional species all the isoforms that share the
same 5’ terminus. This grouping is justified based on the
current understanding of miRNA target recognition, which
stipulates that heterogeneity often observed at miRNA 3’
termini should have no effect on miRNA target recogni-
tion (Bartel 2009). Most mature miRNA reads (97%) were
20-24 nt in length, with 20mer, 21mer, 22mer, 23mer, and
24mer comprising 5%, 19%, 47%, 21%, and 4% of the
reads, respectively (Supplemental Fig. S9). Although a
single dominant mature species appears to be the most
frequent outcome of miRNA biogenesis, some miRNA
hairpins give rise to two or more species that each could
function to target different sets of mRNAs. This expanded
targeting potential arises from multiple mechanisms, in-
cluding utilization of both strands of the miRNA:miRNA*
duplex with similar frequency, 5’ heterogeneity, sequential
Dicer cleavage, and RNA editing. Addition of untemplated
nucleotides to the 3’ termini of the miRNAs can also
occur, and although not thought to change targeting
specificity, these changes could indicate post-transcrip-
tional regulation of miRNA stability. Occurrence of each
of these phenomena is described below.

miRNAs from both arms, with occasional
tissue-specific differences in the preferred arm

Most canonical miRNA genes produced one dominant
mature miRNA species, from either the 5’ or 3’ arm of the
pre-miRNA hairpin, with an overall tendency to derive
from the 5’ arm (Table 1), as reported for previously an-
notated human miRNAs (Hu et al. 2009). Some, however,
yielded a similar number of reads from both arms, sug-
gesting that the two species enter the silencing complex
with similar frequencies. For these genes, mature species
from the 5’ and 3’ arms were annotated using the -5p and
-3p suffixes, as is conventional in such cases (Griffiths-
Jones 2004). Discrimination favoring one arm over the
other was less pronounced for both the nonconserved
miRNAs and the less highly expressed miRNAs (Fig. 5A),
although for the miRNAs with very few reads this trend
was likely enhanced by our requirement for a miRNA*
read. Overall, the discrimination was high, with the
species from the less dominant arm comprising 4.1% of
the reads that map to a miRNA or miRNA*. For the 10
most abundant miRNAs (sampling just the most abundant
member in cases of repetitive miRNAs), discrimination
was even higher, with the less dominant arm comprising
only 1.3% of the reads. Nevertheless, the miRNA* species
of these more highly expressed miRNAs were sequenced
at a median frequency 13-fold greater than that of the
median nonconserved miRNA, suggesting that a search for
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biological function for these miRNA* species might be at
least as fruitful as that for the poorly expressed non-
conserved miRNAs.

If the mature miRNA accumulated preferentially from
one arm of the pre-miRNA hairpin, the preferred arm
generally remained consistent across the various libraries.
For a few miRNAs, however, the preferred arms switched
between samples (Fig. 5B), as reported previously using
PCR-based miRNA quantification (Ro et al. 2007). For
example, miR-142-5p was sequenced more frequently in
ovary, testes, and brain, and miR-142-3p was sequenced
more frequently in embryonic and newborn samples.
These results imply a developmental switch in targeting
preferences. A similar arm-switching phenomena has been
reported for a sponge miRNA (Grimson et al. 2008), and
was observed for 20 other nonrepetitive mouse miRNA
genes (Fig. 5B).
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Sequential Dicer cleavage of a mirtron hairpin

In plants, a few pri-miRNA hairpins with long, continu-
ous RNA duplexes are cleaved sequentially by Dicer
to generate two adjacent miRNA:miRNA* duplexes
(Kurihara and Watanabe 2004; Rajagopalan et al. 2006).
Those precursors bear little resemblance to the shorter,
imperfectly base-paired hairpins of metazoan miRNA
genes. In mice, similar precursors are found in the form
of hairpin siRNA (hp-siRNA) precursors, but their ex-
pression appears to be limited to germline tissues and
totipotent ES cells, which lack a robust interferon re-
sponse to intracellular dsSRNA (Babiarz et al. 2008; Tam
et al. 2008; Watanabe et al. 2008). However, we detected
two miRNA:miRNA* duplexes deriving from the mmu-
mir-3102 pre-miRNA hairpin, an apparent mirtron as
evidenced by reads mapping to both boundaries of an



