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Supplemental Text

Previously annotated miRNAs

Standard sequencing of small RNAs from C. elegans by our group previously yielded the
sequences of 4078 clones that match the C. elegans genome and discovered, refined, or
confirmed 80 miRNAs (Lau et al., 2001; Lim et al., 2003). The application of high-throughput
pyrosequencing increased coverage by two orders of magnitude, yielding ~400,000 genome-
matching cDNA sequences and discovering, refining, or confirming 114 miRNA gene
annotations (Ruby et al., 2006; Ruby et al., 2007a). Notably, that increase in coverage was
insufficient to detect the /sy-6 miRNA that was identified genetically and is only transcribed in
~1-9 neurons (Johnston and Hobert, 2003).

The sequences of ~23 million small RNAs with perfect matches to the C. elegans
genome were determined using Illumina sequencing technology (Batista et al., 2008; Seo et al.,
2004). These included small RNAs from each major developmental stage (embryo, L1, L2, L3,
L4, adult) as well as dauer L3 worms and germline-deficient glp-4(bn2) mutant adults. These
data provided direct evidence for the expression of miRNAs from the mir-356, mir-360, and Isy-
6 loci. The mature miRNA deriving from the /sy-6 locus was observed with 521 reads and
matched the existing annotation (Johnston and Hobert, 2003), but those deriving from the mir-
360 and mir-356 loci came from the hairpin arm and genomic strand, respectively, opposite the
prior annotations (Table S1) (Ohler et al., 2004). All of the 114 miRNAs sequenced by (Ruby et
al., 2006) were detected, and star sequences were detected for 104 of these. Two of the genes

from which no miRNA* species were observed, mir-78 and mir-798, have since been re-
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classified as 21U-RNAs based on the upstream presence of the 21U-RNA-associated motif and
the correlation of their expression patterns with other RNAs of that class (Batista et al., 2008).

Two miRNA annotations (mir-1021/1022) derive from traditional sequencing of small
RNAs that co-purify with miRISC (Gu et al., 2007). While mir-1022 was validated by the
sequence data presented here, no miRNA was observed deriving from the mir-1021 locus (Table
S1). Additional miRNA annotations derive from the deep sequencing of small RNAs that co-
immunoprecitate with miRISC-associated P body components (Zhang et al., 2007). Of these 9
miRNA genes, 7 were clearly supported by the data presented here (mir-1019/1819~1824). The
data supporting mir-1817/1818 did not satisfy the annotation criteria described below but were
nonetheless consistent with the prior annotations (Table S1). Yet more miRNA genes have been
predicted and annotated in C. elegans based on automated re-analysis of scarce reads from two
published pyrosequencing datasets (Friedlander et al., 2008). Of those 13 miRNA genes, the
data presented here clearly supported 9 of the annotations (mir-1820~1822/1828/1829a-
¢/1830/1834; Table S1). The data supporting mir-1817/1832/1833 did not satisty the annotation
criteria described below but were nonetheless consistent with the prior annotations (Table S1).
Conversely, the small RNAs tiled across the mir-1831 locus were inconsistent with its annotation
as a miRNA gene (Table S1).

The most extensive sequencing effort for C. elegans small RNAs that has been performed
to date, with almost twice as many genome-matching reads as are described here, was reported
by (Kato et al., 2009). That study, which included small RNAs sampled from across a
developmental profile similar to the one described here, employed an automated analysis
pipeline to identify candidate miRNA genes (Friedlander et al., 2008) and reported 66 such

candidates, 18 of which were sufficiently confident for miRbase annotation and were reported
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uniquely from that study (mir-2207/2208a-b/2209a-c/2210~2217/2218a-b/2219/2220)
(Griffiths-Jones et al., 2006; Kato et al., 2009). Of those 18 miRNA genes, the data presented
here clearly supported four of the annotations (mir-2208b/2210/2215/2220; Table S1). Data
presented here for 11 more of the annotations (mir-2208a/2209a-c/2211-2213/2216/2217/2218a-
b) were inconsistent with the thresholds used here for independent annotation but did not provide
specific contradictions with the existing annotations. For three of the annotations (mir-
2207/2214/2219), the data presented here and/or other genomic annotations were inconsistent
with their status as annotated miRNA genes. The mir-2207 locus generated only a single read
offset from the miRNA annotation, indicating that the reads from this locus observed here and
previously were low-frequency degradation products of a larger transcript (Table S1). The mir-
2214 locus gave rise to a large number of reads distributed unevenly across the locus, indicating
them to be non-specific degradation products of a more abundant transcript rather than specific
RNase III cleavage products (Table S1). Six reads from the mir-2219 locus agreed in part with
the prior miRNA annotation, but the two reads deriving from the annotated star strand were
staggered, and both were inconsistent with the expected position of a miRNA*. Furthermore,
this locus overlapped an annotated mRNA and spanned a splice junction, with the more-
abundant reads from the annotated miRNA arm overlapping the exon and the less-abundant
reads from the annotated miRNA* arm overlapping the intron (Table S1). Taken together, these
data indicate that the small RNAs deriving from the mir-2219 locus were the non-specific

degradation products of an mRNA.
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Untemplated nucleotides and length heterogeneity

Untemplated nucleotides are added to the 3" ends of mature miRNAs with low efficiency
in C. elegans (Ruby et al., 2006). Untemplated nucleotides were observed appending
previously- and newly-annotated (see below) mature miRNA and miRNA* species with an
overall efficiency of 1.73%. MicroRNAs extended by one untemplated nucleotide were
extended by a second with higher efficiency (5.53%), and so on for addition of a third (7.20%)
and a fourth (11.23%) untempalted nucleotide. The most commonly appended untemplated
nucleotide was U (75% of all untemplated nucleotides). The frequency of untemplated
nucleotide addition was not even across all miRNAs: for 57 miRNA or miRNA* species
deriving from both the 5" and 3" arms of their hairpin precursors, =5% of the mature RNAs
sequenced included untemplated 3" nucleotides (Table S1). The overall 1.73% efficiency of
untemplated nucleotide addition to miRNAs was in large excess over the 0.16% efficiency
observed for annotated 21U-RNAs, which was considered as the background of the sequencing
method for untemplated nucleotide detection.

MicroRNAs generally exhibit more 3" heterogeneity than 5" heterogeneity (Basyuk et al.,
2003; Lau et al., 2001; Lim et al., 2003; Ruby et al., 2006). However, for a handful of miRNAs,
shortened isoforms were abundantly observed whose 5” ends were truncated by ~8 nt (miR-
43/54/75/85/358/1019/1828/1828*/1829c; Table S1). Some of these products gave rise to even
more reads than the full-length mature miRNAs in these datasets despite being observed only
scarcely or not at all in previous datasets generated using the 454 sequencing platform (Ruby et
al., 2006). Intriguingly, these usually occured as 5" truncations to miRNAs deriving from the 3”
hairpin arm, with ~10 bp separating the truncated 5" termini from the terminal loop of the

precursor hairpin. These products were consistent with the proposed abortive Microprocessor
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cleavage pathway, in which Microprocessor recognizes and cleaves pre-miRNA hairpins in the
reverse orientation by treating the terminal loop as the normally recognized basal hairpin
segment (Han et al., 2006). The observation of these products suggested in vivo occurrence of
abortive Drosha processing. However, their absence in previous datasets indicated that such
abortive processing was infrequent and indicated that their prevalence among these data was an
artifact, most likely due to the enriched sequence accuracy for shorter species such as these when

using the Illumina platform (Seo et al., 2005).

Newly identified miRNAs

Additional miRNAs were sought among the remaining small RNA reads. Genomic hits
matching annotated ncRNA genes (tRNA, rRNA, etc) were excluded, as were hits whose
upstream sequences had high-scoring matches to the 21U-RNA-associated motif (Batista et al.,
2008; Ruby et al., 2006). MicroRNA 5" ends are more consistent than 3" ends because of the
important role that 5" end placement plays in defining the seed, and thereby the targets, of the
mature miRNA (Basyuk et al., 2003; Lau et al., 2001; Lewis et al., 2005; Lim et al., 2003; Ruby
et al., 2006). MicroRNA candidates were therefore identified as genomic loci corresponding to
the 5" nucleotide of at least 10 perfectly-matching reads that exhibited little local 5°
heterogeneity and were found in the context of a candidate miRNA precursor hairpin (see
Methods). Candidates meeting these criteria were manually inspected, and 14 loci were
annotated as novel miRNA genes (Table 1). These loci generally produced scarce numbers of
reads, often far fewer than the /sy-6 locus, almost none were conserved, and very few shared
familial homology with other C. elegans miRNAs. Nonetheless, cand-147 was conserved

throughout the Caenorhabditis genus (discussed below). Five of 14 genes (36%) fell within
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annotated introns, a higher frequency than for previously annotated miRNA genes that were
validated here (25/143; 17%). Two of these could be classified as mirtrons based on prior
annotations, but the reads mapping to three more of these miRNA genes indicated that they were
also processed through the mirtron biogenesis pathway despite the lack of an annotated host
transcript (discussed below).

The propensity for RNA complementing a miRNA hairpin to also form a hairpin
structure creates a pathway for the emergence of novel miRNA genes on the opposite genomic
strand of existing miRNA genes (Ruby et al., 2007b; Stark et al., 2008; Tyler et al., 2008). Small
numbers of reads were observed deriving from the antisense strands of 43 validated miRNA
genes, but these antisense reads were generally distributed across the predicted reverse-strand
hairpin structure in a manner inconsistent with Dicer/Drosha processing (Table S1). In the rare
cases where reads derived from both arms of the predicted antisense hairpin (mir-38/58/67/232),
the inconsistencies of 5" and 3 "termini, 3" overhang length deviations from the expected two
nucleotides, and frequency of G as the 5" terminal nucleotide all conflicted with a the hypothesis
of a miRNA biogenesis for these small RNAs and were more consistent with the properties of C.
elegans endogenous siRNAs (Ambros et al., 2003; Ruby et al., 2006). The locus whose
antisense reads were most consistent with Drosha/Dicer processing, mir-67, generated only nine
antisense reads, whereas the sense hairpin generated over 67,000 reads (Table S1). Taken
together, these observations do not support the frequent emergence of novel miRNA genes

through the antisense transcription pathway in the natural history of the C. elegans lineage.
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MicroRNA expression patterns

Differences in miRNA read frequencies between the various developmental stages from
which small RNAs were sequenced were used to construct a developmental expression profile
for each miRNA gene (Figure S1A). The profiles determined based on read frequencies closely
matched those that have been previously determined by northern blot (Figure S1B; compare to
northern blots from (Lau et al., 2001)).

As previously described in C. elegans as well as other systems (Baskerville and Bartel,
2005; Lau et al., 2001; Ruby et al., 2007b; Sempere et al., 2004), the expression patterns of
genomically adjacent miRNAs correlated, suggesting their derivation from a common primary
transcript (Figure S1C). In Drosophila, the correlation of expression patterns diminishes as the
distances separating the miRNAs surpass 10 kb (Ruby et al., 2007b); here, the correlation
diminished as the distances surpassed ~1 kb. The closely correlated expression patterns of
neighboring miRNA genes suggested a substantial role for synthesis by transcription in defining
miRNA expression profiles. However, many more counterexamples to this trend were observed
here than were observed previously in Drosophila (Figure S1C). The expression patterns of
closely-spaced miRNA stars were also poorly correlated (Figure SID). One possible explanation
for such divergent expression patterns among closely spaced miRNAs or miRNA stars was their
derivation from shorter-than-expected, closely-spaced and distinctly-expressed transcripts.
However, poorly correlated expression between miRNA/miRNA* pairs was generally observed,
even when abundant miRNA* reads lent statistical significance to the miRNA* expression
profiles (Figure S1E).

Distinct expression patterns between miRNAs and their stars, which are coordinately

generated by a common biogenesis mechanism, suggested a substantial role for degradation rates
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in the definition of miRNA expression patterns. Perhaps miRNA degradation rates are
influenced by the target mRNAs to which those miRNAs bind. The set of mRNAs targeted by a
miRNA is definied by the miRNA seed sequence. Two types of miRNA/target complementarity
result in mRNA repression: 7mer-Al targets complement nucleotides 2-7 of the miRNA (the 6nt
seed), while 7mer-m8 targets complement nucleotides 2-8 (the 7nt seed). MicroRNAs with
matching 7nt seeds have identical sets of both target types, while miRNAs with matching 6nt
seeds share 7mer-Al targets but not 7mer-m8 targets. The distribution of correlation coefficients
for miRNA pairs sharing 6nt seeds matched that of distantly spaced miRNAs in general (Figure
S1F, compare to Figure S1C). However, miRNA pairs with matching 7nt seeds demonstrated a
significantly higher degree of correlated expression than those with matching 6nt seeds (Figure
S1F, Wilcoxon rank-sum test, p < 0.0002). The poor correlation of expression for miRNAs with
6nt versus 7nt seed matches was maintained when examining only miRNAs within 1kb of one
another (Figure S1F, Wilcoxon rank-sum test, p < 0.0238). Intriguingly, the correlation of
proximal miRNAs with 6nt seed matches was also significantly worse than the correlation of
miRNAs with no seed match (Figure S1F, Wilcoxon rank-sum test, p < 0.0056).

The magnitude and breadth of miRNA expression across the developmental profile was
examined comparing conserved versus unconserved miRNAs. Conserved C. elegans miRNAs
were those also found in the C. briggsae/C. brenneri/C. remanei lineage. As observed in
Drosophila melanogaster (Ruby et al., 2007b), conserved miRNAs were expressed at a
significantly higher magnitude than unconserved miRNAs (Figure S1G, Wilcoxon rank-sum test,
p <2 *10°). Unlike Drosophila, there was not a significant difference in the breadth of

expression between conserved and unconserved miRNAs in C. elegans (Figure S1H).
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Conservation of a minimally-expressed miRNA

In Drosophila, many of the least-expressed miRNAs are also not conserved even in
species that diverged only a few million years ago, suggesting that such minimally expressed
miRNAs are recent evolutionary innovations and/or are not physiologically consequential
enough to be selectively maintained over many generations (Lu et al., 2008; Ruby et al., 2007b).
The expression of the /sy-6 miRNA in only a small number of neurons over a small portion of
development established this miRNA as a benchmark for minimal expression of a
physiologically consequential miRNA. The phenotypic characterization of /sy-6 mutants
demonstrates the potential physiological relevance of miRNAs that are expressed at similarly
low levels. The relevance of miRNAs with yet lower magnitudes of expression is less certain,
and the lack of apparent conservation of such minimally expressed miRNAs, though possibly a
consequence of their recent evolutionary genesis, is consistent with their inability to effectively
perturb gene expression in the worm.

A counterexample to the potential irrelevance of minimally expressed miRNAs was
provided by the conservation of cand-147 across the Caenorhabditis genus. Only 29 reads were
observed between both the miRNA and miRNA* from this gene, 5.5% the number observed
deriving from /sy-6 (Figure M1B; Table S1). A large number of polymorphisms have
accumulated across the genic locus in the ~100M years since C. elegans diverged from C.
briggsae, C. brenneri, and C. remanei (Figure M1B), but the ability to form the RNA hairpin
precursor structure that typifies miRNA genes was maintained (Figure M1C). In addition, only
one block of >3 adjacent, conserved nucleotides was observed across this gene, and this was a

7nt block of sequence that exactly matched the 7nt seed of the small RNA deriving from the 5
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arm of the hairpin (Figure M1B). Thus, the two features of the locus that are required for

maintenance of miRNA function were conserved across the Caenorhabditis genus.

mir-255 is a mirtron without a host protein-coding mRNA

Mirtrons are spliced and debranched introns that fold into pre-miRNA hairpins to become
substrates for the canonical nuclear export and Dicer cleavage steps of miRNA biogenesis.
Mirtrons have been identified among the short introns of C. elegans , Drosophila, and mammals,
always deriving from the splicing of a host protein-coding mRNA (Berezikov et al., 2007;
Okamura et al., 2007; Ruby et al., 2007a).

The mir-255 miRNA derives from the 3" arm of its precursor hairpin. It is sequenced
infrequently, and the miRNA* species has not previously been identified by sequencing (Ruby et
al., 2006). Here, 23 reads were observed deriving from the miRNA* arm of the hairpin, along
with >1300 reads of the miRNA arm (Figure S2A). Notably, all of the miRNA* reads shared a
common 5" end whose first six nucleotides (uppercase) and two upstream flanking nucleotides
(lowercase) were agGUAAGA, closely matching the consensus 5” Ul snRNA-binding sequence
found at the 5" splice junction of introns, agGURRGU (Lim and Burge, 2001). Additionally, the
increased throughput of mir-255 reads identified an abundant miRNA 3" end whose last three
nucleotides, CAG, matched the consensus 3" splice signal of introns , YAG (Lim and Burge,
2001). This miRNA gene was almost perfectly conserved across the Caenorhabditis genus
(Figure S2B), and in C. elegans, the nucleotides flanking the pre-miRNA had the apparent base-
pairing capacity that is required for Drosha processing (Lee et al., 2003). However, most of the

primary sequence flanking the pre-miRNA was not conserved, nor was the capacity of that
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sequence to extend the pre-miRNA stem (Figure S2A). This conservation pattern was consistent
with mir-255 being processed through the mirtron biogenesis pathway.

Despite its mirtron-like properties, no protein-coding host mRNA for mir-255 has yet
been reported as a cDNA or EST (Karolchik et al., 2003). In accord with the presumed non-
coding nature of the spliced pri-miRNA transcript, non-conserved stop codons were found
haphazardly arranged in all three possible reading frames of the flanking, presumably exonic,
sequence (Figure S2C). Additional examples of mirtronic miRNA genes whose host transcripts
are not annotated as protein-encoding (Karolchik et al., 2003) were found among the previously
annotated and newly identified miRNAs of the mir-2220/cand-250~252 cluster and the nearby
cand-254 (Table S1). These miRNAs were clustered in the genome, suggesting that all derive

from a single common primary transcript.

Discussion

An expanded role for the mirtron biogenesis pathway

Mirtrons represent a unique opportunity for the discovery of new genes by evolution.
The short introns discarded during mRNA maturation present a pool of candidate pre-miRNAs
that by default already fulfill the processing requirements for half of the miRNA biogenesis
pathway. The mirtrons that have hitherto been described derive from protein-coding mRNAs,
with the protein-coding capacity of the host genes presumably preceding the miRNA-encoding
capacity of the mirtrons. The apparent absence of protein-coding capacity in the host transcript

of the mirtronic mir-255 allowed two possible avenues for the origin of this gene. First, the
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mirtron could have evolved in the context of a protein-coding host gene whose coding capacity
was lost over evolutionary time while the miRNA-encoding capacity was maintained. Second,
mir-255 could have initially emerged as a mirtron whose pri-miRNA encoded no protein.
Canonical miRNA genes are thought to have arisen when some portion of an existing
transcript gained the capacity to fold into an RNA hairpin that satisfied the processing
requirements of Drosha and Dicer. The capacity of the nucleotides flanking the mir-255 pre-
miRNA to form base pairs extending the pre-miRNA hairpin suggested an additional route of
miRNA gene development. A miRNA gene that arose as a mirtron could develop into a hairpin
that satisfies the requirements of Drosha, in which case the splicability of the pri-miRNA would
no longer be selectively maintained. Drosha cleavage at an incorrect position along the new
hairpin would shift the seed of the mature miRNA, so such a transition would presumably be a
rare event. However, it would turn the pre-miRNA into an immediate Exportin-5 substrate and
obfuscate its requirement to debranch and refold, which would presumably increase the
efficiency of mature miRNA expression. Such a boost would be selectively advantageous, and
the accessibility of a transition from mirtronic to canonical miRNA gene could explain the
evolutionary youth that has been noted across the mirtron gene class (Berezikov et al., 2007;

Ruby et al., 2007a).