intron (Fig. 5C; Supplemental Table 3). After splicing and
debranching, the excised intron was predicted to fold into
a 104-nt pre-miRNA hairpin—substantially longer than
the average pre-miRNA length of 61 nt (calculated from
the set of confirmed miRNAs). Reads from this locus
suggested that Dicer cleaved this pre-miRNA twice, with
the first cut generating the outer miRNA:miRNA* du-
plex and the second cut generating the inner miRNA:
miRNA* duplex (Fig. 5C). The inner miRNA (miR-
3102.2-3p) was among a set of proposed miRNA candi-
dates (Berezikov et al. 2006b), but the most frequently
sequenced species from this hairpin was the outer
miRNA (miR-3102.1) (Fig. 5C). Of the 16 genomes exam-
ined, the extended mir-3102 hairpin with both the inner
and outer miRNAs appeared conserved only in rats,
although the orthologous loci in cows, dogs, and humans
also could fold into shorter hairpins, with miR-3102.1
potentially conserved in cows.

We suspect that it is more than a coincidence that the
single metazoan example of a sequentially diced miRNA
is initially processed by the spliceosome rather than by
Drosha. One way to explain this observation is that
DGCR8/Drosha interacts directly with the loop of pri-
miRNA stem-loops when recognizing its substrates
(Zeng et al. 2005), and that the lack of sequentially diced
Drosha-dependent miRNA hairpins in animals reflects
the limited reach of this complex.

5' Heterogeneity

Most conserved miRNAs had very precise 5’ processing,
with alternative 5’ isoforms comprising only 8% of all
miRNA reads (Fig. 6A,B). These results, analogous to
those observed in worms and flies (Ruby et al. 2006,
2007D), are consistent with the idea that selective pres-
sure to avoid off-targeting acts to optimize precision of
the cleavage event that produces the 5’ terminus of the
dominant species so as to prevent a consequential num-
ber of molecules with seed sequences in the wrong reg-
ister. Moreover, 5’ termini of conserved miRNAs were
more precise than those of miRNA* reads (4% and 12%
offset reads, respectively, excluding those that produce
comparable numbers of small RNAs from each arm). For
cases in which Dicer produced the 5’ terminus of the
miRNA, the Dicer cut appeared somewhat more precise
than the Drosha cut (5% offset reads for miRNAs on the
3’ arm, compared with 7% offset reads for miRNA* on
the 5’ arm), hinting that features of the pre-miRNA struc-
ture may supplement the distance from the Drosha cut as
determinants of Dicer cleavage specificity (Ruby et al.
2006, 2007b).

A few miRNAs had less uniform 5’ termini (Fig. 6A,B).
For some miRNAs, 5’ heterogeneity has been documented
previously (Ruby et al. 2007b; Stark et al. 2007; Azuma-
Mukai et al. 2008; Wu et al. 2009), the most prominent
example being hsa-miR-124, a conserved neuronal miRNA
for which the 5’-shifted isoform was initially annotated as
the miRNA and eventually replaced by the more prom-
inent isoform following more extensive sequencing (Lagos-
Quintana et al. 2002; Landgraf et al. 2007). Another pro-

Mammalian microRNAs

minent miRNA with unusually diverse 5’ termini was
miR-133a. This conserved miRNA, which is highly
expressed in heart and muscle, had a second dominant
isoform (miR-133a.2) that was shifted 1 nt downstream
from the annotated miRNA (miR-133a.1) (Fig. 6C; Supple-
mental Table 3). To test whether this heterogeneity might
be explained by differential processing of the two mir-133a
paralogous hairpins, as observed for the two Drosophila
mir-2 hairpins (Ruby et al. 2007b), we tested the two mir-
133a hairpins in our ectopic expression assay. Although
mir-133a-1 was somewhat more prone to produce the miR-
133a.2 isoform, both hairpins produced a substantial
amount of both isoforms (Fig. 6C).

To investigate the functional consequences of miRNA
5" heterogeneity, we examined published array data
showing the responses of mRNAs after deleting either
mir-223, a miRNA with substantial heterogeneity, or mir-
155, a miRNA with little heterogeneity. miR-223 is
highly expressed in neutrophils, and analysis of small
RNA sequences from isolated neutrophils (Back et al.
2008) was consistent with our sequencing results (Sup-
plemental Table 3)in showing 5" heterogeneity, with 81 %
of the reads mapping to the 5’ end of the major isoform
miRNA and 12% mapping to the 5’ end of a second
isoform that was shifted by 1 nt in the 3’ direction (Fig.
6D). As expected, mRNAs with canonical 7-8mer sites
(Bartel 2009) matching the seed of the major isoform were
significantly derepressed in the mir-223 deletion mutant
(P < 107'?, Kolmogorov-Smirnov [K-S] test, compared
with no site distribution). mRNAs with canonical sites
matching the minor isoform also showed a significant
tendency to be derepressed, albeit to a lesser degree (P =
0.0022 x 1077, 0.013 X 1077, and 1.7 X 1077, for 8mer,
7mer-m8, and 7-8mers combined, respectively) (Fig. 6D).
This result could not be attributed to the overlap between
sites matching the major and minor isoforms because all
mRNAs with a 6mer seed match to the major isoform
(ACUGAC) were excluded, and additional analyses ruled
out participation of the “shifted 6mer” match (Friedman
et al. 2009) to the major isoform (AACUGA) (Supplemental
Fig. S10A). Analogous analysis of miR-155 yielded strong
evidence for function of the major isoform (Rodriguez et al.
2007) but no sign of function for the minor isoform, which
comprised very few (1%) of our miR-155 reads (Fig. 6F;
Supplemental Table 3).