On the physiological relevance of scarce miRNAs

Estimates of miRNA gene number vary widely in each model organism and are
frequently revisited as additional miRNA genes are annotated. Saturated miRNA sequencing
would reliably determine the size of the miRNA gene complement, and we hoped that the depth

of sequencing reported here would provide such comprehensive coverage. Saturation would
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have been suggested, though not proven, had the number of reads obtained from the most scarce
miRNA been substantially greater then the number required for miRNA gene annotation. This
was far from the case, with 16 of the 18 newly reported miRNAs here observed within an order
of magnitude of the 10 read minimum used for annotation (Table 1). However, most of these
minimally expressed miRNAs were not conserved among other Caenorhabditis nematodes,
suggesting that perhaps the sequencing of functional, conserved miRNAs had been saturated.

The scarcity of some miRNAs in deep-sequencing datasets can be attributed to brevity of
expression across a developmental time course or scarcity of the tissue in which the miRNA 1is
expressed rather than low cellular concentration. Scarcity of the /sy-6 miRNA, which was
conspicuously absent from previous high-throughput datasets (Ruby et al., 2006), can be
explained in this manner as it is transcribed in fewer than 10 cells (Johnston and Hobert, 2003)
and was preferentially expressed at early developmental stages (Figure 1A). The /sy-6 gene
approaches a theoretical minima of expression scope, requiring the assumption of reduced
cellular concentration to explain miRNA read frequencies substantially lower than that of the /sy-
6 miRNA. The possibility that some of these scarce miRNAs may have been present at
insufficient cellular concentrations to have a substantial effect on target mRNA translation, even
assuming maximal restriction of expression, both spatially and temporally, is consistent with
their physiological irrelevance.

A striking counterexample to the above conclusion was presented by the cand-147 gene,
from which only 33 reads were observed but whose seed and hairpin precursor structure were
conserved across the Caenorhabditis genus. The conservation of features that are relevant to
miRNA function across such a span suggested that this miRNA has had an appreciable effect on

nematode physiology for at least 100 million years (Coghlan and Wolfe, 2002). It therefore
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cannot be broadly assumed that other miRNAs expressed at similar levels are physiologically
irrelevant.

The scarcity of some newly identified miRNAs likely reflects low intracellular
concentrations in the nematodes from which RNA was collected, but it does not necessarily
reflect the ability of scarce miRNAs to have a physiological effect. External stimuli, such as
stress, induce the expression of many genes across diverse eukaryotes (Morimoto, 1998), and
stress-responsive miRNA genes have been described in plants (Jones-Rhoades and Bartel, 2004).
The scarce miRNAs described here may have been observed due to leaky expression of a gene
whose activating stimulus was not encountered by nematodes growing in laboratory conditions.
However, non-conserved miRNA genes, which are more likely than conserved genes to have
arisen recently in evolution, tend to be expressed in narrower physiological contexts than ancient
miRNA genes. That correlation, as well as the correlation between miRNA conservation and
magnitude of expression, is more generally consistent with a recent evolutionary origin for these
genes. Some of them may have discovered a selectively maintained physiological role. In that
case, millions of years in the future, they will appear conserved across the sister species that

descend from today’s Caenorhabditis elegans.

Methods

Data processing and genome annotations
[llumina data was processed and mapped to the C. elegans genome as described
previously (Batista et al., 2008). Here, reads were mapped to the WormBase v. WS120 assembly

(UCSC ce2), downloaded from the UCSC database (Karolchik et al., 2003; Lau et al., 2001).
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Sequences mapping to the genome at <500 loci were analyzed. When quantifying read numbers
at a particular genomic locus, the read number for each sequence was divided by the number of
genomic loci to which the sequence mapped. Refseq gene annotations were used, also generated
by WormBase and downloaded from the UCSC database (Karolchik et al., 2003; Lau et al.,
2001). MicroRNA annotations were taken from mirBase v. 14.0 (Griffiths-Jones et al., 2006).
MicroRNA hairpin secondary structures were predicted using RNAfold from the Vienna RNA

package (Hofacker et al., 1994).

MicroRNA gene identification

Candidate miRNAs were initially identified using reads from all combined datasets of 18-
26nt length. Candidates were defined as miRNA 5’ termini, i.e. as genomic nucleotides that
corresponded to the 5" termini of >10 reads. Candidates were required to meet the >10 read
requirement both when all reads were considered and when only reads mapping perfectly to <5
genomic loci were considered. These candidates were filtered to eliminate overlap with
annotated non-coding RNA genes (Griffiths-Jones et al., 2006). They were also filtered to
eliminate 5" ends with high 21U-RNA-associated motif scores (>7.0) as described (Batista et al.,
2008). MicroRNA 5’ terminal heterogeneity was avoided by requiring that there be no more
than two additional candidate 5" termini within 30nt on the same genomic strand with >5% the
number of reads from the given candidate.

The secondary structure potential of each miRNA 5" terminus candidate was evaluated by
selecting the most abundant 18-26nt sequence with that 5" end and extending its 5" end by 2nt to
define the scope of the putative miRNA/miRNA* duplex. Genomic windows were extracted

with the 5" end extended an additional 10nt and the 3" end extended 50nt, 100nt, and 150nt, and
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vice versa. The secondary structure of each of these six windows was predicted using RNAfold
(Hofacker et al., 1994), and the number of base pairs formed across the putative
miRNA/miRNA* duplex was calculated as the absolute value of [(# 5 -facing base pairs) minus
(# 3'-facing base pairs)]. If the highest such value was >17, the miRNA candidate was manually
examined to verify its exhibition of the miRNA-like properties that the above filters attempted to

1solate.

MicroRNA expression profiling

For each library excluding mixed-stage, the total number of genome-matching reads was
used as a normalization factor. For each miRNA or miRNA* annotation, for each library, the
total number of reads that overlapped the middle of the mature species was tallied and divided by
the library normalization factor. Expression profiles were determined by dividing the
normalized expression value from each library by the sum of normalized expression values
across all libraries excluding mixed-stage, thereby determining a fraction of observed miRNA
expression deriving from each library. The result from the eight libraries used was an expression
profile centered at 0.125, with values ranging from 0 to 1. MicroRNA expression profiles were
hierarchically clustered with average linkage correlation using the Cluster application (Eisen et

al., 1998).

Supplemental Figure Legends

Figure S1. Nucleotide composition of proximal tandem poly(A) signals lacking common

poly(A) signal variants. Plotted are the nucleotide frequencies relative to cleavage sites for
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proximal tandem UTRs. Enrichment for adenosine is observed at the same location as poly(A)
signals, but is reduced compared to single UTR genes, consistent with the lack of a common
poly(A) signal variant. In contrast, USE, DSE and Fip-1 sites appear exaggerated compared to

single UTR poly(A) sites (Figure 2D).

Figure S2. Conservation rates of alternative poly(A) signals. Tandem UTRs are categorized as
“Dependent” or “Independent” based on the distance between alternative poly(A) signals.
Dependent sites are less than 40 nt apart. At this distance, the USE and DSEs of the distal and
proximal signals overlap (Figure 5F), leading to their dependency upon the same sequences for
recognition. Independent sites are at least 40 nt away, a sufficient distance to observe

independent peaks of U-richness associated with USE and DSE elements.

Figure S3. Expression profiles of C. elegans miRNAs. (A) The expression profiles and read
numbers for all miRNAs across the eight libraries indicated in the Key. For each library,
miRNA reads were normalized to the total number of C. elegans genome-matching reads from
that library, and the fraction of normalized read counts for each miRNA in each of the eight
indicated libraries are indicated by red color intensity (see Key). The histogram on the right
indicates the total number of non-library-normalized reads contributing to each expression
profile. Reads from the mixed-stage library are not included, as are miRNAs that were only
observed in the mixed-stage library. Expression profiles were clustered using Cluster (Eisen et
al., 1998) and displayed with MapleTree (L. Simirenko). (B) The expression profiles,
normalized as described in (A), for four miRNAs whose developmental expression pattern has

previously been determined across all but the dauer stage by northern blot (Lau et al., 2001). (C)
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A plot of the distance between miRNA genomic loci versus the correlation of their expression
profiles as defined in (A). Each point derives from a pair of miRNAs from (A) that derive from
the same strand of the same chromosome. The x-axis indicates the distance between the centers
of the mature miRNAs when mapped to the genome. The y-axis indicates the Pearson
correlation coefficient between the normalized expression patterns of the miRNAs defined in
(A). (D) The distance between miRNA* genomic loci versus the correlation of their expression
profiles, plotted as in (C). Only miRNA* species expressed in the developmental expression
libraries were included. See Table S1 for miRNA* identities. (E) The Pearson correlation
coefficient for expression of miRNA/miRNA* pairs (y-axis), with expression profiles
determined as in (A) and (D), versus number of miRNA* reads excluding mixed-stage library
reads (x-axis). (F) The Pearson correlation coefficients of miRNA expression patterns for
miRNA pairs sharing 6nt seed identity, 7nt seed identity, or no seed identity. The first two
columns pair all miRNAs with the indicated seed identities; the last three columns pair only
miRNAs whose genomic distance is <I kb as defined in (C). Red lines indicate the arithmetic
mean of the correlation coefficients. (G) The relationship between miRNA conservation and
magnitude of expression, calculated as in (A) and depicted along the y-axis. MicroRNAs were
classified as conserved (cons.) if an ortholog was detected in C. brenneri, C. remanei, or C.
briggsae. Black bars indicate the median read number for miRNAs in the given category; red
bars indicate the 25™ and 75™ percentiles. (H) The relationship between miRNA conservation
and breadth of expression, with miRNAs classified as in (C). The y-axis indicates the maximum
fraction of normalized reads deriving from any one library. Black bars indicate the median

values; red bars indicate the 25" and 75" percentile values.
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Figure S4. mir-255 is a mirtron not hosted by a protein-coding mRNA. (A) Sequenced small
RNAs aligned to the mir-255 precursor sequence, accompanied by its bracket-notation secondary
structure. The miRNA is shown in red and the miRNA* in blue. The number of reads observed
for each sequence, as well as the number of loci to which each sequence perfectly matched in the
C. elegans genome, are indicated. At the bottom, sequenced miRNA variants with 3”
untemplated nucleotide addition are shown, with their read numbers indicated. Inferred
intron/exon boundaries are indicated with green lines. (B) Conservation of the mir-255 locus.
An ungapped alignment of orthologous genome fragements from C. elegans, C. brenneri, C.
remanei, and C. briggsae are shown, with the miRNA and miRNA* colored in red and blue,
respectively, and nucleotides whose identities did not match the C. elegans sequence in grey.
Below that, the predicted secondary structures for each of the four orthologous loci are shown in
bracket notation as an ungapped alignment. Inferred intron/exon boundaries are indicated with
green lines. Intron/exon junction consensus sequences from (Lim and Burge, 2001) are shown in
green text. (C) Translation and alignment of the presumptive mirtron-flanking sequence in all
three frames. The inferred exon/exon boundary is indicated by the green line. Three amino acid
alignments are shown, each with the RNA alignment at the top translated in a different frame.

Nucleotide/amino acids whose identities did not match those of C. elegans are in grey.

References

Ambros, V., Lee, R.C., Lavanway, A., Williams, P.T., and Jewell, D. (2003). MicroRNAs and
other tiny endogenous RNAs in C. elegans. Curr Biol /3, 807-818.

Baskerville, S., and Bartel, D.P. (2005). Microarray profiling of microRNAs reveals frequent
coexpression with neighboring miRNAs and host genes. Rna /7, 241-247.

198



Basyuk, E., Suavet, F., Doglio, A., Bordonne, R., and Bertrand, E. (2003). Human let-7 stem-
loop precursors harbor features of RNase III cleavage products. Nucleic Acids Res 317,
6593-6597.

Batista, P.J., Ruby, J.G., Claycomb, J.M., Chiang, R., Fahlgren, N., Kasschau, K.D., Chaves,
D.A., Gu, W., Vasale, J.J., Duan, S., et al. (2008). PRG-1 and 21U-RNAs interact to form
the piRNA complex required for fertility in C. elegans. Mol Cell 317, 67-78.

Berezikov, E., Chung, W.J., Willis, J., Cuppen, E., and Lai, E.C. (2007). Mammalian mirtron
genes. Mol Cell 28, 328-336.

Coghlan, A., and Wolfe, K.H. (2002). Fourfold faster rate of genome rearrangement in
nematodes than in Drosophila. Genome Res /2, 857-867.

Eisen, M.B., Spellman, P.T., Brown, P.O., and Botstein, D. (1998). Cluster analysis and display
of genome-wide expression patterns. Proc Natl Acad Sci U S A 95, 14863-14868.

Friedlander, M.R., Chen, W., Adamidi, C., Maaskola, J., Einspanier, R., Knespel, S., and
Rajewsky, N. (2008). Discovering microRNAs from deep sequencing data using
miRDeep. Nat Biotechnol 26, 407-415.

Griffiths-Jones, S., Grocock, R.J., van Dongen, S., Bateman, A., and Enright, A.J. (2006).
miRBase: microRNA sequences, targets and gene nomenclature. Nucleic Acids Res 34,
D140-144.

Gu, S.G., Pak, J., Barberan-Soler, S., Ali, M., Fire, A., and Zahler, A.M. (2007). Distinct
ribonucleoprotein reservoirs for microRNA and siRNA populations in C. elegans. Rna
13,1492-1504.

Han, J., Lee, Y., Yeom, K.H., Nam, J.W., Heo, 1., Rhee, J.K., Sohn, S.Y., Cho, Y., Zhang, B.T.,
and Kim, V.N. (2006). Molecular basis for the recognition of primary microRNAs by the
Drosha-DGCRS8 complex. Cell 725, 887-901.

Hofacker, I.L., Fontana, W., Stadler, P.F., Bonhoeffer, L.S., Tacker, M., and Schuster, P. (1994).
Fast folding and comparison of RNA secondary structures. Monatshefte Fur Chemie /25,
167-188.

Johnston, R.J., and Hobert, O. (2003). A microRNA controlling left/right neuronal asymmetry in
Caenorhabditis elegans. Nature 426, 845-849.

Jones-Rhoades, M.W., and Bartel, D.P. (2004). Computational identification of plant
microRNAs and their targets, including a stress-induced miRNA. Mol Cell /4, 787-799.

Karolchik, D., Baertsch, R., Diekhans, M., Furey, T.S., Hinrichs, A., Lu, Y.T., Roskin, K.M.,
Schwartz, M., Sugnet, C.W., Thomas, D.J., et al. (2003). The UCSC Genome Browser
Database. Nucleic Acids Res 31, 51-54.

Kato, M., de Lencastre, A., Pincus, Z., and Slack, F.J. (2009). Dynamic expression of small non-
coding RNAs, including novel microRNAs and piRNAs/21U-RNAs, during
Caenorhabditis elegans development. Genome Biol /0, R54.

Lau, N.C., Lim, L.P., Weinstein, E.G., and Bartel, D.P. (2001). An abundant class of tiny RNAs
with probable regulatory roles in Caenorhabditis elegans. Science (New York, NY 294,
858-862.

Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., Lee, J., Provost, P., Radmark, O., Kim, S.,
et al. (2003). The nuclear RNase III Drosha initiates microRNA processing. Nature 425,
415-419.

Lewis, B.P., Burge, C.B., and Bartel, D.P. (2005). Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets. Cell 720, 15-
20.

199



Lim, L.P., and Burge, C.B. (2001). A computational analysis of sequence features involved in
recognition of short introns. Proc Natl Acad Sci U S A 98, 11193-11198.

Lim, L.P., Lau, N.C., Weinstein, E.G., Abdelhakim, A., Yekta, S., Rhoades, M.W., Burge, C.B.,
and Bartel, D.P. (2003). The microRNAs of Caenorhabditis elegans. Genes Dev /7, 991-
1008.

Lu, J., Shen, Y., Wu, Q., Kumar, S., He, B., Shi, S., Carthew, R.-W., Wang, S.M., and Wu, C.I.
(2008). The birth and death of microRNA genes in Drosophila. Nat Genet 40, 351-355.

Morimoto, R.I. (1998). Regulation of the heat shock transcriptional response: cross talk between
a family of heat shock factors, molecular chaperones, and negative regulators. Genes Dev
12, 3788-3796.

Ohler, U., Yekta, S., Lim, L.P., Bartel, D.P., and Burge, C.B. (2004). Patterns of flanking
sequence conservation and a characteristic upstream motif for microRNA gene
identification. Rna /0, 1309-1322.

Okamura, K., Hagen, J.W., Duan, H., Tyler, D.M., and Lai, E.C. (2007). The mirtron pathway
generates microRNA-class regulatory RNAs in Drosophila. Cell 730, 8§9-100.

Ruby, J.G., Jan, C., Player, C., Axtell, M.J., Lee, W., Nusbaum, C., Ge, H., and Bartel, D.P.
(2006). Large-scale sequencing reveals 21U-RNAs and additional microRNAs and
endogenous siRNAs in C. elegans. Cell /127, 1193-1207.

Ruby, J.G., Jan, C.H., and Bartel, D.P. (2007a). Intronic microRNA precursors that bypass
Drosha processing. Nature 448, 83-86.

Ruby, J.G., Stark, A., Johnston, W.K., Kellis, M., Bartel, D.P., and Lai, E.C. (2007b). Evolution,
biogenesis, expression, and target predictions of a substantially expanded set of
Drosophila microRNAs. Genome Res 77, 1850-1864.

Sempere, L.F., Freemantle, S., Pitha-Rowe, 1., Moss, E., Dmitrovsky, E., and Ambros, V. (2004).
Expression profiling of mammalian microRNAs uncovers a subset of brain-expressed
microRNAs with possible roles in murine and human neuronal differentiation. Genome
Biol 5, R13.

Seo, T.S., Bai, X., Kim, D.H., Meng, Q., Shi, S., Ruparel, H., Li, Z., Turro, N.J., and Ju, J.
(2005). Four-color DNA sequencing by synthesis on a chip using photocleavable
fluorescent nucleotides. Proc Natl Acad Sci U S A 102, 5926-5931.

Seo, T.S., Bai, X., Ruparel, H., Li, Z., Turro, N.J., and Ju, J. (2004). Photocleavable fluorescent
nucleotides for DNA sequencing on a chip constructed by site-specific coupling
chemistry. Proc Natl Acad Sci U S A 101, 5488-5493.

Stark, A., Bushati, N., Jan, C.H., Kheradpour, P., Hodges, E., Brennecke, J., Bartel, D.P., Cohen,
S.M., and Kellis, M. (2008). A single Hox locus in Drosophila produces functional
microRNAs from opposite DNA strands. Genes Dev 22, 8-13.

Tyler, D.M., Okamura, K., Chung, W.J., Hagen, J.W., Berezikov, E., Hannon, G.J., and Lai, E.C.
(2008). Functionally distinct regulatory RNAs generated by bidirectional transcription
and processing of microRNA loci. Genes Dev 22, 26-36.

Zhang, L., Ding, L., Cheung, T.H., Dong, M.Q., Chen, J., Sewell, A.K., Liu, X., Yates, J.R., 3rd,
and Han, M. (2007). Systematic identification of C. elegans miRISC proteins, miRNAs,
and mRNA targets by their interactions with GW182 proteins AIN-1 and AIN-2. Mol
Cell 28, 598-613.

200



Table S1.

Gene

cand-124
cand-147
cand-229

cand-245
cand-250
cand-251
cand-252
cand-254
cand-328
cand-352
cand-396
cand-483
cand-594
cand-678

Fourteen Newly Identified miRNA Genes in C. elegans

Location Biogenesis
chrill canonical
chrill canonical
chrill canonical
chrX canonical
chrX mirtron
chrX mirtron
chrX mirtron
chrX mirtron
chrX canonical
chrX canonical
chrlll canonical
chrllIl canonical
chriv canonical
chrl mirtron

Mature miRNA sequence
AAATTTTGAGATTTTCCGCAC
TACAGAAGTGTTCGTGAAAAT
CACTTACCGGCTGAGCCATGC
ATAGCTCAGCCGGTAAGAGGC
CAAGTGATACCAGACCGCTAGT
AAATGCGACTTCTGGGCTTACAG
AAGCTCTATTCTCTCTTACAG
TAATACAACTTCTGGGCTTCCAG
TGAGTATCGCATCAACTTACAG
TATAACACTCGTATTGTTCGCT
AAGAGCGCTTGTAGTGAGTTGT
TTCAATATACCGGATGGTCTGG
TGGGCAAAGTTGGTTGAGAAGT
TGTATGAGCAAAATGCGAGGA
GTAAGTGGTTTTTGTAGATCAA

Mature miRNA reads Star observed Family members

17
9
11
10
44
17
11
12
20
15
14
258
44
9
148

no
yes
yes
yes
yes
no
yes
yes
no
yes
yes
yes
no
no
yes

miR-254%*

miR-86/785
Isy-6*

miR-1020*
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Conservation rate
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Figure S3
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mir-255
ACUAAAUUUUGGAGGUAAGAAAUCUUUGUAGUUCUCCGUAUUGUGACGUGAAAACUGAAGAGAUUUUUUACAGACUUCACAAAUUUGAAA
e CCCCCCCECEEEEEEEEEEEEECEa e CCCCCeesae)))=))=))=NIINININ)«=$)I)))IN)))) .-
KA KRR AR AR AT I I IR AR AR IR I I I I A AR AR IR R I *hhh Ak kXXX X ¥ AAACUGAAGAGAUUUUUUACAG* **kkkkkkkkkkkk k&
. . GUAAGAAAUCUUUGUAGU.....
. . GUAAGAAAUCUUUGUAGUUCUC.

« « .AAACUGAAGAGAUUUUUUAC. .
« « .AAACUGAAGAGAUUUUUUACA.
« « . AAACUGAAGAGAUUUUUUACAG
« . .AAACUGAAGAGAUUUUUU. ...
« « .AAACUGAAGAGAUUUUUUA. . .
« « . AAACUGAAGAGAUUUUUUACAG!
AAACUGAAGAGAUUUU......
-AACUGAAGAGAUUUUUUACAG
. . CUGAAGAGAUUUUUUACAG .
« « UGAAGAGAUUUUUUACAG. .
GAAGAGAUUUUUUACAGL. .
. . AGAGAUUUUUUACAG, .
. . AGAGAUUUUUUACAGA .
« « . GAGAUUUUUUACAGA .
ceeeeecssecccseteaesetcaasecassecsssccassccassccssscasscccss o GAGAUUUUUUACAG. cccveeccnccnsnns

Untemplated nucleotide addition:

Splice junction Splice junction

Conservation of sequence:

ACUAAAUUUUGGAGGUAAGAAAUCUUUGUAGUUCUCCGUAUUGUGACGUGAAAACUGAAGAGAUUUUUUACAGACUUCACARAUUUGARA
AUUCCUUAUUUCAGGUAAGAAAUCUUUGUGGUUUUCCGUUAUGAGACGAGAAAACUGAAGAGAUUUUUUACAGAUUUCUGCAGAAUUCUA
ACUGAUARAAAUCAGGUAAGAAAUCUUUGUGGUUUUCCGUGUUUARACGCGARAACUGAAGAGAUUUUUUACAGAUUCUGCAUAAUUUUCG

CUCUUCAUUAUCAGGUAAGAAAUCUUUGUAGUUUUCCGCGAGUCAACGUGAAAACUGAAGAGAUUUUUUACAGAUUCCGGAGGAGCAUCA
Fhkkkhkkkkkkkkhkhkk Khk *kkk khkk Kkkkkkkkhkhkkkkhkkhkkhkkhk* *

Conservation of secondary structure:
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SCCCCC = DMMICCCCCCEEECCCC- COCEECEECCeeeee e )))IIIIIIIIIIIIIIII)I) ) e
[ R R N R N N Y (A R )))))))))))IIIIIIIIIIIII) e ))))))eeene
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Splice junction @ = stop codon
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Chapter 5
Future directions
MicroRNAs as a model for the evolvability of cis-regulatory systems
The extent to which genes are regulated is under perpetual selection. Current data
indicate that the evolution of cis-regulatory systems is a primary driver of morphological
diversity. However, adaptive changes to cis-regulatory systems are not solely dedicated to
diversification. Regulation through cis-acting elements also exists to ensure that gene expression
programs are robust to perturbations. These qualities exactly fit the definition of evolvability put
forth by Kirshner and Gerhart:
By evolvability, we mean the capacity to generate heritable, selectable phenotypic
variation. This capacity may have two components: (i) to reduce the potential lethality of
mutations and (ii) to reduce the number of mutations needed to produce phenotypically
novel traits. (Kirschner and Gerhart, 1998)
How do cis-acting elements function in this capacity? Studies of miRNA regulation in mammals
have already pointed to two paradigms. The theme of reducing the lethality of mutations can be
easily related to the developmental principle of canalization. Canalization refers to evolved
robustness that decreases variability between individuals. Targeting by miRNAs can contribute
to developmental canalization, as evidenced by studies of anterior-posterior patterning in
Drosophila (Hornstein and Shomron, 2006). The homeotic gene Ubx is involved in the
development of halteres, vestigial wing-like balancing organs in flies (Lewis, 1978).
Experimental perturbation of Ubx expression leads to haltere to wing transformations, yet these
transformation are essentially never seen in wild-type flies, indicating that the expression of Ubx

is canalized (Hornstein and Shomron, 2006). This is achieved in part by the presence of miR-

207



iab-4 target sites in the Ubx 3" UTR (Gibson and Hogness, 1996; Stark et al., 2008), which act
with transcriptional regulation to ensure that Ubx protein is expressed in the appropriate domain.

How do miRNAs reduce the mutational barrier to producing novel traits? One interesting
example is the involvement of a miR-1 seed-creating single nucleotide polymorphism (SNP) in
the regulation of muscle mass. QTL analysis of crosses between Texel® and Romanov>* sheep
demonstrated the association of this SNP with muscle mass (Clop et al., 2006). This SNP creates
a miR-1 seed site in the Myostatin 3" UTR. Myostatin is involved in the autoregulation of
muscle mass as a secreted signal that downregulates muscle growth. The muscle-expressed miR-
1 downregulates the Texel allele of Myostatin by binding to this novel seed site, leading to
exceptional meatiness (Clop et al., 2006). The diminutive size of miRNA sites makes them
readily accessible throughout evolution, allowing the sampling altered gene expression programs
that may ultimately give rise to novel traits.

Understanding how miRNAs generally function and what properties of miRNA function
are selectively maintained throughout evolution is a fascinating question that will require
detailed analyses of individual miRNA:target interactions. Approaches include targeted genetic
disruption of miRNAs (Johnnidis et al., 2008) or miRNA target sites (Teng et al., 2008),
competitive inhibition of miRNAs with “sponges” (Ebert et al., 2007) and chemical inhibition
with “target-protector” oligonuceotides (Choi et al., 2007). These findings will undoubtedly
continue to be supplemented by naive discovery through forward genetic screens and QTL and
association studies. Additionally, assessment of miRNA targeting on a multi-genome scale will

be necessary to understand what aspects of miRNA biology are exploited during evolution.

> A breed renowned for its exceptionally meatiness.
** Normal meatiness.
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Focus on non-conserved targeting will be particularly useful in modeling how subtle cis-

regulatory changes can quantitatively contribute to phenotypes.

The mRNP inventory

Recent innovations in high-throughput sequencing technologies are revolutionizing
studies of gene processing and regulation. Simply sequencing mRNAs from various biological
samples has already contributed greatly to our understanding of the depth and complexity of
alternative mRNA processing, but what are the consequences? One reason miRNAs have been
invaluable in advancing the general understanding of post-transcriptional regulation is the
relative ease and accuracy of target predictions. In contrast, most RNA binding proteins
recognize degenerate or information-poor motifs, making target prediction challenging.
Recently, high-throughput sequencing has been applied to determine the complement of mRNAs
that interact with specific proteins. Variations of this approach, collectively termed CLIP-seq,
identify mRNAs physically associated proteins of interest by UV-crosslinking RNA-protein
complexes, immunoprecipitating the protein of interest, and sequencing the associated RNA
(Licatalosi et al., 2008). Like similar methods for transcription factors, CLIP-seq identifies any
transient physical interaction, regardless of functional or biological consequence. As we
continue to complete the catalog of mRNPs, assessing the functional significance of these
interactions will remain a challenge to biologists.

A catalog of mRNPs that occur in vivo will be invaluable to decoding the post-
transcriptional regulation of mRNAs. One approach is to exhaustively catalog the binding sites
of all known RNA binding proteins (RBPs). Such an experiment has been performed in yeast,

where RBPs were found to interact with sets of functionally related mRNAs (Hogan et al., 2008).
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However, this approach did not utilize crosslinking, which may result in association of
complexes in vitro that were not present in vivo (Mili and Steitz, 2004). Additionally, RNAs
were identified by hybridization to microarrays, which lack the resolution to identify the actual
site of binding.

In mammals, CLIP-seq protocols have been applied with reasonable success (Chi et al.,
2009; Hafner et al., 2010; Licatalosi et al., 2008). While specific antibodies are preferable here,
expression of tagged constructs allows all RBPs to be analyzed, with the caveat that
overexpression may lead to identification of biologically irrelevant targets. These biochemical
approaches can be applied to any species or system where the appropriate reagents are available.
These data have not yet been assembled into a comprehensive picture of gene regulation, but

combined with conservation-based approaches they represent an important foundation.

When does alternative polyadenylation matter?

The repertoire of cis-acting elements present in a given mRNA can be radically changed
by alternative polyadenylation of the pre-mRNA. How these events contribute to the regulation
of gene expression is largely unknown. Recent studies have demonstrated that alternative
polyadenylation can change as a function of cellular state (Flavell et al., 2008; Mayr and Bartel,
2009; Sandberg et al., 2008). However, numerous questions remain: which mRNAs are
alternatively polyadenylated, to what extent does poly(A) site selection change, what are the
functional consequences of these changes and in what scenarios might alternative
polyadenylation be useful? APE-seq can be applied to identify which mRNAs are alternatively
polyadenylated and to what extent the various isoforms are used. But under what conditions

might alternative polyadenylation be relevant? One scenario involves circumstances where the
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set of trans-acting factors remains constant (e.g. those that are involved in specifying cellular
identity), but specific genes must change their expression levels. This makes sense in the context
of T-cell activation, where cellular identity is unchanged, but gene expression must adapt to
facilitate new cellular activities. Likewise, other “activation” processes are expected to utilize
alternative polyadenylation, including numerous other immune responses, neuronal stimulation
and wound healing.

It is unlikely that cellular events that trigger changes in alternative polyadenylation affect
the same genes. What are the factors that contribute to the selection of alternative poly(A) sites?
This problem can be approached from multiple angles. Candidate regulators can be identified in
a number of ways. One could search for genes (in particular RBPs) differentially expressed
between cells that express the short and long forms of UTRs of interest. Alternatively, RBP
maps from the CLIP-seq experiments described above can be used to find candidates regulators
that bind near alternative poly(A) sites. In vitro approaches may be fruitful here as well. For a
given alternative poly(A) site of interest, nuclear extracts from cells that differentially use this
poly(A) site can be used to identify factors that specifically promote or inhibit the use of the site
in vitro. Lastly, alternative polyadenylation events that have a significant impact on expression
levels can be used as reporters for RNAi screens to identify required frans-acting factors that
affect poly(A) site choice.

What are the functional consequences of changes in alternative polyadenylation? One
approach is to enforce the expression of specific isoforms by introducing transgenes and assay
for phenotypic consequences. Here, care must be taken to inactivate alternative poly(A) signals
when expressing the long isoforms of genes. Similarly, antisense oligos may be useful in inhibit

the recognition of specific poly(A) sites. Related approaches have been used to study splicing
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and miRNA regulation (Choi et al., 2007; Draper et al., 2001). Additionally, conservation of
alternative poly(A) sites can offer insight into the function of these sites, and which cis-acting

elements may contribute to their regulation.

Concluding remarks

Advances in sequencing technologies have changed the way we study gene regulation.
These innovations have generated a more complete picture of the genomes and transcriptomes
that make up the tree of life. Applications of these technologies appear limited only by the
imagination and will surely lead to new and exciting discoveries. Biology is full of surprises;

one need only look past the expected to find them.
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all imaged spinal cord sections to rule out
possible axon intersections. Notably, in all of
the collaterally sprouted axons from both mu-
tant and wild-type animals, NG2+ glial pro-
cesses were barely detectable at the nodal
vicinity (Fig. 41), whereas many nonsprouted
nodes appeared to be in contact with NG2+
glial processes (Fig. 4J). This observation
further indicates that nodal ensheathment is
necessary to prevent axonal sprouting.

In conclusion, we find that isolated mem-
branes of CNS nodes of Ranvier are non-
permissive for neurite outgrowth and propose
that this is due to cell extensions that emanate
from NG2* oligodendrocyte precursor-like cells
that tightly ensheath the nodal axon. It is known
that NG2 is expressed by a heterogeneous pop-
ulation of neuroglial cells in the adult CNS,
ranging from oligodendrocyte precursors to spe-
cialized glial cells that contact nodes of Ranvier
in optic nerves and synaptic terminals in the
hippocampus (29-37). Whether these nodal
glial cells represent the same lineage of spe-
cialized NG2+ neuroglia described to con-
tact nodes of Ranvier in rat optic nerves
remains to be determined. Furthermore, we found
glial processes emanating from specialized
oligodendrocyte-like cells that converge at the
CNS node and contain high concentrations of
the neurite outgrowth inhibitor, OMgp. OMgp
was detected at most of the nodes examined,
which suggests that it may function in gener-
ating normal nodal architecture and in suppress-
ing collateral sprouting, because in OMgp-null
mice, the nodal gap is abnormally widened and
sprouting from this locus is observed. It also
remains to be determined whether OMgp is
necessary for survival of the NG2+ oligoden-
drocyte precursor-like cells, although given the
lack of decrease in NG2+ cells in the OMgp '~
mice, this may not be a likely functional role
for OMgp. It seems more likely that OMgp
plays a role in the adhesion of NG2+ glial
processes to CNS nodes because in all of the
observed sprouted nodes, there were no de-
tectable NG2* processes.

Finally, considering the intimate relation
between the node and the encircling inhibi-
tory glial membranes, after traumatic injury
to the CNS, OMgp and possibly other in-
hibitory peptides at the nodal/paranodal re-
gion, such as versican, MAG, NG2, or Nogo-A
(11, 16, 27, 32), may remain stably attached
to the nodal region or become deposited on
the axonal surface, thus preventing axons from
responding to injury-elicited growth signals.
Overcoming the inhibitory nature of these
nodal glial cells may yield new therapeutic
interventions to promote functional recovery
after CNS trauma.
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Thousands of mammalian messenger RNAs are under selective pressure to
maintain 7-nucleotide sites matching microRNAs (miRNAs). We found that
these conserved targets are often highly expressed at developmental stages
before miRNA expression and that their levels tend to fall as the miRNA that
targets them begins to accumulate. Nonconserved sites, which outnumber the
conserved sites 10 to 1, also mediate repression. As a consequence, genes pref-
erentially expressed at the same time and place as a miRNA have evolved to
selectively avoid sites matching the miRNA. This phenomenon of selective
avoidance extends to thousands of genes and enables spatial and temporal
specificities of miRNAs to be revealed by finding tissues and developmental
stages in which messages with corresponding sites are expressed at lower levels.

MicroRNAs are an abundant class of endog-
enous ~22-nucleotide (nt) RNAs that spec-
ify posttranscriptional gene repression by
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base-pairing to the messages of protein-
coding genes (/, 2). Hundreds of miRNAs
have been identified in humans (/), and
thousands of messages are under selection
to maintain pairing to miRNA seeds (nucleo-
tides 2 to 7 of the miRNA), enabling reg-
ulatory targets of miRNAs to be predicted
simply by searching 3’ untranslated regions
(3'UTRs) for evolutionarily conserved 7-nt
matches to miRNA seed regions (3-5).

We used the mouse expression atlas (6)
to examine the expression of the predicted
targets of six tissue-specific miRNAs: miR-1
and miR-133 (skeletal muscle), miR-9 and
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miR-124 (brain), miR-122 (liver), and miR-
142-3p (hematopoietic organs and blood
cells) (7—10) (fig. S1). The 250 messages with
conserved miR-133 sites were generally ex-
pressed in muscle but at lower levels in
muscle than in other tissues (Fig. 1A). Sim-
ilarly, predicted targets of the other miRNAs
were usually at lower levels in the tissue
expressing the miRNA than in other tissues
(Fig. 1A). Brain-specific miR-9 and miR-124
displayed more complex patterns, perhaps
reflecting the heterogeneous cell types within
the brain.

The low relative expression of predicted
targets in differentiated tissues raised the
question of whether they might be more
highly expressed earlier in differentiation,
before miRNA expression. To address this,
we analyzed expression profiles of myotube
differentiation (/7), during which miR-1 and
miR-133 accumulate after cell-cycle arrest (/2).
Predicted targets of these muscle-specific
miRNAs were preferentially high before
miRNA expression and then dropped as the
miRNAs accumulated (Fig. 1B and fig. S3).
Our observation that miRNAs induced dur-
ing differentiation tend to target messages
highly expressed in the previous develop-
mental stage suggested a function analogous
to that proposed for miRNAs in plants: They
dampen the output of preexisting messages
to facilitate a more rapid and robust transition
to a new expression program (/3). Predicted
targets tended to be expressed at substantial
levels on the absolute scale (Fig. 1A, x axis),
which further suggested that metazoan miRNAs
are often optimizing protein output without
eliminating it entirely (/4).

Our results are consistent with the idea
that miRNAs are destabilizing many target
messages to further define tissue-specific
transcript profiles (/5) but also leave open
the possibility that many targets are repressed
translationally without mRNA destabiliza-
tion. If miRNAs were usually working in
concert with transcriptional and other regula-
tory processes to down-regulate the same
genes, then a correlation between conserved
targeting and lower mRNA levels would be
observed even for messages that miRNAs
translationally repress without destabilizing.