Taken together, our results show that some miRNAs
have alternative 5' miRNA isoforms that are expressed at
levels sufficient to direct the repression of a distinct set of
endogenous targets and thereby broaden the regulatory
impact of the miRNA genes. Therefore, we suggest that,
rather than choosing one isoform over the other for
annotation as the authentic miRNA, more of these al-
ternative isoforms should be annotated, with the expec-
tation that, for some highly expressed miRNAs, more
than one 5’ isoform contributes to miRNA function.

RNA editing

RNA editing in which adenosine is deaminated and
thereby converted to inosine (I) has been reported for
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Figure 6. miRNAs with 5’ heterogeneity. (A) The distribution of conserved (red) and nonconserved (blue) miRNAs with reads =5 nt
offset at their 5’ terminus. (B) The fraction of offset reads and abundance of reads for each miRNA hairpin, colored as in A. The dashed
lines indicate the median level of reads for conserved (red) and nonconserved (blue) miRNAs. (C) 5" Heterogeneity of miR-133a. Data
from mouse heart (Rao et al. 2009) and newborn are mapped to the mir-133a-1 hairpin (top), and data from the ectopic expression assay
are mapped to the indicated transfected hairpin (bottom). The lines indicate miR-133a.1 (dark blue) and miR-133a.2 (light blue), and red
nucleotides indicate those that differ between mir-133a-1 and mir-133a-2. (D) Effect of losing miR-223 on messages with 3’ UTR sites
for miR-223 major and minor isoforms. (Top) Small RNA sequencing data from mouse neutrophils (Baek et al. 2008) were mapped to the
mir-223 hairpin as in C. For each set of messages with the indicated 3’ UTR site for miR-233 (major isoform sites, bottom left; minor
isoform sites, bottom right), the fraction that changed at least to the degree indicated following loss of miR-223 is plotted, using data
published for neutrophils differentiated in vivo (Baek et al. 2008). (E) Effect of losing miR-155 on messages with 3’ UTR sites for miR-
155 major and minor isoforms, plotted as in D using published data from T cells (Rodriguez et al. 2007). (Top) Sequencing data from our
study are mapped to the mir-155 hairpin as in C. The mRNAs with 8mer and 7mer-Al sites for the minor isoform were excluded from

the analysis because these sites overlapped with 7mer-m8 sites for the major isoform.
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some miRNA precursors (Blow et al. 2006; Landgraf et al.
2007; Kawahara et al. 2008). Because I pairs with C, such
edits could change miRNA target recognition. Reasoning
that the mammalian adenosine deaminases (ADARS) re-
sponsible for A-to-I editing are expressed primarily in the
brain, we searched for sequencing reads from the brain that
did not match the genome and had as their closest match
a mature miRNA or miRNA*. After filtering for mis-
matches occurring >2 nt from the 3’ end, a step taken to
avoid considering instances of untemplated 3’-terminal
addition, only 4% of the reads had single mismatches to
the genome (Supplemental Fig. S11A). Moreover, the
fraction of sequences with A-to-G changes (indicative of
A-to-I editing) was only 0.61%, a fraction resembling that
of other mismatches (Supplemental Fig. S11A). This
fraction was also similar to that of the A-to-G changes in
our synthetic internal standards used for preparing the
sequencing libraries. These results indicate that mature
edited miRNAs are very rare and difficult to distinguish
above the background level of sequencing errors. The low
frequency of editing in mature miRNAs was consistent
with the findings that edited processed miRNAs are more
than fourfold less common in mice relative to humans
(Landgraf et al. 2007), and are less common than edited
miRNA precursors (Kawahara et al. 2008). The latter ob-
servation might be due to rapid degradation or impaired
processing, which has been shown for miR-142 (Yang et al.
2006) and miR-151 (Kawahara et al. 2007a).

Although editing did not appear to be a widespread
phenomenon among all mature miRNAs, editing at
specific sites might still be important for a few individual
miRNAs. To investigate this possibility, mismatch frac-
tions were calculated as the fraction of reads bearing
a particular mismatch over all reads covering that genomic
position. For each library, a change was considered signif-
icant if the fraction exceeded 5% and at least 10 reads con-
tained the mismatch. Additional filters designed to re-
move sequencing errors, alignment artifacts, and instances
of untemplated nucleotide addition preferentially retained
A-to-G changes while removing nearly all other events
(Supplemental Fig. S11B). Sixteen A-to-G events passed the
filters and subsequent manual examination, all of which
occurred only in the brain library (Table 2). Five of these
inferred editing sites were also observed in a low-through-
put sequencing effort in human brain samples (Kawahara
et al. 2008), indicating that editing of some miRNAs is
conserved between mammals. Consistent with that study,
eight of 16 editing sites occurred in a UAG motif. A sep-
arate examination of read alignments with up to three
mismatches showed that the vast majority of edited reads
were edited at one position, suggesting that either editing
of multiple sites in the same RNA molecule is rare, or
multiply edited RNAs are degraded more rapidly.

A-to-I editing of a seed nucleotide would dramatically
affect targeting. In addition to editing in the miR-376 clus-
ter described previously (Kawahara et al. 2007b, 2008), we
found another eight miRNAs that are edited within the
seed of either the miRNA or the miRNA*. A-to-I editing
could also affect miRNA loading, and thereby indirectly
affect targeting. Indeed, the editing of miR-540 might

Mammalian microRNAs

Table 2. Inferred A-to-I editing sites in miRNAs

miRNA Position Fraction edited
miR-219-2-3p 15 0.064
miR-337-3p 10 0.062
miR-376a* 4 0.297
miR-376b-3p 6 0.501
miR-376¢ 6 0.311
miR-378 16 0.087
miR-379* 5 0.095
miR-381 4 0.125
miR-411-5p 5 0.239
miR-421 14 0.054
miR-467d 3 0.094
miR-497 2 0.104
miR-497* 20 0.699
miR-540* 3 0.080
miR-1251 6 0.431
miR-3099 7 0.209

help explain why the 5" arm is more abundant in the brain
than in other tissues, although editing is too infrequent to
fully explain the switch in strand bias. Altering Drosha
and Dicer processing could also indirectly affect target-
ing. Analysis of 5’ ends showed that seven of 16 instances
of editing were associated with a statistically significant
(P < 0.05) shift in the 5’ nucleotide, presumably due to
changes in the Drosha and Dicer cleavage site (Supple-
mental Fig. S11D).

Untemplated nucleotide addition

Much more prevalent than editing of internal nucleotides
was addition of untemplated nucleotides to miRNA 3’
termini. As reported previously for miRNAs in mammals
(Landgraf et al. 2007), and also observed for those of worms
and flies (Ruby et al. 2006, 2007b), nucleotides most
frequently added to murine miRNAs were U and A (Fig.
7A). Addition of C or G was no higher than background, as
estimated by monitoring apparent addition to tRNA
fragments (Fig. 7A). Possible sources of the background
rate could be sequencing error, transcription error, or a low
level of biological nucleotide addition. Some miRNAs
were much more frequently extended than others (Sup-
plemental Table 7). One very frequently extended miRNA
was miR-143, for which the extended reads outnumbered
the nonextended ones (196,565 compared with 114,980
reads, respectively).

For extension by U, RNAs from the pre-miRNA 3’ arm
were three times more frequently extended than were
those from the 5" arm (Fig. 7A,B, P =2.3 X 10~%, K-S test).
This preference, not observed for the A extension (Fig.
7A,C), suggests that much of the U extension occurs to the
pre-miRNA, prior to Dicer cleavage—a state in which the
3’ arm but not the 5’ arm would be available for extension
(Fig. 7D). TUT4-catalyzed poly(U) addition to the let-7 pre-
miRNA, which is specified by Lin28, plays an important
role in post-transcriptional repression of let-7 expression
(Heo et al. 2008, 2009; Hagan et al. 2009). Our analyses
indicating untemplated U extension to many other pre-
miRNAs hint that this type of regulation may not be
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limited to let-7, but that analogous pathways, presumably
using mediators other than Lin28, act to regulate the
expression of other murine miRNAs.