Mammalian miRNA families have an av-
erage of ~200 conserved targets above es-
timated background, a figure approximately
1/10th the number of 3’'UTRs with 7-nt sites
in a single genome (3, 5). Computational al-
gorithms rely on evolutionary conservation
to distinguish functional miRNA targets
from the thousands of messages that would
pair equally well; in contrast, the cell must
rely on specificity determinants intrinsic to a
single genome. To determine whether these
nonconserved sites might be functional, we
used reporter assays to compare repression
mediated by conserved and nonconserved
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Fig. 1. Gene density maps of
conserved miRNA targets. (A)
Predicted targets of miRNAs in
tissues expressing the miRNAs.
For muscle (large panel, left),
the genes of the expression
atlas were first placed in 61
equally populated bins along
the x axis and 61 equally
populated bins along the y
axis. Along the x axis, genes
were sorted on the basis of
whether they were expressed
at low (left) or high (right)
levels in muscle. Along the y
axis, genes were sorted on the
basis of whether they were
expressed higher (top) or low-
er (bottom) in muscle com-
pared with other tissues.
Predicted targets of miR-133
were then mapped onto this
61-by-61 grid. Local density

[after background subtraction (fig. S2) and smoothing] of miR-133 targets is color coded, with regions
of enrichment (red) or depletion (blue) shown (key at far right). Other miRNA-tissue pairs were
analyzed analogously (smaller panels, right). (B) Time course of predicted targets during myoblast
(C2C12) differentiation to myotubes, analyzed with a 24-by-24 grid. (C) Time course of predicted
targets during mouse embryogenesis, analyzed as in (A). Predicted targets of let-7 are included for

comparison in (B) and (C).

sites. We selected two targets of miR-1, pre-
dicted by TargetScan based on conservation
in human, mouse, and rat (/6) and six human
UTRs that had comparable TargetScan scores
in human but low or nonexistent scores in
mouse or rat. When eight UTR fragments of
~0.5 kb that contained the sites were placed
in reporters, we observed specific repression
for all of them (Fig. 2A). Analogous exper-
iments with eight predictions from our more
sensitive analysis, TargetScanS, which searches
for conserved 7- or 8-nt matches (3), and 17
genes with nonconserved matches also detected
little difference between UTR fragments con-
taining conserved and nonconserved sites (Fig.
2B), even when the concentration of transfected
miRNA was titrated to suboptimal levels (fig.
S4). Apparently, most nonconserved sites for-
tuitously reside in local contexts suitable for
mediating repression and therefore have the po-
tential to function when exposed to the miRNA.
These results generalize previous work show-
ing that in certain contexts 7- or 8-nt matches
appear sufficient for miRNA-like regulation
(4, 17, 18). We conclude that additional recog-
nition features, such as pairing to the remain-

der of the miRNA, accessible mRNA structure,
or protein-binding sites, are usually dispensable,
or occur so frequently that they impart little
overall specificity [supporting online material
(SOM) text].

To explore the impact of this vast poten-
tial for nonconserved targeting, we examined
the expression of messages with noncon-
served 7-nt matches to tissue-specific miRNAs,
focusing first on messages with sites present
in mouse but not in the orthologous human
UTRs (Fig. 3A). In contrast to the conserved
sites, the nonconserved sites had a propensi-
ty to fall in the UTRs of genes that were not
expressed in the same tissue as the miRNA.
Also notable was the depletion of sites
among those genes that were most highly
and specifically expressed in the tissue. Such
depletion could result primarily from direct
miRNA-mediated destabilization of mes-
sages (15), or some depletion might be from
selective avoidance of sites—evolutionary pres-
sure for messages highly specific to a tissue to
lose sites for coexpressed miRNAs.

To distinguish between these two pos-
sibilities, we plotted the expression, in mouse,
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Fig. 2. MicroRNA-mediated
repression of luciferase re-
porter genes containing
3UTR fragments with con-
served or nonconserved
sites. (A) UTR fragments
with TargetScan-like miR-1
sites. Luciferase activity
from Hela cells cotrans-
fected with miRNA and
wild-type reporters was
normalized to that from
cotransfection with mutant
reporters with three point
substitutions disrupting
each seed match. The miR-
124 transfections served as
specificity controls. Error
bars represent the third
largest and smallest values
among 12 replicates (one
asterisk, P < 0.07; two as-
terisks, P < 0.001, Wilcoxon
rank-sum test). (B) UTR frag-
ments with TargetscanS-like
miR-1 (top) and miR-124
(bottom) sites, analyzed as
in (A).
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Fig. 3. Density maps for genes with nonconserved sites. (A) Messages with site present in mouse
3'UTR but absent in human ortholog. Data are shown as in Fig. 1, but enrichment is relative to
matched cohorts (figs. S5 and S6), controlling for UTR length and nucleotide composition. (B)
Messages with site present in human UTR but absent in orthologous mouse UTR, analyzed as in (A).

of genes that lacked sites in the mouse UTR
but contained a site in the human ortholog.
Because such messages would not be subject
to miRNA-mediated destabilization in mouse,
the depletion signal would vanish if it reflected
only direct destabilization. However, the signal
persisted (Fig. 3B, blue in upper right); mouse
genes that were highly and specifically ex-
pressed in the tissue were less likely to harbor
sites in their human orthologs, indicating that
genes preferentially coexpressed with the
miRNA have evolved to avoid targeting by
that miRNA. The enrichment for genes ex-
pressed at low levels also explained some of
the many potentially functional nonconserved
sites; they accumulate by chance, without con-
sequence, in messages not coexpressed with the
miRNA. The reduction in signal in Fig. 3B
compared to Fig. 3A hints that species-specific

www.sciencemag.org SCIENCE VOL 310

mRNA destabilization might also be frequent,
presumably as both neutral and consequential
species-specific targeting.

Quantifying selective depletion of sites
among messages preferentially expressed in
muscle indicated that ~420 of the 8511
genes of the expression atlas are under se-
lective pressure to avoid miR-133 sites. These
are “antitargets,” an anticipated class of genes
not observed previously (/4). The estimated
numbers of antitargets for miR-1, miR-122,
miR-142, miR-9, and miR-124 were 300, 190,
170, 240, and 440, respectively—comparable
to the numbers of their conserved targets.
Extrapolating to include other miRNA families
that are also highly expressed with specific
spatial or temporal expression patterns, we
estimated that selective avoidance of miRNA
targeting extends to thousands of genes (SOM

REPORTS

text). A signal for messages avoiding targeting
in all tissue types would be harder to detect in
our analysis. For some messages, acquiring
miRNA pairing might be so detrimental that
they are under selective pressure to have short
UTRs, perhaps helping to explain why highly
expressed “housekeeping” genes have substan-
tially shorter UTRs than do other messages (19).

In addition to revealing target avoidance,
these data extend results of our heterologous
reporter system (Fig. 2) into the animal, show-
ing that 7-nt sites are often sufficient to spec-
ify a biological effect. Messages expressed
highly and specifically in muscle are ~59%
less likely than controls to possess a 7-nt match
to muscle-specific miR-133 (Fig. 3A). For the
other five miRNAs, this depletion averaged
45% (range of 31 to 57%). This extent of de-
pletion implies that as sites for highly ex-
pressed miRNAs emerge during sequence
drift of UTRs, about half emerge in a context
suitable for miRNA targeting—causing either
mRNA destabilization or a selective disad-
vantage sufficient for preferential loss of the
site from the gene pool.

Site depletion due to miRNA activity
should occur specifically in tissue types ex-
pressing the miRNA. To explore the specificity
of depletion, we used a modified Kolmogorov-
Smirnov (KS) test to determine whether the set
of genes with sites in either human or mouse
orthologs were expressed at lower levels than
cohorts of genes with the same estimated
expectation for having sites, controlling for
UTR length and nucleotide composition. In
muscle, but not in T cells, the set of transcripts
with a miR-133 site was depleted compared with
those of control cohorts (Fig. 4A). Repeating
the miR-133 analysis for all 61 tissues in the
mouse atlas showed that this effect was most
pronounced in skeletal muscle and heart, the
two tissues in which miR-133 is preferentially
expressed. Plotting color-coded P values for
relative depletion of transcripts with miR-133
sites illustrated a signature reflecting the tissue-
specific influence of miR-133 (Fig. 4B, top
row).

Signatures for all 73 miRNA families
(representing 169 human miRNA genes) con-
served among the four sequenced mammals
and zebrafish were derived (fig. S7). For many
miRNA families that are prominently ex-
pressed in specific tissues (7—10), the signatures
corresponded to tissues in which these miRNAs
are expressed (Fig. 4B). These included the six
families featured in Fig. 3, as well as let-7,
miR-99, miR-29, and miR-153 (brain), miR-30
(kidney), miR-194 (liver, gut, and kidney),
miR-141 and miR-200b (olfactory epithelium
and gut), miR-96 (olfactory epithelium), and
miR-375 (pituitary). Eight of these also gave
accurate signatures when considering sites in
the coding sequences rather than 3’'UTRs (SOM
text). miR-7 had the highest signal in the
pituitary. This miRNA is known to be prefer-
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small nuclear RNA.

1820

entially expressed in the brain (§-70), but
preferential expression in pituitary had not been
noted. An RNA blot confirmed that miR-7
expression is highest in the pituitary (Fig. 4D).

Other miRNA families, including most
described as having ubiquitous, complex, or
undetectable expression patterns, were in-
distinguishable from controls (Fig. 4C and
fig. S7). Nonetheless, some described as
ubiquitous displayed stage-specific signa-
tures. These included families in the miR-
17~18~19a~20~19b~92 cluster, which
had a strong embryo signature, consistent with
their association with proliferation and can-
cer (20, 21). The miR-302 family also had a
strong early-embryo signature, consistent with
its sequence similarity to the 17~92 prolifer-

ation cluster and its expression in embryonic
stem cells (22, 23). The conserved targets of
these embryonic miRNAs were preferen-
tially at high levels in the oocyte and zygote
and then dropped to low levels in the blas-
tocyst and embryo (Fig. 1C), as expected if
these miRNAs help dampen expression of
maternal transcripts.

A signal for motif conservation is a main-
stay of bioinformatics and previously indicated
the widespread scope of conserved miRNA
targeting (3—5, 24), but a signal for absence of
a motif is unusual. The ability to observe such
a signal revealed an additional dimension to
the impact of miRNAs on UTR evolution—a
widespread potential for nonconserved target-
ing leading to the selective loss of many 7-nt

sites. When considering conserved targeting,
nonconserved targeting, and targeting avoid-
ance, it is hard to escape the conclusion that
miRNAs are influencing the expression or
evolution of most mammalian mRNAs.
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Ubiquitin-Binding Domains in
Y-Family Polymerases Regulate
Translesion Synthesis
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Translesion synthesis (TLS) is the major pathway by which mammalian cells
replicate across DNA lesions. Upon DNA damage, ubiquitination of proliferat-
ing cell nuclear antigen (PCNA) induces bypass of the lesion by directing the
replication machinery into the TLS pathway. Yet, how this modification is
recognized and interpreted in the cell remains unclear. Here we describe the
identification of two ubiquitin (Ub)-binding domains (UBM and UBZ), which
are evolutionarily conserved in all Y-family TLS polymerases (pols). These do-
mains are required for binding of poln and polt to ubiquitin, their accumulation
in replication factories, and their interaction with monoubiquitinated PCNA.
Moreover, the UBZ domain of poln is essential to efficiently restore a normal
response to ultraviolet irradiation in xeroderma pigmentosum variant (XP-V)
fibroblasts. Our results indicate that Ub-binding domains of Y-family poly-
merases play crucial regulatory roles in TLS.

Signaling through ubiquitin (Ub) is generally
thought to occur by low-affinity noncovalent
interactions between Ub and a variety of spe-
cialized Ub-binding domains (UBDs) (I, 2).
To analyze the Ub-interaction map, we per-
formed yeast two-hybrid screens using wild-
type Ub and Ub in which isoleucine 44 (144)
was mutated to alanine (Ub*). To date, all
known characterized UBDs require the con-
served 144 in the hydrophobic patch on Ub for
their binding (2), and proteins interacting with
Ub* might therefore contain previously un-
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known Ub-interacting modules. Among the
clones that interacted with Ub* are two that
encode the C terminus of TLS polymerase 1
(polv) (fig. S1A). Moreover, full-length mouse
polt expressed in human embryonic kidney
(HEK) 293T cells bound to both glutathione
S-transferase (GST)-Ub and GST-Ub*, but
not to GST alone (fig. S1A). Thus, polt con-
tains a Ub-binding module in the C terminus
that does not require 144 for its binding to Ub.
Bioinformatic analysis of the C-terminal part
of polt identified two copies of a previously
unknown sequence motif termed UBM (Ub-
binding motif). These repeats span ~30 res-
idues and consist of two predicted helical
segments, separated by an invariant “Leu-Pro”
motif, which is conserved in all polt versions
examined, as well as in Revl, another Y-
polymerase (fig. S1B). Missense mutations of
the conserved residues with a presumptive
crucial role in Ub binding (L508A, P509A in
UBMI*, L693A, P694A in UBM2¥) in either
polt UBM substantially impaired polt bind-
ing to GST-Ub, whereas the inactivation of
both domains by point mutations completely
blocked the interaction (Fig. 1A). Similar
results were obtained using polt UBM de-
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letion (poli-A496-524 and polt-A681-709)
mutants (fig. S1C). We purified isolated
GST-UBMI and GST-UBM?2 of polt and ana-
lyzed their binding to Ub and the Ub-144A mu-
tant by nuclear magnetic resonance (NMR)
spectroscopy (fig. S1D). The estimated disso-
ciation constant (K,) values for binding of
UBMI1 and UBM2 to both Ub and Ub-144A
were in the range of 180 uM. Mapping of the
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Fig. 1. (A) Identification of the UBDs in Y-
polymerases. Point mutations of either UBM1
(L508A,P509A in UBM1*) or UBM2 (L693A,P694A
in UBM2*) of mouse polt reduce its binding to Ub
as compared with wild-type polt (wt). Mutating
both UBMs (UBM1*,2*) abolishes binding of pol
to Ub in GST pull-down assays. (B) Surface rep-
resentation of Ub interaction with UBM deter-
mined by NMR spectroscopy. The binding
interface of GST-UBM2 on Ub defined by residues
K6, L8, T9, G10, 113, T14, R42, K48, G53, and R72
(see supporting online material) is indicated in
purple. Residue 144 (yellow) is indicated for
orientation. (C) Poln UBZ mediates binding to
ubiquitin. HEK293T lysates (TCL) containing
FLAG-poln wild type or its UBZ mutant
(D652A) (UBZ*) were subjected to Ub-agarose
pull-down assays. The shift in mobility of poln
visible in lane 1 represents its monoubiquitinated
form. 1B, immunoblot.
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SUMMARY

We sequenced ~400,000 small RNAs from
Caenorhabditis elegans. Another 18 microRNA
(miRNA) genes were identified, thereby extend-
ing to 112 our tally of confidently identified
miRNA genes in C. elegans. Also observed
were thousands of endogenous siRNAs gener-
ated by RNA-directed RNA polymerases acting
preferentially on transcripts associated with
spermatogenesis and transposons. In addition,
a third class of nematode small RNAs, called
21U-RNAs, was discovered. 21U-RNAs are pre-
cisely 21 nucleotides long, begin with a uridine
5'-monophosphate but are diverse in their re-
maining 20 nucleotides, and appear modified
at their 3'-terminal ribose. 21U-RNAs originate
from more than 5700 genomic loci dispersed in
two broad regions of chromosome IV—primarily
between protein-coding genes or within their
introns. These loci share a large upstream motif
that enables accurate prediction of additional
21U-RNAs. The motifis conserved in other nem-
atodes, presumably because of its importance
for producing these diverse, autonomously
expressed, small RNAs (dasRNAs).

INTRODUCTION

RNAs ~22 ntin length play gene-regulatory roles in numer-
ous eukaryotic lineages, including plants, animals, and
fungi (Bartel, 2004; Nakayashiki, 2005). The first endoge-
nous ~22 nt RNAs discovered in eukaryotes were the
lin-4 and let-7 RNAs, both of which were found by mapping
mutant C. elegans loci (Lee et al., 1993; Reinhart et al.,
2000). The mature lin-4 and let-7 RNAs are each processed
from a hairpin formed within their respective primary tran-

scripts. Through molecular cloning and sequencing, many
small RNAs with the potential to arise from foldback struc-
tures characteristic of the lin-4 and let-7 hairpins were
identified, including more than 50 from C. elegans, thereby
establishing a class of endogenous RNAs called miRNAs
(Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and
Ambros, 2001). Additional miRNAs have been identified
in C. elegans by cloning, genetics, or computational pre-
diction supported by experimentation (Ambros et al.,
2003; Grad et al., 2003; Johnston and Hobert, 2003; Lim
et al., 2003; Ohler et al., 2004).

Inaddition to the miRNA, aless abundant species known
as the miRNA star (miRNA*) derives from the miRNA hair-
pin precursor (Lau etal., 2001; Lim et al., 2003). The miRNA
and miRNA* species pair to each other with ~2 nt 3’ over-
hangs. In animals, this miRNA:miRNA* duplex is generated
by the sequential action of Drosha and Dicer RNase-Ill en-
donucleases (Grishok et al., 2001; Hutvagner et al., 2001;
Lee et al., 2003). Drosha cleaves at sites near the base of
the stem, thereby liberating a 60-70 nt fragment compris-
ing the majority of the hairpin, which Dicer then cleaves at
sites near the loop (Lee et al., 2003; Han et al., 2006). The
miRNA strand of the resulting miRNA:miRNA* duplex is
then loaded into a silencing complex, which contains at
its core a member of the Argonaute family of proteins (Hut-
vagner and Zamore, 2002; Mourelatos et al., 2002).

Once incorporated into the silencing complex, the
miRNA serves as a guide to direct the posttranscriptional
repression of protein-coding messages. Most important
for target recognition is pairing to the miRNA seed, defined
as the 6 nt segment comprising nucleotides 2-7, counting
from the 5’ terminus of the miRNA (Lewis et al., 2003, 2005;
Doench and Sharp, 2004; Brennecke et al., 2005). When
comparing related miRNAs, the seed is also the most con-
served portion of the RNA, and C. elegans miRNAs can be
grouped into families based largely on their shared seed
sequences (Ambros et al., 2003; Lim et al., 2003).

Other types of endogenous small RNAs have been found
within libraries made from C. elegans. Those that are anti-
sense to C. elegans mRNAs have been classified as small
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interfering RNAs (siRNAs), with the idea that they might be
processed from long double-stranded RNA (dsRNA) and
might direct the silencing of complementary mRNAs (Am-
bros et al., 2003; Lim et al., 2003). Other cloned and se-
quenced ~22 nt RNAs do not appear to correspond to pro-
tein-coding regions and do not have the potential to arise
from hairpins characteristic of miRNA precursors and yet
are expressed at sufficiently high levels to be detected
on RNA blots. These have been annotated as tiny noncod-
ing RNAs (tncRNAs; Ambros et al., 2003). In flies and mam-
mals, other distinct classes of small RNAs have been re-
ported, including repeat-associated siRNAs (rasiRNAs;
Aravin et al., 2003; Vagin et al., 2006) and Piwi-interacting
RNAs (piRNAs; Aravin et al., 2006; Girard et al., 2006; Lau
et al., 2006).

Recent advances in high-throughput sequencing tech-
nology have allowed for a more complete assessment of
the global small RNA population in plants (Lu et al,
2005). Here, we applied high-throughput pyrosequencing
methods (Margulies et al., 2005) to the discovery of small
RNAs expressed in mixed-staged C. elegans. Our results
reshape the list of known miRNAs by reporting newly iden-
tified miRNA genes, defining the processing of most previ-
ously annotated miRNAs, refining the termini of some, and
raising new questions as to the authenticity of others. In
addition, we describe thousands of endogenous siRNAs
that appear to be RNA-templated products of activities
acting preferentially on messages associated with sper-
matogenesis and transposons. We also describe the
21U-RNAs, which originate from an estimated 12,000-
16,000 genomic loci dispersed between and within pro-
tein-coding genes in two broad regions of chromosome
IV. These loci each have a conserved upstream motif,
which we propose specifies the production of 21U-RNAs
from thousands of noncoding transcripts.

RESULTS

Our library of small RNAs isolated from mixed-staged C.
elegans was previously constructed so as to represent
only those RNAs with 5" monophosphate and 3’ hydroxyl
groups, the termini expected of miRNAs and siRNAs (Lau
etal., 2001). Standard sequencing of this and similar librar-
ies previously yielded sequences of 4078 small RNA
clones that match the C. elegans genome (Lau et al.,
2001; Lim et al., 2003). High-throughput pyrosequencing
(Margulies et al., 2005) of the library yielded 394,926 se-
quence reads that perfectly matched the worm genome.
Of those, 80% matched annotated miRNA hairpins. An-
other 6.4% matched other annotated noncoding RNA
genes, such asrRNA and tRNA, and were present at similar
frequencies for each length from 18 to 28 nt, which was the
pattern expected for degradation fragments of these non-
coding RNAs. Another 9.3% corresponded to 21U-RNAs,
and at least 0.7% corresponded to endogenous siRNAs
that were antisense to annotated exons. The remaining
sequences included what appeared to be endogenous
siRNAs that were antisense to annotated introns, mRNA/

intron degradation fragments, and a small contingent of
uncharacterized sequences.

Previously Annotated miRNAs

Our previous sequencing of small RNA libraries from
C. elegans discovered, refined, or confirmed the identities
of 80 miRNAs (Lau et al., 2001; Lim et al., 2003). All 80 were
observed in the new set of high-throughput reads at rela-
tive frequencies similar to those observed previously (Ta-
ble S1). As exemplified by lin-4 (Figures 1A and 1B), these
80 miRNA genes were typically represented by one domi-
nantly sequenced species, the miRNA, as well as a se-
quence from the opposing arm of the hairpin, the miRNA*
(Table S1; Supplemental Data). In addition, sequences
were sometimes observed that matched the portion of
the transcript in between the miRNA and miRNA* (Figures
1A and 1B; Table S1).

On average, the miRNA* species was present at about
1.0% the frequency of the miRNA. When paired to the
miRNA it generally exhibited the 3’ overhangs typical of
miRNA hairpin processing (Table S1; Lee et al., 2003;
Lim et al., 2003). Identifying the dominant miRNA* species
for many of the miRNAs, together with information on end
heterogeneity, provided useful data for considering the
specificity and precision of Drosha and Dicer processing.
For example, the observed miRNA 5’ ends were far more
homogenous (99.5% identical) than the miRNA* 5’ ends
(91% identical), which were more homogenous than the
miRNA 3’ ends (85% identical) and miRNA* 3’ ends (77%
identical). About half of the 5 heterogeneity was from
reads that were longer than the dominant species, impli-
cating imprecise Drosha/Dicer processing as the major
cause of heterogeneity at this end. Greater 3’ heterogene-
ity was attributed to three factors: (1) less precise Drosha/
Dicer processing, as indicated by templated nucleotides
extending beyond the dominant species, (2) preferential
degradation at the 3’ end, and (3) addition of untemplated
nucleotides to the 3’ ends of mMiRNA and miRNA* species.
The more precise cut at the miRNA 5’ end, compared to the
miRNA* 5’ end, presumably reflected selective pressure
for accurately defining the miRNA seed. Cleavage by either
Drosha or Dicer appeared equally consistent when that cut
would set the seed. The observation that when Dicer set
the seed it was more precise than Drosha disfavored
models in which Dicer simply measures from the termini
left by Drosha and suggested that additional determinants
are employed when needed to more accurately define
Dicer cleavage.

Examining the dominant mature miRNA sequences re-
vealed that 1.33% were extended by a single untemplated
nucleotide, with U being the preferred untemplated nucle-
otide (54%; Table S1). A second untemplated nucleotide
appeared with greater efficiency (4% of those already ex-
tended by one untemplated nucleotide) and with greater
preference for U (73%). Similar efficiency and U preference
was observed for a third nucleotide. The untemplated uri-
dylation of miRNAs was reminiscent of that reported for
unmethylated small RNAs in Arabidopsis (Li et al., 2005).
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A B AU
Uc GU
lin4 i A-u*
AUGCUUCCGGCCUGUUCCCUGAGACCUCAAGUGUGAGUGUACTATIGAUGCUUCACACCUGEECUCUCCGGGUACCAGGACGGUUUGAGCAGAT u-g
SCOCCCOCC 00 CO0 OO COOC OO0 C00Caeea) 2223000000200 10000200 ) 20000 )) ) e i) )) e UG—LIJ
HER AR R AR AR A * R R JOCCUGAGACCUCAAGUGUGA* * h Ak k k hh k k k k kA kA AR A R AR AR AR AR AR R AR AR AR AR AR AR AR R AR R AR R Ak hh ~a-u
............. OUTCCCTGACACTUCHRGUTUG <5573 550 45455 o1 305555707 T 60 i e T T T AR 1 Gofi—
............... UCCCUGAGACCUCARGUGUG . « - v v v v esse e emaa e e nnneennaeansssenanneeannssennneennssesnnes 117 TR
TR fe s s UCCCUGAGACCUCARGUGTON & ss i s in e s S s e R s 6556 A2-Ce
4 A-u
G-¢
£ =3
12 A=U
: &
19 l,G—CC
:
2 Uc:GU
— A
: Ye-ct
17 g_a—
22 GC:G“
B G-C
3 c-6
f—GI.I
u
U-GU
c uU-A
¢
Number =
mir-786 of reads 2"
GGGAUAGUUCCCGAUCGAAUAUCAGUUGGGGUAUUUACAARAAGACAAAAUUGUAAUGCCCUGARUGAUGUUCAAUCGGUGAUGAAUCUC
[ o O QPSP G G G G PP o &L 4 O O (PO PSP A 4 4 O Y X (X (8 (P RN RIS IS R DR RDES DD IS D IS DD R D]
............... CGAAUAUCAGUUGGGGUAUUUACA 3 E
AC
..................................................... 1 g A -
..................................................... 9 A A R
..................................................... 5 Aa? =
65 A-u c-6
..................................................... ot g
...................................................... 8 A-U u 1
uTy u-A
uU-A U=A
U-A A-U
D A-U -G
u-G G-¢
&e ]
C. elegans G-C G-C
GGGAUAGUUCCCGAUCGAAUAUCAGUUGG - GEUAUUUACAAAAAGACAAAAUUGUAAUGCCCUGAAUGAUGUUCAAUCGGUGAUGAATCTUC o e u-e
[N (I | e it | I A A O O N I O N A 1 L1 T T A R | [N} Lo [ U-A -
GEEACCCUUCCCAACAAAAUCUCAAAUAGUGGCAUUUACACAAGCA UGUAAUGCCCUGUACGAGAUUUGGUUGGUGAGAAGUCTC @™ A B
C. briggsae e 63
A-U -
u-G u-
A-U A-
A-U A-U
F CG—CA -
120 —Cya _
S =
. = =
* b -
o = T - |
100 ./ i G U G
,a IGu:ﬁ u-a
/ A, AE £ A
80 - ¢ ag a¢
@ ¥ 4 G-y G-y
< ot é-c é-c
=z v A A A u
ﬂé 50 - ; ¥ 4 C. elegans C. briggsae
2 »
=
40 ~
20 ;
0 a0 * “

T T T T T
>10"  >102  >10®  >10* >10%°  >10%
Sequencing frequency

Figure 1. Distribution of Reads across the lin-4 and mir-786 Hairpins

(A) The sequence of the lin-4 hairpin is depicted above its bracket-notation secondary structure as determined by RNAfold (Hofacker et al., 1994) and
above the prior annotation of the mature /in-4 miRNA (Lee et al., 1993), as refined by Lau et al. (2001). Below, each of the small RNA sequences that
matched the lin-4 hairpin is listed, with the number of reads representing each sequence shown. The dominant miRNA sequence is red; the dominant
miRNA* species is blue; and the loop-containing sequence is green. Reads from the other previously annotated miRNA hairpins are provided (Table S1).
(B) The lin-4 predicted hairpin, with the dominant species highlighted as in (A). Lines indicate inferred sites of Drosha and Dicer cleavage.

(C) The sequence of the mir-786 hairpin depicted as in (A). Reads from the other newly identified miRNA hairpins are provided (Table S1).

(D) An alignment of the mir-786 hairpin sequence with that of its inferred ortholog in C. briggsae. The dominant miRNA and miRNA* species are
highlighted as in (A), and C. briggsae residues differing from those of C. elegans are in gray.

(E) The C. elegans and C. briggsae mir-786 hairpins, depicted as in (B) with residues colored as in (D).

(F) Cumulative plot of C. elegans miRNAs with the indicated pyrosequencing frequency; blue, 53 miRNAs sequenced in Lau et al. (2001); cyan, 27
miRNAs first sequenced in Lim et al., (2003); orange, 31 miRNAs first sequenced in the current study (including 13 from previously annotated miRNA
hairpins).

Cell 127, 1193-1207, December 15, 2006 ©2006 Elsevier Inc. 1195



As expected, the high-throughput reads also included
some annotated C. elegans miRNAs that were not among
the 80 previously sequenced from our libraries. Thirteen
such previously annotated miRNA hairpins gave rise to
high-throughput reads (Table S1). All 13 were originally
identified computationally and then experimentally sup-
ported by northern blotting and/or a PCR-based assay
(Lim et al., 2003; Ohler et al., 2004). For five of these, the
5’ terminus did not match the one previously annotated,
an observation with ramifications for the experimental val-
idation of computational candidates (Supplemental Data).
No reads matched 19 of the C. elegans miRNA hairpins an-
notated in miRBase (Supplemental Data). Of these 19, one
was the lys-6 miRNA, which had been identified genetically
and appears to be expressed in only a few cells (Johnston
and Hobert, 2003).

Newly Identified miRNAs

In a search for additional miRNAs, we evaluated reads that
fell within potential miRNA-like hairpins, considering the
following criteria: (1) the pairing characteristics of the hair-
pin; (2) the expression of the candidate, as measured by
the abundance of sequence reads sharing the same 5’ ter-
minus; (3) evolutionary conservation, as evaluated by the
apparent conservation of the hairpin in C. briggsae and
grouping of the miRNA candidate into a family based on
its seed sequence; (4) the absence of annotation suggest-
ing non-miRNA biogenesis; and (5) the presence of reads
corresponding to the predicted miRNA* species. The ob-
servation of both a candidate miRNA and a candidate
miRNA* in a set of reads provides particularly compelling
evidence for Dicer-like processing from an RNA hairpin.
As illustrated for miR-786 (Figures 1C-1E), seven newly
identified genes satisfied all of our criteria (Table 1). Eleven
others satisfied a subset of the criteria deemed sufficient
for confident annotation as miRNAs. Three additional can-
didates that were sequenced more than once were, from
our perspective, borderline cases and therefore not anno-
tated here as miRNAs (Supplemental Data).

Sequencing frequencies of all newly and previously se-
quenced miRNAs are illustrated (Figure 1F). Seven newly
identified genes were near another miRNA gene and on
the same genomic strand (Table 1), an arrangement imply-
ing processing from a common polycystronic transcript
(Lagos-Quintanaetal.,2001; Lau et al., 2001). Seven newly
identified genes added to previously known C. elegans
miRNA families, in that they shared the same seed (Table
2). Forexample, miR-793, miR-794, and miR-795 alladded
to the let-7/48/84/241 family. Four other newly identified
genes shared seeds with miRNAs annotated in distant
species, thereby extending the scope of families previ-
ously identified in insects or vertebrates to the nematode
lineage (Table 2).

21U-RNAs

After accounting for the miRNAs and other types of anno-
tated noncoding RNAs, the remaining reads were domi-
nated by 21-mers with 5’ uridines. We refer to the bulk of

these as “21U-RNAs.” The vast majority of RNAs with
these properties mapped to two broad but distinct regions
of chromosome |V, one spanning chromosomal coordi-
nates 4.5-7.0 M, the other spanning 13.5-17.2M (Fig-
ure 2A). A few mapped to a third region, which spanned
coordinates 9-9.7M of chromosome IV. The ~34,300
21U-RNA reads that derived from these three regions
contained 5,454 unique sequences (Figure 2B), for which
5,302 loci were unambiguously mapped because their
sequences were unique in the assembly. Many of these
loci were represented by single reads in our set, suggest-
ing the existence of more members of this small RNA class
than were directly observed. Nonetheless, most of the
21U-RNA loci (67%) were represented by two or more
identical reads, indicating that the 34,300 reads captured
a nontrivial portion of the 21U-RNA diversity.

Four 21U-RNAs were sequenced more than 200 times,
including 21UR-1 (pUGGUACGUACGUUAACCGUGC),
which was represented by 521 reads and detectable on
RNA blots. This 21U-RNA was sensitive to alkaline hydro-
lysis and phosphatase treatment and was a suitable sub-
strate for RNA ligase —the expected properties of an RNA
with a5’ monophosphate (Figures 3C and S1). 21UR-1 was
also resistant to periodate treatment (Figure 3C), indicating
that its 3’ nucleotide was missing the cis diol and suggest-
ing modification at either the 2’ or 3’ oxygen of this nucloe-
tide, as reported for small RNAs in plants and rasiRNAs in
flies (Li et al., 2005; Vagin et al., 2006).

The 21U-RNAs mapped to both strands of the DNA but
overlapped with each other or with other sequenced small
RNAs on the opposing DNA strand less frequently than
would be expected by chance given a random distri-
bution, thereby providing no evidence for a dsRNA precur-
sor. WormBase-annotated genes were somewhat less
abundant within the 21U-RNA-rich portions of chromo-
some IV (mean + SD of 93 + 28 genes per 500 kb)
compared to the genome as a whole (116 + 26 genes
per 500 kb). The vast majority of the 21U-RNAs mapped
either between genes or within introns, with no preference
for the sense or antisense orientiation among intronic
matches. Only 2.5% of the 21U-RNA loci overlapped
annotated exons, a substantial depletion versus the total
fraction of the regions overlapping exons (~21%), and
the read abundance of sense versus antisense exonic
matches was nearly even (~750 and ~810, respectively).
Overall, the genomic data suggested that the 21U-RNA
loci are maintained independently of other genetic ele-
ments, with informational constraints that can conflict
with those of other genes.

The ~34,300 21U-RNA reads in our set of high-through-
put reads came from a mixed-staged library, raising the
question of which stage(s) in development the 21U-RNAs
might accumulate. Our previous effort (Lim et al., 2003) in-
cluded reads from this mixed-stage library as well as reads
from a larval stage L1 library, a dauer (dormant L3) library
and a mixed-staged library made from him-8 mutant
worms (which are enriched in males). Revisiting the 4078
reads from that earlier study revealed that 125 represented
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Table 1. Eighteen Newly Identified miRNAs in C. elegans

miRNA  miRNA*  C. briggsae  Fly or Vertebrate  Genomic
miRNA Sequence Reads Reads Ortholog Family Members  Cluster Parter
miR-784 UGGCACAAUCUGCGUACGUAGA 11 1 Yes
miR-785 UAAGUGAAUUGUUUUGUGUAGA 14 2 Yes Yes miR-359
miR-786 UAAUGCCCUGAAUGAUGUUCAAU 80 3 Yes Yes miR-240
miR-787 UAAGCUCGUUUUAGUAUCUUUCG 32 Yes Yes
miR-788 UCCGCUUCUAACUUCCAUUUGCAG 667 10 Yes
miR-789-1 UCCCUGCCUGGGUCACCAAUUGU 63 1 Yes
miR-789-2 UCCCUGCCUGGGUCACCAAUUGU 63 Yes
miR-790 CUUGGCACUCGCGAACACCGCG 16 5 Yes Yes miR-228
miR-791 UUUGGCACUCCGCAGAUAAGGCA 1 1 Yes Yes miR-230
miR-792 UUGAAAUCUCUUCAACUUUCAGA 4 Yes Yes
miR-793 UGAGGUAUCUUAGUUAGACAGA 73 Yes
miR-794 UGAGGUAAUCAUCGUUGUCACU Yes miR-795
miR-795 UGAGGUAGAUUGAUCAGCGAGCUU Yes miR-794
miR-796 UGGAAUGUAGUUGAGGUUAGUAA Yes
miR-797 UAUCACAGCAAUCACAAUGAGAAGA 12 Yes miR-247
miR-798 UAAGCCUUACAUAUUGACUGA 33
miR-799 UGAACCCUGAUAAAGCUAGUGG 36
miR-800 CAAACUCGGAAAUUGUCUGCCG 12 3

Reads for miR-789-1 and miR-789-2 cannot be distinguished.

21U-RNAs: 79 from mixed stage, 8 from dauer, 10 from
L1, and 28 from him-8. Normalizing to the read counts
of miRNAs with constant expression throughout larval
development, the him-8 library was ~2-fold enriched in
21U-RNAs compared to the wild-type mixed-stage library,
whereas the L1 and dauer libraries were ~2- and ~3-fold
depleted, respectively. The presence of 21U-RNAs in
both L1 worms and dauer L3 worms implies their presence
throughout much of worm development.

Two Sequence Motifs Associated with 21U-RNA Loci
Other than the U at their 5’ termini, the 21U-RNAs shared
little sequence identity. Indeed, the composition of the
four nucleotides was more equivalent for the 21U-RNAs
than for their broader genomic contexts, which were A-T
rich. However, the 21U-RNA genomic loci did share two
upstream sequence motifs, one much larger than the other
(Figure 3). The large motif was 34 bp and centered on an 8
nt core consensus sequence, CTGTTTCA. The small motif
had a core sequence of YRNT, in which the T corre-
sponded to the 5’ U of the 21U-RNA. The two subdomains
of the motif were separated by a spacer typically 19-21 bp
(Figure 3B).

A position-specific scoring matrix based on the com-
bined properties of the two motifs was used to predict
21U-RNAs on C. elegans chromosome IV. With a score
cut-off that correctly predicted 77% of the sequenced
21U-RNAs, 10,807 loci were identified on both strands of
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chromosome IV. The density of genomic matches to the
motifs corresponded well to that of known 21U-RNA loci,
demonstrating the specificity of our motif-scanning proce-
dure (Figures 2B and 2C). As illustrated for a 100 kb region
of chromosome VI, this correspondence held at high-
resolution views (Figure 2D). As a test of sensitivity, we
crosschecked the 10,807 predictions with an independent
set 0f 245,420 C. elegans small RNA reads (Pak and Fire, in
press) and found that nearly half (46%) of the 21U-RNAs
uniquely identified in this independent data set had been
predicted (see Experimental Procedures). We suggest
that the correspondence of 21U-RNAs predicted through
motif scanning with those detected by sequencing re-
flected the function of the motifs in specifying 21U-RNA
production in the animal.

Discovery of the upstream motif allowed assessment of
the other properties ascribed to 21U-RNAs (Figure S2).
Nearly all of the motif-associated 21-merreads (99.8%) be-
gan with a U, and 98.5% derived from the defined 21U-rich
regions of chromosome IV. Over 99% of the motif-associ-
ated reads were 21 nt or less, with those that were shorter
(5.4%) likely corresponding to 3’ degradation products.