Discussion

The status of miRNA gene discovery in mammals

Our current study sets aside nearly a third (173 of 564) of
the miRBase version 14.0 gene annotations for lack of con-
vincing evidence that these produce authentic miRNAs.
It also adds another 108 novel miRNA loci, raising the
question of how many more authentic loci remain un-
discovered. This question is difficult to answer. Ever
since the recognition that the poorly conserved miRNAs
are also the ones expressed at lower levels in mammals,
and thus are the most difficult to detect by both compu-
tational and experimental methods, we have known that
it is impossible to provide a meaningful estimate of the
number of mammalian miRNA genes remaining to be
discovered (Bartel 2004). The broadly conserved miRNAs
are another matter. Only three of the 88 novel canonical
miRNAs had recognizable orthologs sequenced in chickens,
lizards, frogs, or fish, and these three were antisense to pre-
viously annotated broadly conserved miRNA genes. There-
fore, apart from miRNAs expressed at very low levels from
the antisense strand of known genes, we suspect that the
list of broadly conserved miRNA gene families is nearing
completion. The current set of murine miRNA genes
includes 192 genes that fall into 89 broadly conserved
miRNA gene families (Supplemental Table 6).

Another 107 miRNA gene families appeared conserved
in other mammals (Supplemental Table 6). These were
represented by 120 murine genes, including 14 novel

1004 GENES & DEVELOPMENT

06

08 1.0

Untemplated A addition rate

3+ (U),

3+ (U),

genes. Of these novel genes, 11 were founding members
of novel conserved gene families. Some of these were
identified with only 11 reads, indicating that additional
pan-mammalian gene families remain to be found, al-
though we have no evidence supporting the idea that the
number of conserved gene families will rise to the very
high levels suggested by some earlier computational
studies (Berezikov et al. 2005, 2006b; Xie et al. 2005). For
now, we can say that mammals have at least 196 con-
served miRNA gene families represented in mice by at
least 312 pre-miRNA hairpins (303 canonical and nine
noncanonical hairpins) produced from at least 194 unique
transcription units.

Because a single miRNA hairpin can produce multiple
functional isoforms, generated by either 5’ processing
heterogeneity or utilization of both arms of the miRNA
duplex, a single conserved hairpin can produce more than
one conserved miRNA isoform. Because the different
isoforms have different seed sequences, they fall into
different families of mature miRNAs. Thus, the number
of conserved families of miRNAs (i.e., mature guide
RNAs) will exceed the number of conserved families of
genes (i.e., hairpins). Perhaps the best known example of
a hairpin with two broadly conserved isoforms is mir-9,
for which conserved miRNAs from both arms of the
hairpin are readily detected by using in situ hybridization
in both zebrafish and marine annelids (Wienholds et al.
2005; Christodoulou et al. 2010). Numerous conserved
genes produce more than one miRNA isoform (Figs. 5A,
6A), but for most of these we do not yet know whether
production of the alternative isoform is conserved in
other species. High-throughput sequencing from other
species will help identify many additional conserved



isoforms. We anticipate that the discovery of multiple
conserved isoforms will contribute much more to the
future growth in the list of broadly conserved miRNA
families than will the discovery of new conserved genes.

As expected, the conserved miRNAs tended to be ex-
pressed at much higher levels than were the noncon-
served ones, with the median read frequency of conserved
miRNAs 44-fold greater than that of the nonconserved
miRNAs (Figs. 5A, 6B). Therefore, even if many non-
conserved miRNA genes remained to be found, these
would add little to the number of annotated miRNA
molecules in a given cell or tissue, and presumably even
less to the impact of miRNAs on gene expression (Bartel
2009). Indeed, even more pressing than the question of
how many poorly conserved miRNAs remain undetected
is the question of whether any of the known poorly
conserved miRNAs have any consequential function in
the animal.

Most of these poorly conserved miRNAs could have
derived from transcripts that fortuitously acquired hair-
pin regions with features needed for some Drosha/Dicer
processing. In this scenario, most of these newly emer-
gent miRNAs will be lost during the course of evolution
before ever acquiring the expression levels needed to have
a targeting function sufficient for their selective retention
in the genome. Consistent with the hypothesis that most
of these miRNAs play inconsequential regulatory roles,
these miRNAs generally accumulated to much lower
levels in our ectopic expression assay, (Fig. 3B, median
read frequencies of 58 and 844 for nonconserved and con-
served miRNAs, respectively), and they displayed weaker
specificity for one arm of the hairpin (Fig. 5A), as would be
expected if there was no advantage for the cell to effi-
ciently use their respective hairpins. Nonetheless, some
were processed efficiently, and at least a few poorly con-
served miRNAs probably have acquired consequential
species-specific functions. Although none have known
functions, such hairpins are worthy of annotation as
miRNA loci (just as protein-coding genes can be anno-
tated before the protein is known to be functional), and as
a class these newly emergent miRNAs could provide an
important evolutionary substrate for the emergence of
new regulatory activities.