To explore the potential conservation of 21U-RNAs, we
scanned all the C. briggsae genomic contigs (Stein et al.,
2003) for motif matches. Each C. briggsae contig with
a high concentration of motifs (> 75 per 100 kb) was synte-
nous with one of the three 21U-rich regions of C. elegans
chromosome IV (Figures 2A and 2B). We conclude that
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Table 2. C. elegans miRNA Families, with the Corresponding Known miRNAs in other Animals

Seed C. elegans C. briggsae D. melanogaster D. rerio Mammal
CCCUGA  lin-4/237 lin-4 miR-125 miR-125a/b/c miR-125a/b,mmu-
miR-351
UUUGUA  Isy-6 Isy-6
GAGGUA  let-7/48/84/241/793/ let-7/48/84/241 let-7 let-7a/b/c/d/e/f/ let-7a/b/c/d/e/flglil
794/795 g/hli 98/202
GGAAUG  miR-1/796 miR-1 miR-1 miR-1/206 miR-1/206
AUCACA miR-2/43/250/797 miR-43 miR-2a/b/c/6/11/
13a/b/308
GGCAGU miR-34 miR-34 miR-34 miR-34 miR-34a/c/449
CACCGG  miR-35/36/37/38/39/ miR-35/36/38/39/
40/41/42 40/41
GACUAG  miR-44/45/61/247 miR-44/45/61 miR-279/286
GUCAUG  miR-46/47 miR-46/47 miR-281
AGCACC  miR-49/83 miR-49/83 miR-285 miR-29a/b miR-29a/b/c
GAUAUG  miR-50/62/90 miR-50/62/90 miR-190 miR-190
ACCCGU  miR-51/52/53/54/55/56  miR-51/52/55 miR-100 miR-99/100 miR-99b/100,
hsa-miR-99a
ACCCUG  miR-57 miR-57 miR-10a/b/c/d miR-10a,
hsa-miR-10b
GAGAUC  miR-58/80/81/82 miR-58/80/81/82 bantam
CGAAUC  miR-59 miR-59
AUUAUG  miR-60 miR-60
AUGACA  miR-63/64/65/66/229 miR-64
CACAAC miR-67 miR-67 miR-307 miR-220
AAUACG miR-70 miR-70
GAAAGA miR-71 miR-71
GGCAAG  miR-72/73/74 miR-73/74 miR-31a/b mmu-miR-31
UAAAGC miR-75/79 miR-75/79 miR-4
UCGUUG miR-76 miR-76
UCAUCA  miR-77 miR-77
GGAGGC miR-78
ACAAAG miR-85 miR-85
AAGUGA  miR-86/785 miR-86/785
UGAGCA  miR-87/233 miR-87/233/356 miR-87
AAGGCA  miR-124 miR-124 miR-124 miR-124 hsa-miR-506,
mmu-miR-124a
AUGGCA  miR-228 miR-228 miR-183 miR-183
UAUUAG  miR-230 miR-230
AAGCUC miR-231/787 miR-231/787
AAAUGC miR-232/357 miR-232/357 miR-277
UAUUGC miR-234 miR-234 miR-137 mmu-miR-137
AUUGCA  miR-235 miR-235 miR-92a/b/310/ miR-25/92a/b/363  miR-25/32/92,
311/312/313 hsa-miR-367
AAUACU miR-236 miR-236 miR-8 miR-200b/c/429 miR-200b/c/429
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Table 2. Continued

Seed C. elegans C. briggsae D. melanogaster D. rerio Mammal
UUGUAC  miR-238/239a/b miR-239a miR-305

ACUGGC  miR-240 miR-240 miR-193a/b miR-193
UGCGUA  miR-242 miR-242

GGUACG miR-243

CUUUGG miR-244 miR-244 miR-9a/b/c miR-9 miR-9
UUGGUC miR-245 miR-245 miR-133a/b/c

UACAUG  miR-246 miR-246

UACACG  miR-248.1

ACACGU  miR-248.2 miR-248

CACAGG  miR-249 miR-249

UAAGUA  miR-251/252 miR-251

UAGUAG  miR-253 miR-253

GCAAAU miR-254 miR-254

AACUGA  miR-255 miR-255

AAUCUC  miR-259 miR-259 miR-304 miR-216a/b miR-216
UUGUUU  miR-355 miR-355

UUGGUA  miR-358 miR-358

CACUGG  miR-359 miR-359 miR-3/309/318

AUCAUC  miR-392 miR-392

GGCACA miR-784 miR-784

AAUGCC  miR-786 miR-786 miR-365 miR-365
CCGCUU  miR-788 miR-788

CCCUGC miR-789-1/-2 miR-789a/b

UUGGCA  miR-790/791 miR-791 miR-263b miR-96/182 miR-96/182
UGAAAU miR-792 miR-792 miR-203a/b

AAGCCU  miR-798

GAACCC  miR-799

AAACUC miR-800

Families sorted alphabetically by seed are listed in Table S2, and newly reported C. briggsae orthologs are listed in Table S5.

any roles that the motifs might play in the biogenesis of
21U-RNAs have been conserved in the ~100 million years
since the divergence of these two nematode species
(Coghlan and Wolfe, 2002). The 21U-RNAs themselves,
in contrast, showed little evidence for conservation. Of
the >10,000 21U-RNA sequences predicted on chromo-
some IV of C. elegans and the >11,000 sequences similarly
predictedin C. briggsae, not a single sequence was shared
between the two species.

Endogenous siRNAs

Of the remaining sequences with perfect matches to the
C. elegans genome, some were antisense to known pro-
tein-coding transcripts. In fact, a larger number matched
the antisense strand of spliced mRNAs (2934 reads,

2378 unique sequences; Figure 4A) than matched the
sense strand (2150 reads, 1800 unigue sequences;
Figure 4B). As done previously (Lau et al., 2001; Ambros
et al.,, 2003; Lim et al., 2003), we classified the RNAs
matching the antisense strand as candidate endogenous
siRNAs, which for simplicity we refer to herein as siRNAs.
RNAs that matched the sense strand also might include
endogenous siRNAs, but as they likely include other hydro-
lysis products, we refer to them as sense RNAs.

For different C. elegans libraries, the proportion of
miRNAs to siRNAs varies greatly; our libraries contain
100times more miRNAs than siRNAs, whereas the Ambros
library contains roughly equal numbers of the two (Ambros
etal., 2003; Lim et al., 2003). The large difference suggests
that most C. elegans siRNAs lack the 5 monophosphate
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Figure 2. Observed and Predicted 21U-RNAs from Thousands of Loci across Two Broad Regions of C. elegans Chromosome IV
(A) Observed small RNA reads from chromosome IV. All normalized reads were counted in 100 kb bins (orange). The subset of normalized reads that
were precisely 21 nt long and began with U were also counted (green). Gray shading is explained in (B).

(B) Observed and predicted 21U-RNA loci on chromosome IV. Loci that matched one or more 21U-RNA read were counted in 100 kb bins (blue). The
same was done for 21U-RNA loci predicted by scanning for the associated motifs (pink). Sections of the chromosome shaded in gray are syntenic to
C. briggsae contigs with a high density (>75 per 100 kb) of the 21U-RNA-associated motifs.

(C) Observed and predicted 21U-RNA loci on other chromosomes. Coloring is as in (B). The asterisk above chromosome | indicates the position of the
ribosomal repeats, which are collapsed in the genome assembly; ribosomal RNA fragments mapped to this region, some of which were 21 ntwitha 5’ U.
(D) Representative 100 kb fragment of a region that gives rise to 21U-RNAs. Shown are the 146 loci corresponding to observed 21U-RNA reads (blue)
and the 257 predicted loci (pink) from coordinates 14.4-14.5 M (WormBase, build WS120). Shown also are WormBase-annotated genes.

required by our cloning protocol (Ambros et al., 2003). Per-
haps many are short RNA-dependent RNA polymerase
(RARP) products that have retained their 5’ triphosphate.
Consistent with this idea, we detected a population of en-
dogenous ~22-mers that were suitable substrates foranin
vitro 5’-capping reaction requiring a 5’ di- or triphosphate
(Figure 4C). These sequences would be underrepresented
in our library, although not totally absent if some molecules
lost their v and B phosphates or were transcribed with an
initiating nucleoside monophosphate rather than nucleo-

side triphosphate, as has been observed for other RNA
polymerases (Martin and Coleman, 1989; Ranjith-Kumar
et al., 2002).

While recognizing that the siRNAs of our library were
likely depleted in the major subclass of endogenous
siRNAs, we proceeded with their analysis. Their length dis-
tribution had prominent peaks at 21, 22, and 26 nt (Fig-
ures 4A and 4B). Comparison to the length distribution of
reads matching tRNA and rRNA indicated that the 26-
mer siRNA population was distinct, rather than the
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Figure 3. The 21U-RNA Sequence Motifs and Small RNA Chemical Reactivity
(A) The large and small motifs found upstream of 21U-RNA loci, depicted as a sequence motif (Crooks et al., 2004). The T at position 1 corresponds to

the 5’ U of the 21U-RNA.
(B) The distribution of distances between the large and small motifs.

(C) Chemical reactivity of small RNAs. Total RNA (40 pg) was treated as indicated and analyzed by RNA blot, probing first for 21U-1, then stripping and

reprobing for siR26-1, then miR-52.

shoulder of alarger, more broadly distributed population. A
preference for a 5’ G, observed previously for siRNAs
(Ambros et al., 2003), was persistent across all lengths of
endogenous siRNAs but strongest among 26-mers. A 26-
mer siRNA sequenced nine times had a 5’ monophosphate
(siR26-1, pPGCAAGAUGGAAAAGUUUGAGAUUCCG; Fig-
ure S1). As observed for the 21U-RNA, this siRNA was
resistant to periodate treatment, again suggesting modifi-
cation at either the 2’ or 3’ oxygen of the 3’ nucleotide
(Figure 3C). With so many classes of plant and animal small
RNAs now shown to be resistant to periodate oxidation,
metazoan mMiRNAs appear increasingly unusual in not
being modified at their 3’ residue.

Despite being spread out over a large number of genes,
dense clusters of siRNAs were observed at some genomic
loci (Figure 4D; Table S3). Examination of surrounding se-
quence revealed that siRNAs did not exclusively match an-
notated exons. For example, some also matched anno-
tated introns. Nonetheless, more than 40 of the unique
sequences represented by our reads did not match the ge-
nomic DNA but instead spanned splice junctions (exempli-
fied in Figure 4E), implying that these RNAs were produced
by an RARP acting on a spliced transcript. Because these
junction-spanning siRNAs had the length distribution and
preference for a 5’ G characteristic of the siRNAs in gen-
eral, it is reasonable to propose that the remainder of the
siRNAs were also RARP products and that at least some
of the RARP activity was nuclear and thus could act on
both spliced and unspliced templates.

Correlations with siRNAs supported the idea that the
biogenesis or function of some sense RNAs was linked

to that of the siRNAs. The overlap of siRNA-comple-
mented genes was greater with genes matching sense
RNAs (24%) than with genes picked using SAGE data to
control for expression (16%; p < 0.01, chi-square test).
Among the sense-antisense pairs with at least 1 nt overlap
at their genomic loci, 30% maximally overlapped (exem-
plified by all four sense reads in Figure 4D), which was
5-fold higher than expected by chance. For 47% of the
sense-antisense pairs involving 26-mers, the most com-
mon configuration placed the 5’ nucleotide of the sense
read across from nucleotide 23 of a 26-mer siRNA (exem-
plified by three sense reads in Figure 4D), which was
20-fold higher than chance expectation.

To gain insight into the biological consequences of
siRNAs, we examined the functional categorization of
genes they complemented. In addition to the enrichment
for transposon genes, observed previously (Lee et al.,
2006), genes matching siRNAs were frequently sperm en-
riched (Supplemental Data). This propensity was particu-
larly striking for genes matching 26-mer siRNAs, 55% of
which were sperm enriched.

DISCUSSION

There Are 112 Confidently Identified C. elegans
miRNAs

The set of miRNA genes represented in our high-through-
put reads included 93 previously annotated genes, plus 18
newly discovered genes (Table S1). The notable exception
was the Isy-6 miRNA, a genetically identified miRNA
thought to be transcribed in only one to nine cells

Cell 127, 1193-1207, December 15, 2006 ©2006 Elsevier Inc. 1201



600
5¥% terminal nucleotide (DA, BU, OC, OG) - i} CD4.8
vz & 57 ...CAAGUUCAUGACAUUGAUCAAAUCGACUGGCACUGUUAAG. . .
= 500 A XN g i
] 52T E
E: =284
i3 o o
g o 5385
It W03C9.8
E 300 A 57 ...UGGGAGGCAUUGACGACUUAUAAAUUGAUUAUCUUAUGCE. . .
o IR RN AN NN NN
3 GUAA GAAUAUUUAACUAAUAG 5
2 200 1 ~
2
-
< 100 | M & C34D4.2
‘J] I_I_ 18 ‘ 5 ...GGGACAGGAUCGUCAAAAGUUAAAAGUUGUUGCAUGGUUG. . .
0 0 rili" o '\‘VIE\.”\‘!KI\\II\‘JV!I\VIIVI\III\VI'I‘_
16 17 18 19 20 21 22 23 24 25 26 27 28 29 cHRGERGTITTCAATIITC o
RNA length (nt)
B 200+ KO5F1.9
57 ...CCUCAAGCUCGAAAACACAACGGUAACAUUCACAAACCCC. ..
[}
100 L.

Sense reads
(2150 total)

U,
16 17 18 19 20 21 22 23 24 25 26 27 28 29
RNA length (nt)

F55C9.3

5° CAGTAGAAGAACATTTCCGCAGACGCTACAACGTGGAGCTAAGACACCCGAAACTAAGACTATTCCATTTCACCAACGAGACGCAGGCARAATCACC 37
57 + «DRCARCGUGGAGCUARGACACTC e o 4 s uss et s st sossannaasssssssstostssusssntsssses 3"
57 UACAACGUGGAGCUAAGAC 3"
s . 5
3= . 57
3" . 5"
3 « B
- 157
3" G 5°

. 5"

T16A1.9

5° AAGACATCGAAGAAGTACTGGAAGCCATACTCAAATCGGGAATGAAGCTCAAAATGGARAAATCCAATTTTGGACACGC, CAAGTTCC TTGT! TACAGACAGATCCGAARAC 37
57 «ooACAUCGARGAAGUACTGG . « ceastteeeoonnnnnssssssssssocaaaasssssssssessaaaasesssssstsssnessssssssososnnnsesseesesooccsssassssssssssnnnnnnsassss 37

5 « « «CAUACUCAAAUCGGGAAU. .

W W W W W W W W

Figure 4. Many Reads Antisense to Known or Predicted mRNAs

(A) The length and initial nucleotide distribution of the antisense reads.

(B) The length and initial nucleotide distribution of the sense reads.
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(C) A population of ~22-mer RNAs with terminal 5’ di- or triphosphates. Those RNAs with 5’ di- or triphosphates were selectively radiolabeled in a
capping reaction that used «-*2P GTP (capped RNA) and compared to the indicated 5’ phosphorylated (5’ P) or capped size standards by 15% PAGE.
(D) Portions of two WormBase-annotated protein-coding genes aligned with small RNA reads that matched the sense (blue) and antisense (orange)
strands. One hundred siRNA clusters, each comprising from 4 to 61 antisense reads, are shown in Table S3.

(E) Examples of siRNAs that did not match the genome but did match the splice junctions (vertical lines) of mature mRNAs.

(Johnston and Hobert, 2003). The absence of Isy-6 in a set
that included 37,225 reads of miR-52 illustrated the ex-
treme diversity in metazoan miRNA expression. This differ-
ence can be attributed solely to the specific expression of
lys-6in cells that are few in number and small in volume; we
estimated that /sy-6 RNA should have been ~100,000
times less abundant than a miRNA expressed in most cells
of the worm (Supplemental Data). Clearly, more reads
must be sequenced before all the miRNAs expressed
during the course of nematode development will be
catalogued.

Although the unsaturated status of our sequencing pro-
ject prohibited any definitive judgments about miRNA an-
notations that were not represented by our reads, our ob-
servations were informative for evaluating the confidence
in those annotations and the data originally used to justify

them. These considerations increased the number of an-
notated genes whose authenticity is in doubt (Supplemen-
tal Data). Nonetheless, the 18 newly identified miRNA
genes enabled the number of confidently identified C. ele-
gans miRNAs to be revised upwards to 112, which in-
cluded the 111 represented in our high-throughput reads
plus Isy-6. Currently annotated loci with reasonable pros-
pects of eventually joining the list include mir-273, for
which reverse-genetic functional data has been reported
(Chang et al., 2004). Our three borderline candidates also
might eventually be added (Supplemental Data). These in-
clude one that was represented by only five reads and
lacked conservation or miRNA* evidence and two that
might be considered “young” miRNAs, potential Drosha/
Dicer substrates that might have recently emerged from
short inverted duplications and have not had sufficient
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time to acquire the mismatches usually observed in miRNA
hairpins (Table S1). Our results also prompted re-evalua-
tion of miRNA gene-number estimates in worms (Supple-
mental Data).

The 112 confidently identified C. elegans miRNA genes
arose from 83 genomic clusters, ranging from one to seven
genes per cluster (Table S2). When grouped according to
their seeds, they fell into 63 families, 58 (92%) of which
have apparent orthologs in C. briggsae and 31 (49%) of
which have counterparts in much more distantly related
lineages, such as flies, fish, and mammals (Tables 2, S2,
and S5). The 31 families with counterparts in flies or verte-
brates encompassed most (64 of 112) of the C. elegans
genes. The newly identified and revised miRNA sequences
provided the opportunity to improve and expand the cur-
rent set of predicted miRNA targets in C. elegans (Chan
etal., 2005; Lall et al., 2006). Accordingly, the TargetScanS
algorithm was used to predict conserved regulatory tar-
gets, which can be viewed at http://www.TargetScan.org.

Endogenous siRNA Biogenesis and Targeting

Our library-construction protocol appears to exclude the
vast majority of the C. elegans siRNA molecules, which
we suspect have 5 triphosphates. Nonetheless, high-
throughput sequencing generated more candidate siRNAs
than observed previously, enabling insights into endoge-
nous siRNA taxonomy, biogenesis, and function.

Many of the previously annotated thcRNAs fell into clus-
ters of reads that resembled the siRNA clusters, and many
of these tncRNA-containing clusters overlapped anno-
tated mRNA exons (Table S4; compare to Table S3). Fur-
thermore, the known factors required for tnhcRNA biogene-
sis and endogenous siRNA biogenesis are similar (Lee
et al., 2006). Considering these similarities and reasoning
that any minor differences reported between the biogene-
sis requirements of particular tncRNAs and siRNAs are
likely to be no greater than those between different siRNAs,
we propose that the tncRNAs do not represent a class of C.
elegans RNAs separate from the endogenous siRNAs.
Nonetheless, the endogenous siRNAs of C. elegans are
not a monolithic class and appear to be combination of
classes whose taxonomy includes an abundant shorter
class underrepresented in our library, presumably be-
cause of 5’ triphosphates, and a newly identified ~26 nt
class with 5 monophosphates and modified 3’ termini.

Many of the small RNAs classified as C. elegans endog-
enous siRNAs have strong links with RNAi-mediated gene
silencing. For example, they are enriched in matches to
transposons, and their accumulation decreases in mutant
worms that are defective in RNAI (Lee et al., 2006). Thus,
their classification as siRNAs is appropriate. However,
they differ from canonical siRNAs in that they lacked
some of the classical features of Dicer products: most ap-
pear to lack a 5 monophosphate; their length distribution
(Figure 4A) largely differed from the 23 nt RNAs previously
described for C. elegans exogenous siRNAs (Ketting et al.,
2001), and their overlapping ends were uncharacteristic of
Dicer processing (Figure 4D; Table S3), which should yield

nonoverlapping ends when the RNAs are in phase with
each other. We conclude that endogenous siRNAs biogen-
esis in nematodes involves little, if any, sequential Dicer
processing of long dsRNA, which is perhaps unexpected
given the facility by which C. elegans utilizes long dsRNA
for exogenous RNAI (Fire et al., 1998), the Dicer-depen-
dence of some siRNAs (Lee et al., 2006), and the models
of transitive RNAi in worms, in which siRNAs serve as
primers for the production of additional siRNAs (Sijen
et al., 2001; Tijsterman et al., 2002). Instead, we propose
that most endogenous C. elegans siRNAs are generated
by unprimed RdRP activities insufficiently processive to
generate long dsRNAs suitable for successive cleavage
events and are thus reminiscent of short antisense RNAs
generated by Neurospora QDE-1 (Makeyev and Bamford,
2002). Because longer dsRNA is mobile in worms (Feinberg
and Hunter, 2003), shorter polymerization might ensure
that the endogenous silencing is cell autonomous. If only
a single siRNA was made from each RdRP product, then
the 5’ terminus of each siRNA could be determined by
the nucleotide used to initiate synthesis of the antisense
strand, which we suspect is predominantly a GTP.
Recognizing that there could be multiple endogenous
RNAi pathways in worms, we draw a speculative model fo-
cusing on the 26-mer siRNAs and the propensity of their
23" residues to pair with sense RNA 5 termini (Figure 5).
A 26-mer siRNA is synthesized without priming by an
RdRP, initiating with a G across from a C in the template
transcript (step 1). The siRNA guides an endonuclease to
cleave the template between residues that pair to nucleo-
tides 23 and 24 of the siRNA (step 2). The cleaved template
triggers a second round of unprimed siRNA synthesis,
which starts across from the C residue closest to the cleav-
age site (step 3). Steps 2 and 3 repeat, generating the
phased pattern of siRNAs that overlap in cases where C
residues lie close to the cleavage site. Degradation of the
~26 nt sense fragments proceeds in the 3’ to 5’ direction
but is slowed by pairing to the siRNA, thereby leading to
accumulation of sense reads that fully pair to the siRNAs
(step 4). Once liberated from the sense fragment, the
siRNA might pair to a second transcript (step 5) and target
its cleavage, thereby initiating another series of siRNA-
synthesis and target-cleavage events. Although Dicer is
not necessarily at the heart of this model, siRNA accumu-
lation would still be Dicer-dependent if Dicer was required
for either the initial MRNA cleavage or subsequent cleav-
ages that trigger unprimed synthesis. A requirement of
PIR-1 to remove the siRNA y- and B-phosphates might
explain both the importance of this presumed RNA phos-
phatase for siRNA production (Duchaine et al., 2006) and
the monophosphate at the 5’ terminus of 26-mer siRNAs.
Endogenous siRNAs have previously been implicated in
transposon silencing (Sijen and Plasterk, 2003; Lee et al.,
2006). We found that endogenous siRNAs, particularly
26-mers, also had a propensity to match spermatogene-
sis-associated messages. Worms deficientin EGO-1, anu-
clear RdRP, have delayed spermatogenesis-to-oogenesis
transition (Smardon et al., 2000), tempting speculation that
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Figure 5. Speculative Model for an Endogenous RNAi Pathway in Worms
lllustrated using the F55C9.3 transcript (blue) and sequenced siRNAs (orange) from Figure 4D. Small arrowheads indicate the transcript cleavage

sites. See Discussion for explanation.

EGO-1 produces the endogenous siRNAs that silence
sperm-enriched genes, thereby hastening the transition
to oogenesis.

21U-RNAs: Diverse, Autonomously Expressed,

Small RNAs

21U-RNAs are 21 nt RNAs that begin with a U and derive
from thousands of loci in several broad regions of chromo-
some |V. The conservation in C. briggsae of the upstream
motifs, presumably involved in 21U-RNA biogenesis, sug-
gests that production of 21U-RNAs has an important bio-
logical function even if the RNA product itself might not.
Such function might include opening of chromatin struc-
ture or changes to nucleosome phasing induced upon
transcription of the 21U-RNA loci.

The more uniform nucleotide composition of 21U-RNA
sequences versus their surrounding sequence, consid-
ered together with the diversity of 21U-RNAs, suggested
that evolutionary pressure is maximizing their sequence
complexities rather than maintaining their sequence iden-
tities. If 21U-RNAs act by base-pairing with a complemen-
tary nucleic acid strand, then this increased complexity
would enable a higher degree of pairing specificity for the
21U-RNA sequences (important for both targeting and
preventing off targeting) than would be possible using
the less uniform nucleotide composition of neighboring se-
quence. Their 21 nt length and 5’ phosphate are both fea-
tures of small RNAs that associate with Argonaute protein
family members to target gene repression (Tomari and Za-
more, 2005), suggesting that the 21U-RNAs might do the
same and, perhaps, target the chromatin from which
they derive. The regions defined by the 21U-RNA loci

were vast and contained many protein-coding genes,
with a wide variety of functions and expression patterns.
Which of those functions that the 21U-RNAs might be influ-
encing, if indeed they act locally, is unclear.

Equally mysterious as 21U-RNA function are aspects of
their biogenesis. The large and small motifs might together
serve as a promoter, driving expression of each 21U-RNA,
with the AT-rich region at the 3’ end of the larger motif act-
ing as a TATAA box. Or perhaps the motifs serve as a signal
for targeting the cleavage of a larger transcript. The larger
motif could serve as a promoter for a transcript that is pro-
cessed at the site of the smaller motif. If the 21U-RNA pri-
mary transcript were to begin at the 5’ end of the mature
21U-RNA, the transcribing polymerase would either have
to prefer incorporation of UMP to that of UTP at the 5
end, or the 21U-RNA would have to be posttranscription-
ally processed to remove the y- and B-phosphates of the
5'-terminal UTP.

In our favored scenarios for 21U-RNA production, each
locus represents an independent transcription unit; that is,
each could be classified as an individual noncoding RNA
gene. From this perspective, the discovery of the 21U-
RNA loci dramatically increased the number of known
nematode genes. A minimum of 5772 loci produced the
observed reads (when also considering the 21U-RNA loci
unique to reads from Pak and Fire, in press), and we esti-
mate there to be 12,000-16,000 total loci (Supplemental
Data). Nonetheless, the common upstream motif and
broad clustering of 21U-RNA loci in the genome both sug-
gest that these genes do not function alone but instead act
concurrently to produce some aggregate effect. This sce-
nario presents some fascinating evolutionary questions:
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How do selective pressures act to maintain the motifs
present at each of the thousands of individual 21U-RNA
loci and, when they fail to do so, how do new loci emerge
within the same broad regions of chromosome IV to re-
place those that are lost?

Another intriguing biogenesis question entails how the 3’
ends of the 21U-RNAs are defined. The absence of a dis-
cernable motif at or near the 3’ end suggests that it is de-
fined in reference to the position of the 5’ end. This hypoth-
esis requires a biochemical mechanism for precisely
counting 21 ribonucleotides of any sequence. The known
activity with closest precision in counting this number of ri-
bonucloetides is Dicer-catalyzed cleavage. However,
C. elegans Dicer is thought to produce 23-mer RNAs (Ket-
ting et al., 2001), and Dicer products have a size diversity
exceeding that of 21U-RNAs, even when processing
dsRNA without mismatches (Zamore et al., 2000). Further-
more, we saw no evidence of 21 nt RNAs arising from the
opposing RNA strand—no analog to the siRNA passenger
strand. Even without conventional Dicer processing,
counting 21 nt to determine the 3’ terminus in reference
to the 5’ terminus is easiest to imagine if it occurs in the
context of a double helix, presumably while the transcript
is still paired to its DNA (or RNA) template.

21U-RNAs clearly represent a unique class of small
RNAs. They are far more diverse than miRNAs, and unlike
siRNAs and piRNAs, which are expressed in tight clusters,
the 21U-RNAs appear to be autonomously expressed. We
suggest that other types of diverse, autonomously ex-
pressed, small RNAs (dasRNAs) might be found in other
species. The deep sequencing of small RNAs in species
beyond C. elegans will provide important information for
addressing this possibility.

EXPERIMENTAL PROCEDURES

Library Preparation

Five runs of high-throughput pyrophosphate sequencing (Margulies
et al., 2005) were performed, the first at Broad Institute and the next
four at 454 Life Sciences (Branford, CT). Primary RT-PCR DNA gener-
ated previously (Lau et al., 2001) was prepared for sequencing using
three different methods. For runs 1 and 2, it was amplified as in (Lau
et al., 2001) but substituting pATCGTAGGCACCTGAGA for the 5
PCR primer and stopping the PCR during the linear phase of amplifica-
tion. The amplified DNA was purified by phenol/chloroform extraction
then native PAGE. Sequencing runs 1 and 2 began with the standard
blunt-end ligation step and yielded 283,557 and 298,625 reads, respec-
tively. For run 3, the PCR reaction was smaller (1 x 100 ul) and
used primers GCCTCCCTCGCGCCATCAGTATCGTAGGCACCTG
AGA and GCCTTGCCAGCCCGCTCAGTATTGATGGTGCCTACAG,
which added sequences enabling the blunt-end ligation step of the pro-
tocol to be bypassed. This reaction was purified by phenol/chloroform
extraction and denaturing (urea) PAGE and yielded 235,632 reads. For
runs 4 and 5, PCR DNA was amplified as in run 3 but the second primer
was replaced with Azy/iSp18/GCCTTGCCAGCCCGCTCAGTATTGA
TGGTGCCTACAG (IDT, Inc., Coralville, IA). The 18-atom spacer pre-
vented Taq polymerase from using the poly-A portion of the primer as
a template (Williams and Bartel, 1995). PCR product (40 pl) was dena-
tured (85°C, 10 min, formamide loading dye), and the differently sized
strands were purified on a 90% formamide, 8% acrylamide gel, yielding
single-stranded DNA suitable for the emulsion PCR reaction of the se-

quencing procedure. Sequencing of the longer strand yielded 196,083
reads (run 4), and the shorter yielded 110,299 reads (run 5). Although
runs 4 and 5 yielded fewer reads than the other runs, the diversity of
reads matching the genome was comparable.

Read Processing

The 1,124,196 individual sequence reads were processed in four steps.
In step 1, 9 nt segments of each linker that immediately flanked the
small RNA-derived sequence were found in 850,870 reads (181,668
unigue small RNA sequences); the remaining reads were discarded.
In step 2, each unique sequence was compared to annotated C. ele-
gans miRNA hairpins (miRBase 7.0) (Griffiths-Jones, 2004), and those
>10 nt and with perfect matches over their entire length were set aside
(1002 sequences, 317,694 reads; Table S1). In step 3, sequences with
perfect matches to the E. coli genome (Hayashi et al., 2001) as found by
BLAST (Altschul et al., 1990) were discarded (20,845 sequences,
176,719 reads). In step 4, sequences were compared to the WormBase
WS120 assembly of the C. elegans genome using BLAST, and those
with perfect hits (no gaps or mismatches across their entire length)
were retained (23,109 sequences, 77,232 reads). Up to 50 perfect
hits to the C. elegans genome were recorded per query sequence. In
downstream analyses, sequence and read counts were normalized to
the number of genomic loci (Supplemental Data). Sequences spanning
splice junctions were identified from those without matches in the
E. coli or C. elegans genomes using BLAST to search annotated
C. elegans cDNAs (Kent and Zahler, 2000).

21U-RNA Upstream Motifs

21U-RNA loci were defined as those whose sequences perfectly
matched 21 nt reads beginning with a 5’ T and fell into regions of chro-
mosome |V whose matching normalized reads were dominated by
these two properties. Motifs were defined using alignments of genomic
sequence surrounding the 21U-RNA loci, with each locus equally
weighted. The motif-scoring matrix was constructed using log,-odds
ratios of nucleotide frequencies at positions in the alignments (fore-
ground) to genomic nucleotide frequencies (background). Predicted
21U-RNA loci were those scoring >15.5 (Supplemental Data).

An independent set of 245,420 C. elegans small RNA pyrosequenc-
ing reads was provided by J. Pak and A. Fire (personal communication).
Processing as described above yielded 1475 21U-RNA sequences
representing 7985 reads. Not present in our data set were 344 se-
quences. Of those, 157 (46%) matched predicted 21U-RNA loci of
chromosome 1V, which was a smaller portion than for sequences
unique to any of our five data sets (64%, 65%, 66%, 69%, and 72%),
indicating that some information represented in our motif model origi-
nated from peculiarities of our training set. Nonetheless, of the 4.7 mil-
lion 21-mers beginning with a T from within those three regions, motif
scanning predicted that only 0.1% were loci of unsequenced
21U-RNAs. Thus, correctly predicting almost half of the unique se-
quences from an independent set of reads (versus 0.1% if those se-
quences were picked randomly) indicated that most of the information
in our model reflected the biological requirements of the motif.

siRNA Methods

Exon coordinates were from WormBase gene annotations (release
WS120, 3/1/2004). Counts matching the sense and antisense strands
of exons, excluding loci classified as 21U-RNAs, were normalized to
the number of genomic loci. Splicing variants were collapsed, leaving
1720 siRNA-complemented genes and 1346 sense RNA-matched
genes. To account for expression, SAGE data from the C. elegans
Gene Expression Consortium (http://elegans.bcgsc.bc.ca) were used
to select control cohorts (Supplemental Data).

Molecular Analyses

For alkaline hydrolysis, mixed-stage C elegans total RNA (40 pg) was in-
cubated in 0.1 M KOH (90°C, 10 min), then neutralized with TrisHCI. Pe-
riodate oxidation and B elimination were as described (Kemper, 1976).
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For enzymatic analyses, small RNAs from 800 png of total RNA were gel
purified, and one-fortieth was used to cap with the remainder divided
equally for five treatments. Phosphatase (50U CIP, NEB) and rephos-
phorylation (20U T4 polynucleotide kinase, NEB) were performed ac-
cording to manufacturer. RNA ligations were as in the second ligation
step of the library construction (Lau et al., 2001). Capping was with vac-
cinia guanylyl transferase (Ambion) and «->2P GTP per manufacturer’s
instructions. The 26-mer marker was an in vitro transcribed version of
siR26-1. Northerns were as described (Lau et al., 2001), except 21U-
1 and siR26-1 were hybridized to LNA probes (Exiqon) as described
(Vagin et al., 2006).

Supplemental Data

Supplemental data include Supplemental Experimental Procedures,
two figures, six tables, and three RNA sequence files and can be found
with this article online at http://www.cell.com/cgi/content/full/127/6/
1193/DC1/.
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processed from characteristic precursor hairpins and pair
to sites in messages of protein-coding genes to direct
post-transcriptional repression. Here, we report that the
miRNA iab-4 locus in the Drosophila Hox cluster is
transcribed convergently from both DNA strands, giving
rise to two distinct functional miRNAs. Both sense and
antisense miRNA products target neighboring Hox genes
via highly conserved sites, leading to homeotic transfor-
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Hox genes are highly conserved homeobox-containing
transcription factors crucial for development in animals
(Lewis 1978; for reviews, see McGinnis and Krumlauf
1992; Pearson et al. 2005). Genetic analyses have identi-
fied them as determinants of segmental identity that
specify morphological diversity along the anteroposte-
rior body axis. A striking conserved feature of Hox com-
plexes is the spatial colinearity between Hox gene tran-
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scription in the embryo and the order of the genes along
the chromosome (Duboule 1998). Hox clusters also give
rise to a variety of noncoding transcripts, including mi-
croRNAs (miRNAs) mir-10 and mir-iab-4/mir-196,
which derive from analogous positions in Hox clusters in
flies and vertebrates (Yekta et al. 2004). miRNAs are ~2.2-
nucleotide (nt) RNAs that regulate gene expression post-
transcriptionally (Bartel 2004). They are transcribed as
longer precursors and processed from characteristic pre-
miRNA hairpins. In particular, Hox miRNAs have been
shown to regulate Hox protein-coding genes by mRNA
cleavage and inhibition of translation, thereby contrib-
uting to the extensive regulatory connections within
Hox clusters (Mansfield et al. 2004; Yekta et al. 2004;
Hornstein et al. 2005; Ronshaugen et al. 2005). Several
Hox transcripts overlap on opposite strands, providing
evidence of extensive antisense transcription, including
antisense transcripts for mir-iab-4 in flies (Bae et al.
2002) and its mammalian equivalent mir-196 (Mainguy
et al. 2007). However, the function of these transcripts
has been elusive. Here we show that the iab4 locus in
Drosophila produces miRNAs from opposite DNA
strands that can regulate neighboring Hox genes via
highly conserved sites. We provide evidence that such
sense/antisense miRNA pairs are likely employed in
other contexts and a wide range of species.

Results and Discussion

Our examination of the antisense transcript that over-
laps Drosophila mir-iab-4 revealed that the reverse
complement of the mir-iab-4 hairpin folds into a hairpin
reminiscent of miRNA precursors (Fig. 1A). Moreover,
17 sequencing reads from small RNA libraries of Dro-
sophila testes and ovaries mapped uniquely to one arm
of the iab-4 antisense hairpin (Fig. 1B). All reads were
aligned at their 5’ end, suggesting that the mir-iab-4 an-
tisense hairpin is processed into a single mature miRNA
in vivo, which we refer to as miR-iab-4AS. For compari-
son, we found six reads consistent with the known miR-
iab-4-5p (or miR-iab-4 for short) and one read for its star
sequence (miR-iab-4-3p). Interestingly, the relative abun-
dance of mature miRNAs and star sequences for mir-iab-
4AS (17:0) and mir-iab-4 (6:1) reflects the thermody-
namic asymmetry of the predicted miRNA/miRNA* du-
plexes (Khvorova et al. 2003; Schwarz et al. 2003).
Because they derived from complementary near palin-
dromes, miR-iab-4 and miR-iab-4AS had high sequence
similarity, only differing in four positions at the 3’ region
(Fig. 1B). However, they differed in their 5’ ends, which
largely determine miRNA target spectra (Brennecke et
al. 2005; Lewis et al. 2005): miR-iab-4AS was shifted by
2 nt, suggesting targeting properties distinct from those
of miR-iab-4 and other known Drosophila miRNAs.
We confirmed robust transcription of mir-iab-4 sense
and antisense precursors by in situ hybridization to Dro-
sophila embryos (Fig. 1C). Both transcripts were detected
in abdominal segments in the posterior part of the em-
bryo, but intriguingly in nonoverlapping domains. As de-
scribed previously (Bae et al. 2002; Ronshaugen et al.
2005), mir-iab-4 sense was expressed highly in abdomi-
nal segments A5-A7, showing modulation in levels
within the segments: abdominal-A (abd-A)-expressing
cells (Fig. 1D; Karch et al. 1990; Macias et al. 1990) ap-
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peared to have more mir-iab-4, whereas Ultrabithorax
(Ubx)-positive cells appeared to have little or none (Fig.
1D; Ronshaugen et al. 2005). In contrast, mir-iab-4AS
transcription was detected in the segments A8 and A9,
where Abdominal-B (Abd-B) is known to be expressed
(Fig. 1C; Yoder and Carroll 2006). Primary transcripts for
mir-iab-4 and mir-iab-4AS were also detected by strand-
specific RT-PCR in larvae, pupae, and male and female
adult flies (Supplemental Fig. S1), suggesting that both
miRNAs are expressed throughout fly development.