The major challenge for miRNA gene discovery stems
from the difficulty in proving that a nonconserved, poorly
expressed candidate is an authentic miRNA, combined
with the even greater difficulty in proving that a question-
able candidate is not an authentic miRNA. This chal-
lenge has become all the more acute as miRNA discovery
has reached the point to which nearly all of the novel
candidates are both nonconserved and poorly expressed.
Our approach of testing pools of candidates in an ectopic
expression assay provides useful data for evaluating
miRNA authenticity. However, our approach cannot
provide conclusive proof for or against the authenticity
of a proposed candidate, leaving open the possibility that
some of the nonconserved, poorly expressed candidates
that we classify as “confidently identified miRNAs” are
false positives. When considering the limitations of the
current tools for miRNA gene identification, this possi-

Mammalian microRNAs

bility cannot be avoided. Therefore, if any nonconserved,
poorly expressed miRNAs are annotated as miRNAs, the
resulting list of miRNAs will have to be somewhat fuzzy,
with an expectation that some of the annotated genes will
not be authentic miRNAs. This expectation should not
be viewed as advocating the indiscriminant annotation of
all candidates as miRNAs. Our proposal is that miRNA
gene discovery efforts should annotate as miRNAs only
those novel candidates that both are found in high-
thoughput sequencing libraries and pass a set of criteria
that is sufficiently stringent such that a majority of
the novel canonical miRNAs are cleanly processed in a
Drosha-dependent manner when using the ectopic expres-
sion assay. Although implementing this proposal would
not prevent all false positives from entering the databases,
it would preserve a higher quality set of miRNAs while
eliminating few authentic annotations. Those wanting to
take additional measures to avoid false positives could
focus on only the subset of miRNAs that both meet these
criteria and are conserved in other species.

Unknown features required for Drosha/Dicer
processing

Before learning the results of our experiments, we won-
dered whether any ectopically overexpressed hairpin of
suitable length would be processed as if it were a miRNA,
a result that would have rendered our assay too permis-
sive to be of value. In this scenario, most of the specificity
that distinguished authentic miRNA genes from other
regions of the genome with the potential to produce
transcripts that fold into seemingly miRNA-like hairpins
would have been a function of whether or not the regions
were transcribed. This scenario was not realized, how-
ever, and our assay turned out to be informative, which
illustrates how much of Drosha/Dicer substrate recogni-
tion still remains unknown. Many of the previously
proposed miRNA hairpins that had no reads in our mouse
samples were indistinguishable from authentic miRNA
hairpins with regard to the known determinants for
Drosha/Dicer recognition, yet none of these unconfirmed
hairpins produced miRNA and miRNA* molecules in our
very sensitive assay (Fig. 2C,D). These results showing
that major processing specificity determinants still re-
main undiscovered point to the importance of finding
these determinants—efforts that, if successful, will mark
the next substantive advance in accurately predicting and
annotating metazoan miRNAs.

Materials and methods

Library preparation

Total RNA samples from mouse ovary, testes, and brain were
purchased from Ambion, and total RNA from mouse E7.5, E9.5,
E12.5, and newborn were obtained from the Chess laboratory. The
small RNA cDNA libraries were made as described (Grimson
et al. 2008), except for the 3’ adaptor ligation, which was 5’
adenylated pTCGTATGCCGTCTTCTGCTTGIdT. For a detailed
protocol, see http://web.wi.mit.edu/bartel/pub/protocols.html.
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miRNA discovery

The reads with inserts of 16-27 nt were processed as described
(Babiarz et al. 2008). The miRNA candidates were identified
using reads matching genomic regions that were not very highly
repetitive (reads with <500 genomic matches). Reads from all
data sets were combined and grouped by their 5’-terminal loci,
requiring that each candidate 5’ locus pass five criteria listed in
the text. (1) To pass the expression criterion, a candidate required
=10 normalized reads. (2) To address the hairpin requirement,
the secondary structure of the candidate was evaluated by
selecting for each 5'-terminal locus the most abundant sequence
and extending its 5’ end by 2 nt to define the range of the
potential miRNA/miRNA* duplex. Three genomic windows
were extracted with the 5’ end extended an additional 10 nt
and the 3’ end extended either 50 nt, 100 nt, or 150 nt. Three
more windows were extracted extending the 3’ end by 10 nt and
the 5’ end another 50 nt, 100 nt, or 150 nt. The secondary struc-
ture of each of the six windows was predicted using RNAfold
(Hofacker et al. 1994), and the number of hairpin base pairs (de-
noted using bracket notation) involving the 5’-extended miRNA
candidate was calculated as the absolute value of ([number of
5'-facing brackets] — [number of 3’-facing brackets]). A candidate
with a minimum of 16 bp using at least one of the six genomic
windows satisfied the hairpin criteria. (3) The candidates with
non-miRNA biogenesis were found by mapping to annotated
noncoding RNA loci (rRNA, tRNA, snRNA, and srpRNA). (4)
The candidates likely produced by degradation were defined
as those failing the 5’ homogeneity requirement. A candidate
satisfied the 5" homogeneity requirement if at least half of the
reads within 30 nt of the candidate 5’ end were present within
2 nt of the candidate 5’ end and if the candidate 5’ end comprised
at least half of the reads within 2 nt of the candidate 5’ end, or
if there was only one other 5’ end within 30 nt of the candi-
date 5’ end that had more than half of the reads mapping to the
candidate 5’ end. (5) Manual inspection of reads mapped to
predicted secondary structures identified candidates accompa-
nied by potential miRNA* reads. For 10 previously annotated
miRNAs and seven novel miRNAs, a suitable miRNA* read
was found only after considering alternative hairpin folds pre-
dicted to be suboptimal using mfold (Mathews et al. 1999; Zuker
2003).

For the analysis of mir-290, mir-291a, mir-291b, mir-292,
mir293, mir-294, and mir-295, which are not present in mm8
genome assembly, we mapped all reads to mm9 genome assem-
bly corresponding to the region [chr7(+): 3,218,627-3,220,842].

For conservation analysis, a candidate was considered broadly
conserved if the hairpin structure and the seed sequence were
conserved to chickens, fish, frogs, or lizards (galGal3, danRer5,
xenTro2, and anoCarl, respectively) in the University of Cal-
ifornia at Santa Cruz whole-genome alignments (Kuhn et al.
2009). To identify a candidate conserved in mammals, we looked
at 12 additional genomes (bosTau3, canFam2, cavPor2, equCabl,
hgl8, loxAfrl, monDom4, ornAnal, panTro2, ponAbe2, rhe-
Mac2, and rm4) and calculated the branch length score from
a phylogenetic tree trained on mouse 3’ UTR data (Friedman
et al. 2009), using the cutoff score of 0.7. A gene was considered
to be in a conserved miRNA gene family if the hairpin produced
a miRNA with a seed matching that of a conserved miRNA
(Supplemental Table 6).

Ectopic overexpression assays

To generate expression constructs, pre-miRNA hairpins and the
surrounding regions were amplified from human genomic DNA
(NCI-BL2126) or from mouse BL6 genomic DNA using Pfu Ultra IT

1006 GENES & DEVELOPMENT

polymerase (Stratagene) and primers with Gateway (Invitrogen)-
compatible ends designed to anneal ~100 nt upstream of and
downstream from the miRNA hairpins. PCR products were in-
serted into Gateway vector pDONR221 and subsequently into
pcDNA3.2/V5-DEST, and the resulting plasmids were transformed
into DH5-a cells. Positive clones were selected by colony PCR and
were sequenced. Clones that did not have a mutation within pre-
miRNA hairpins were selected. Plasmid DNA from the confirmed
expression clones was purified for transfection using the Plasmid
Mini Kit (Qiagen). For each standard assay, plasmids for up to 10
hairpin expression constructs were mixed in equal amounts to
create seven or eight pools of ~1.4 g of DNA each, with each pool
including one to three positive control hairpins.

HEK293T cells were cultured in DMEM supplemented with
10% FBS, and were plated in 12-well plates ~24 h prior to
transfection to reach ~80%-90% confluency. Each well of cells
was transfected with one pool of DNA using Lipofectamine 2000
(Invitrogen). For the standard assays, 145-200 ng of pMaxGFP
(Amaxa) was cotransfected with each pool to enable transfection
efficiency to be confirmed by GFP expression. Control wells (no
hairpin plasmid) were transfected only with 145 ng of pMaxGFP.
For the Drosha/Dicer dependency assays, seven to eight hairpin
constructs were combined to create six pools of ~400 ng each.
Each pool was mixed with 1.2 ug of the pCK-Drosha-Flag(TN)
(TNdrosha), pCK-Flag-Dicer(TN) (TNdicer), or pCK-dsRed. T4
(control vector, constructed by replacing the Drosha-coding
sequence of TNdrosha with dsRed-coding sequence) and used to
transfect one well of HEK293T cells as above. Control wells were
transfected with 1.2 g of either TNdrosha, TNdicer, or control
vector. For the dependency assays, each transfection was per-
formed in duplicate wells. Cells from all assays were harvested
39-48 h after transfection. Cells from each treatment were
combined, total RNA was extracted using TriReagent (Ambion),
and small RNA libraries were prepared for Illumina sequencing.