To assess the possible biological roles of the two iab-4
miRNAs, we examined fly genes for potential target sites
by searching for conserved matches to the seed region of
the miRNAs (Lewis et al. 2005). We found highly con-
served target sites for miR-iab-4AS in the 3’ untranslated
regions (UTRs) of several Hox genes that are proximal to
the iab-4 locus and are expressed in the neighboring
more anterior embryonic segments: abd-A, Ubx, and
Antennapedia (Antp) have four, five, and two seed sites,
respectively, most of which are conserved across 12 Dro-
sophila species that diverged 40 million years ago (Fig.
2A; Supplemental Fig. S2; Drosophila 12 Genomes Con-
sortium 2007; Stark et al. 2007a). More than two highly
conserved sites for one miRNA is exceptional for fly 3’
UTRs, placing these messages among the most confi-
dently predicted miRNA targets and suggesting that they
might be particularly responsive to the presence of the
miRNA. The strong predicted targeting of proximal Hox
genes was reminiscent of previously characterized miR-
iab-4 targeting of Ubx in flies and miR-196 targeting of
HoxBS8 in vertebrates (Mansfield et al. 2004; Yekta et al.
2004; Hornstein et al. 2005; Ronshaugen et al. 2005).

To test whether miR-iab4AS is functional and can di-
rectly target abd-A and Ubx, we constructed Luciferase
reporters carrying the corresponding wild-type 3" UTRs
and control 3" UTRs in which each seed site was dis-
rupted by point substitutions. mir-iab-4AS potently re-
pressed reporter activity for abd-A and Ubx (Fig. 2B).
This repression was specific to the miR-iab-4AS seed
sites, as expression of the control reporters with mutated
sites was not affected. We also tested whether mir-iab-
4AS reduced expression of a Luciferase reporter with the
Abd-B 3" UTR, which has no seed sites. As expected,
mir-iab-4AS expression did not affect reporter activity,
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Figure 1. Drosophila iab-4 contains sense and antisense
miRNAs. (A) mir-iab-4 sense and antisense sequences can
adopt fold-back stem-loop structures characteristic for
miRNA precursors (structure predictions by Mfold [Zuker
2003]; mature miRNAs shaded in blue [miR-iab-4] and red
[miR-iab-4AS]). (B) Solexa sequencing reads that uniquely
align to the mir-iab-4 hairpin sequence (top) or its reverse
complement (bottom; numbers on the right indicate the
cloning frequency for each sequence). The mature miRNAs
have very similar sequences that are shifted by 2 nt and are
different in only four additional positions. (C) Expression of
primary transcripts for mir-iab-4 (blue) and mir-iab-4AS
(red) in nonoverlapping abdominal segments determined by
in situ hybridization (lateral [left panel] and dorsal [right
panel] view of embryonic stage 11, anterior is to the left).
(D) Lateral views of stage 10/11 embryos in which Ubx and
abd-A proteins are visualized (anterior is to the left, and
dorsal is upwards).

RN ®

10/11

consistent with a model where miRNAs do not target
genes that are coexpressed at high levels (Farh et al. 2005;
Stark et al. 2005). In addition to demonstrating specific
repression dependent on the predicted target sites, these
assays confirmed the processing of the mir-iab-4AS hair-
pin into a functional mature miRNA.

If miR-iab-4AS were able to potently down-regulate

A abd-A T N 2065 nts
x x ——&
Ubx 2396 nts
I8
Antp L 5035 nts

EmiR-iab-4 site mmiR-iab-4AS site

B mw.t utr +iab-44as OMut UTR + iab-445
< BW.t UTR + fet-7  [IMut UTR + Jet-7

— s —

Fold repression

abd-A Ubx Abd-B

Figure 2. miR-iab-4AS targets neighboring Hox genes. (A) miR-iab-
4AS has five 3’ UTR seed sites (red) in Ubx, four in abd-A, and two
in Antp of which three, four, and one are conserved across 12 Dro-
sophila species, respectively (Supplemental Fig. S2). miR-iab-4 has
one 3’ UTR seed site (blue) in Ubx and two in Antp, while abd-A has
no such sites. (B) miR-iab-4AS mediates repression of luciferase re-
porters through complementary seed sites in 3" UTRs from abd-A
and Ubx, but not Abd-B (Antp was not tested). Luciferase activity
in S2 cells cotransfected with plasmid expressing the indicated
miRNA with either wild-type luciferase reporters or mutant report-
ers bearing a single point mutation in the seed. Bars represent geo-
metric means from 16 replicates, normalized to the transfection
control and noncognate miRNA control (let-7; see Materials and
Methods). Error bars represent the fourth largest and smallest values
from 16 replicates ([*] P < 0.0001, Wilcoxon rank-sum test).
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Ubx in the fly, its misexpression should result in a Ubx
loss-of-function phenotype, a line of reasoning that has
often been used to study the functions and regulatory
relationships of Hox genes. Ubx is expressed throughout
the haltere imaginal disc, where it represses wing-spe-
cific genes and specifies haltere identity (Weatherbee et
al. 1998). When we expressed mir-iab-4AS in the haltere
imaginal disc under bx-Gal4 control, a clear homeotic
transformation of halteres to wings was observed (Fig. 3).
The halteres developed sense organs characteristic of the
wing margin and their size increased severalfold, fea-
tures typical of transformation to wing (Weatherbee et
al. 1998). Consistent with the increased number of miR-
iab4 AS target sites, the transformation was stronger than
that reported for expression of iab-4 (Ronshaugen et al.
2005), for which we confirmed changes in morphology
but did not find wing-like growth (Fig. 3D).

We conclude that both strands of the iab-4 locus are
expressed in nonoverlapping embryonic domains and
that each transcript produces a functional miRNA in
vivo. In particular, the novel mir-iab-4AS is able to
strongly down-regulate neighboring Hox genes. Interest-
ingly, vertebrate mir-196, which lies at an analogous po-
sition in the vertebrate Hox clusters, is transcribed in the
same direction as mir-iab-4AS and most other Hox
genes, and targets homologs of both abd-A and Ubx
(Mansfield et al. 2004; Yekta et al. 2004; Hornstein et al.
2005). With its shared transcriptional orientation and ho-
mologous targets, mir-iab-4AS appears to be the func-
tional equivalent of mir-196.

The expression patterns and regulatory connections
between Hox genes and the two iab-4 miRNAs show an
intriguing pattern in which the miRNAs appear to rein-
force Hox gene-mediated transcriptional regulation (Fig.
4A). In particular, miR-iab-4AS would reinforce the pos-
terior expression boundary of abd-A, Ubx, and Antp,

A

Bx>mir-iab-4AS wil1

Bx>mir-iab-4

supporting their transcriptional repression by Abd-B.
mir-iab-4 appears to support abd-A- and Abd-B-medi-
ated repression of Ubx, reinforcing the abd-A/Ubx ex-
pression domains and the posterior boundary of Ubx ex-
pression. Furthermore, both iab-4 miRNAs have con-
served target sites in Antp, which is also repressed by
Abd-B, abd-A, and Ubx. The iab-4 miRNAs thus appear
to support the established regulatory hierarchy among
Hox transcription factors, which exhibits “posterior
prevalence,” in that more posterior Hox genes repress
more anterior ones and are dominant in specifying seg-
ment identity (for reviews, see McGinnis and Krumlauf
1992; Pearson et al. 2005). Interestingly, Abd-B and mir-
iab-4AS are expressed in the same segments, and the
majority of cis-regulatory elements controlling Abd-B
expression are located 3’ of Abd-B (Boulet et al. 1991).
This places them near the inferred transcription start of
mir-iab-4AS, where they potentially direct the coexpres-
sion of these genes. Similarly, abd-A and mir-iab-4 may
be coregulated as both are transcribed divergently, po-
tentially under the control of shared upstream elements.

Our data demonstrate the transcription and processing
of sense and antisense mir-iab-4 into functional
miRNAs with highly conserved functional target sites in
neighboring Hox genes. In an accompanying study
(Bender 2008), genetic and molecular analyses in mir-
iab-4 mutant Drosophila revealed that the proposed
regulation of Ubx by both sense and antisense miRNAs
occurs under physiological conditions and, in particular,
the regulation by miR-iab-4AS is required for normal de-
velopment. These lines of evidence establish miR-iab-
4AS as a novel Hox gene, being expressed from within
the Hox cluster and regulating Hox genes during devel-
opment.

The genomic arrangement of two miRNAs that are
expressed from the same locus but on different strands

Bx>mir-iab-4AS

Figure 3. Misexpression of miR-iab-4AS transforms halteres to wings. (A,B) Overview of an adult wild-type Drosophila (B) and an adult
expressing mir-iab-4AS using bx-Gal4 (A). The halteres, balancing organs of the third thoracic segment, are indicated by arrows. (C) Wild-type
haltere. (D) Expression of mir-iab-4 using bx-Gal4 induces a mild haltere-to-wing transformation. Sensory bristles characteristic of wild-type
wing margins (shown in B’) are indicated by an arrow. (E) Expression of mir-iab-4AS using bx-Gal4 induces a strong haltere-to-wing transfor-
mation, displaying the triple row of sensory bristles (inset) normally seen in wild-type wings (shown in B’). Note that C-E are at the same

magnification.
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Figure 4. Regulation of gene expression by antisense miRNAs. (A)
miRNA-mediated control in the Drosophila Hox cluster. Schematic
representation of the Drosophila Hox cluster (Antennapedia and
Bithorax complex) with miRNA target interactions (check marks
represent experimentally validated targets). miR-iab-4 (blue) and
miR-iab-4AS (red) target anterior neighboring Hox genes and miR-10
(black) targets posterior Sex-combs-reduced (Scr) (Brennecke et al.
2005). abd-A and mir-iab-4 and Abd-B and mir-iab-4AS might be
coregulated from shared control elements (cis). Note that mir-iab-
4AS is expressed in the same direction as most other Hox genes and
its mammalian equivalent, mir-196. (B) General model for defining
different expression domains with pairs of antisense miRNAs
(black). Different transcription factor(s) activate the transcription of
miRNAs and genes in each of the two domains separately (green
lines). Both miRNAs might inhibit each other by transcriptional
interference or post-transcriptionally (vertical red lines), leading to
essentially nonoverlapping expression and activity of both miRNAs.
Further, both miRNAs likely target distinct sets of genes (diagonal
red lines), potentially re-enforcing the difference between the two
expression domains.

might provide a simple and efficient means to create
nonoverlapping miRNA expression domains (Fig. 4B).
Such sense/antisense miRNAs could restrict each oth-
er’s transcription, either by direct transcriptional inter-
ference, as shown for overlapping convergently tran-
scribed genes (Shearwin et al. 2005; Hongay et al. 2006),
or post-transcriptionally, possibly via RNA-RNA du-
plexes formed by the complementary transcripts. Sense/
antisense miRNAs would usually differ at their 5’ ends
and thereby target distinct sets of genes, which might
help define and establish sharp boundaries between ex-
pression domains. Coupled with feedback loops or co-
regulation of miRNAs and genes in cis or trans, this
arrangement could provide a powerful regulatory switch.
The iab-4 miRNAs might be a special case of tight regu-
latory integration in which miRNAs and proximal genes
appear coregulated transcriptionally in cis and repress
each other both transcriptionally and post-transcription-
ally.

It is perhaps surprising that no antisense miRNA had
been found previously, even though, for example, the
intriguing expression pattern of the iab-4 transcripts had
been reported nearly two decades ago (Cumberledge et al.
1990; Bae et al. 2002), and iab-4 lies in one of the most
extensively studied regions of the Drosophila genome.
The frequent occurrence of antisense transcripts (Yelin
et al. 2003; Katayama et al. 2005) suggests that more
antisense miRNAs might exist. Indeed, up to 13% of
known Drosophila, 20% of mouse, and 31% of human

Functional sense/antisense microRNAs

miRNAs are located in introns of host genes transcribed
on the opposite strand or are within 50 nt of antisense
ESTs or cDNAs (Supplemental Table S1). These include
an antisense transcript overlapping human mir-196 (see
also Mainguy et al. 2007). However, because of the con-
tribution of noncanonical base pairs, particularly G:U
pairs that become less favorable A:C in the antisense
strand, many miRNA antisense transcripts will not fold
into hairpin structures suitable for miRNA biogenesis,
which explains the propensity of miRNA gene predic-
tions to identify the correct strand (Lim et al. 2003).
Nonetheless, in a recent prediction effort, 22 sequences
reverse-complementary to known Drosophila miRNAs
showed scores seemingly compatible with miRNA pro-
cessing (Stark et al. 2007b). Deep sequencing of small
RNA libraries from Drosophila confirmed the processing
of small RNAs from four of these high-scoring antisense
candidates (Ruby et al. 2007), and the ovary/testes librar-
ies used here showed antisense reads for an additional
Drosophila miRNA (mir-312) (see Supplemental Tables
S2, S3). In addition, using high-throughput sequencing of
small RNA libraries from mice, we found sequencing
reads that uniquely matched the mouse genome in loci
antisense to 10 annotated mouse miRNAs. Eight of the
inferred antisense miRNAs were supported by multiple
independent reads, and two of them had reads from both
the mature miRNA and the star sequence (Supplemental
Table S2). These results suggest that sense/antisense
miRNAs could be more generally employed in diverse
contexts and in species as divergent as flies and mam-
mals.

Materials and methods

Plasmids

3" UTRs were amplified from Drosophila melanogaster genomic DNA
and cloned in pCR2.1 for site-directed mutagenesis. The following
primer pairs were used to amplify the indicated 3" UTR: abd-A (tc
tagaGCGGTCAGCAAAGTCAACTC; gtcgacATGGATGGGTTCTCGT
TGCAG), Ubx |(tctagaATCCTTAGATCCTTAGATCCTTAG; ctcgag
ATGGTTTGAATTTCCACTGA), and Abd-B (tctagaGCCACCACCT
GAACCTTAG,; aactcgagCGGAGTAATGCGAAGTAATTG). Quick-
Change multisite-directed mutagenesis was used to mutate all miR-iab-
4AS seed sites from ATACGT to ATAGGT, per the manufacturer’s di-
rections (Stratagene). Wild-type and mutated 3° UTRs were subcloned
into pCJ40 between Sacl and Notl sites to make Renilla luciferase re-
porters. Plasmid pCJ71 contains the abd-A wild-type 3’ UTR, pCJ72 con-
tains the Ubx wild-type 3" UTR, pCJ74 contains the Abd-B wild-type 3’
UTR, pCJ75 contains the abd-A mutated 3’ UTR, and pCJ76 contains the
Ubx mutated 3" UTR fused to Renilla luciferase. The control let-7 ex-
pression vector was obtained by amplifying let-7 from genomic DNA
with primers 474 base pairs (bp) upstream of and 310 bp downstream
from the let-7 hairpin and cloning it into pMT-puro. To express miR-
iab-4 and miR-iab-4AS, a 430-bp genomic fragment containing the miR-
iab-4 hairpin was cloned, in either direction, downstream from the tu-
bulin promoter as described in Stark et al. (2005). For the UAS-miR-iab-4
and UAS-miR-iab-4AS constructs, the same 430-bp genomic fragment
containing the miR-iab-4 hairpin was cloned downstream from pUAST-
DSred2 (Stark et al. 2003) in either direction.

Reporter assays

For the luciferase assays, 2 ng of p2129 (firefly luciferase), 4 ng of Renilla
reporter, 48 ng of miRNA expression plasmid, and 48 ng of p2032 (GFP)
were cotransfected with 0.3 pL Fugene HD per well of a 96-well plate.
Twenty-four hours after transfection, expression of Renilla luciferase
was induced by addition of 500 pM CuSO, to the culture media. Twenty-
four hours after induction, reporter activity was measured with the Dual-
Glo luciferase kit (Promega), per the manufacturer’s instructions on a
Tecan Safire II plate reader.
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The ratio of Renilla:firefly luciferase activity was measured for each
well. To calculate fold repression, the ratio of Renilla:firefly for reporters
cotransfected with let-7 was set to 1. The Wilcoxon rank-sum test was
used to assess the significance of changes in fold repression of wild-type
reporters compared with mutant reporters. Geometric means from 16
transfections representing four replicates of four independent transfec-
tions are shown. Error bars represent the fourth highest and lowest values
of each set.

Drosophila strains

UAS-miR-iab-4 and UAS-miR-iab-4AS flies were generated by injection
of the corresponding plasmids into w’??® embryos. bxMS19%°.GAL4 flies
were obtained from the Bloomington Stock Center.

In situ hybridization and protein stainings

Double in situ hybridization for the miRNA primary transcripts was
performed as described in Stark et al. (2005). Probes were generated using
PCR on genomic DNA with primers TCAGAGCATGCAGAGACAT
AAAG, TTGTAGATTGAAATCGGACACG for iab-4 sense and ATTT
TACTGGGTGTCTGGGAAAG, TAGAAACTGAGACGGAGAAGCAG
for iab-4 antisense. Protein stainings were performed as described in Patel
(1994). Antibodies used were mouse anti-Ubx (1:30), mouse anti-abd-A
(1:5), and HRP-conjugated goat anti-mouse (Dianova, 1:3000).

RT-PCRs

Total RNA was isolated using Trizol (Invitrogen), treated with RQI
DNase (Promega), and used for strand-specific cDNA synthesis with Su-
perScript III (Invitrogen). Primers for cDNA synthesis were CATATAA
CAAAGTGCTACGTG (iab-4 sense) and CTTTATCTGCATTTG
GATCCG (iab-4 antisense). Both primers were used for subsequent am-
plification.

Small library sequencing

Drosophila small RNAs were cloned from adult ovaries and testes as
described previously (Brennecke et al. 2007) and sequenced using Solexa
sequencing. A total of 657,251 sequencing reads uniquely matched
known Drosophila miRNAs (Rfam release 9.2), and the 69 miRNAs with
unique matches had 1011 matches on average (Stark et al. 2007b). Two
miRNAs had unique matches to the antisense hairpin (Supplemental
Tables S2, S3). Mouse small RNAs were cloned from wild-type and c-kit
mutant ovaries (Supplemental Table S4; G. Hannon, pers. comm.) and
from Comma-Dbgeo cells, a murine mammary epithelial cell line (Ibarra
et al. 2007), and were sequenced using Solexa sequencing. A total of
4,217,883 reads uniquely matched known mouse miRNAs (Rfam release
9.2), and the 286 miRNAs with unique reads showed 256 reads on aver-
age. Sequencing reads matching to the plus and minus strand of known
mouse miRNAs with antisense reads are listed in Supplemental Ta-

ble S3.

Multiple sequence alignments and target site prediction

The multiple sequence alignments for the indicated Hox 3" UTRs were
obtained from the University of California at Santa Cruz (UCSC) genome
browser (Kent et al. 2002) and were slightly manually adjusted. We pre-
dicted target sites according to Lewis et al. (2005) by searching for 3’ UTR
seed sites (reverse-complementary to miRNA positions 2-8 or matching
to “A” + reverse complement of miRNA positions 2-7).

Antisense transcripts near known miRNAs

To assess the fraction of Drosophila, human, and mouse miRNAs that
are also putatively transcribed on both strands and might give rise to
antisense miRNAs, we determined the number of miRNAs that are near
known transcripts on the opposite strand. We obtained the coordinates of
all introns of protein-coding genes and all mapped ESTs or cDNAs for the
three species from the UCSC genome browser (Kent et al. 2002). We
intersected them with the miRNA coordinates from Rfam (release 9.2;
Griffiths-Jones et al. 2006), requiring miRNAs and transcripts to be on
opposite strands and at a distance of at most 50 nt. For each miRNA, we
recorded the number of antisense transcripts and their identifiers. Note
that some of the transcripts might have been mapped to more than one
place in the genome, such that the intersection represents an upper es-
timate based on the currently known transcripts.
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