The reads were processed as above, and RNA species were
matched to the transfected hairpins. In the standard assay, reads
were normalized by the median of the 30 most frequently
sequenced endogenous miRNAs. For assays testing Drosha/Dicer
dependency, reads were normalized based on the number of
reads corresponding to an 18-nt internal standard that had been
spiked into equivalent amounts of total RNA prior to beginning
library preparation. Reads matching the transfected hairpins were
grouped by their 5’ termini (5'-terminal locus). The locus with the
largest number of reads was considered the 5’-terminal locus of
the mature miRNA produced by the hairpin, and similarly, the
most dominant 5’ locus on the opposite arm was considered the
miRNA*. The normalized miRNA and miRNA* read numbers
were summed to calculate the expression level.

If an overexpressed hairpin generated mature miRNA with the
dominant 5’-terminal locus corresponding to the expected locus
and at least one read corresponding to the miRNA* with an ~2-nt
3’ overhang, it was considered expressed. A hairpin was classified
as overexpressed if there were at least threefold more reads in the
hairpin transfection than in the control transfection, after adding
psuedocounts of five to both. A hairpin was classified as Drosha-
or Dicer-dependent if the knockdown was at least threefold.

Identification of arm-switching miRNAs

To determine the read numbers from the 5’ and 3’ arms, reads
from each sample were grouped based on their 5’ termini, and
the read numbers were tallied for those corresponding to the
miRNA or miRNA* 5’ terminus. Only samples with five or
more reads on either arm were considered. The fold enrichment
was calculated as the ratio of 5’ and 3’ arm reads after adding
pseudocounts of one.



RNA editing analysis

Sequencing libraries from individual tissues were combined and
mapped to the genome using the Bowtie alignment tool (Langmead
et al. 2009). The alignments were filtered for sequences that
uniquely aligned to the genome, contained at most one mismatch
to the genome, and had 5’ ends that mapped to within 1 nt of an
annotated miRNA or miRNA* 5’ end. The 12 possible mismatch
types were then quantified at each position covered by the filtered
reads. For example, to screen for A-to-G mismatches indicative of
A-to-I editing sites, the editing fraction was calculated as the
number of reads containing an A-to-G mismatch at a particular
position, divided by the number of filtered reads covering that
position. Sites were considered editing candidates if the editing
fraction was >5%, had at least 10 A-to-G mismatch reads, and did
not occur in the last 2 nt of the corresponding miRNA or miRNA*.
Candidate editing sites were then manually examined and dis-
carded if an alternative explanation was more parsimonious. For
example, the only nonbrain editing candidate mapped to let-7c-1,
but was most likely due to a handful of let-7b reads containing
untemplated nucleotide additions that fortuitously matched the
let-7c-1 locus. Consistent with this explanation, the putatively
edited reads were unusually long and at unusually low abundance.
Candidate editing sites were also checked in the Perlegen SNP
database (Frazer et al. 2007) and dbSNP; no editing candidates
corresponded to known SNPs.

Untemplated nucleotide analysis

To examine untemplated nucleotide addition, non-genome-map-
ping reads were filtered for those that matched miRNA or miRNA*
sequences but also included a nongenomic poly(N) at the 3’ end.
The untemplated nucleotide addition rate was calculated as the
ratio of reads with the untemplated nucleotide to the sum of the
reads with and without the untemplated nucleotide. After exclud-
ing miRNAs that map to multiple loci, and any miRNAs or
miRNA*s with a genomic T at the position immediately 3’ of the
annotated sequence, there were 343 miRNA/miRNA* species
with untemplated U on the 5" arm and 318 on the 3’ arm. Sim-
ilarly, there were 287 5’ arm species with untemplated A on the
5" arm and 324 on the 3’ arm. The background tRNA untemplated
U addition rate was calculated similarly. A two-sided K-S test was
used to assess significant differences in distributions.

Accession numbers

All small RNA reads are available at the GEO database with
accession number GSE20384.
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