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Reproducible features of small RNAs in C. elegans reveal NU
RNAs and provide insights into 22G RNAs and 26G RNAs
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ABSTRACT

Small RNAs regulate gene expression and most genes in the worm Caenorhabditis elegans are subject to their regulation. Here, we
analyze small RNA data sets and use reproducible features of RNAs present in multiple data sets to discover a new class of small
RNAs and to reveal insights into two known classes of small RNAs—22G RNAs and 26G RNAs. We found that reproducibly
detected 22-nt RNAs, although are predominantly RNAs with a G at the 5’ end, also include RNAs with A, C, or U at the 5
end. These RNAs are synthesized downstream from characteristic sequence motifs on mRNA and have U-tailed derivatives.
Analysis of 26G RNAs revealed that they are processed from a blunt end of double-stranded RNAs and that production of one
26G RNA generates a hotspot immediately downstream for production of another. To our surprise, analysis of RNAs shorter
than 18 nt revealed a new class of RNAs, which we call NU RNAs (pronounced “new RNAs”) because they have a NU bias at
the 5" end, where N is any nucleotide. NU RNAs are antisense to genes and originate downstream from U bases on mRNA.
Although many genes have complementary NU RNAs, their genome-wide distribution is distinct from that of previously known
classes of small RNAs. Our results suggest that current approaches underestimate reproducibly detected RNAs that are shorter
than 18 nt, and theoretical considerations suggest that such shorter RNAs could be used for sequence-specific gene regulation
in organisms like C. elegans that have small genomes.
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INTRODUCTION and 26G RNAs that are ~26-nt-long, predominantly have a
5" G and are synthesized by an RdRP and the endonuclease
Dicer using long transcripts as templates. Each miRNA
(Hammond 2015) and piRNA (Weick and Miska 2014) is
transcribed from a well-defined locus and subsequently pro-
cessed to generate the mature small RNA. In contrast, 22G
RNAs and 26G RNAs are made as populations of varying
abundance from long RNA transcripts, but the conditions re-
quired for the biogenesis and stability of individual RNAs of
these classes are not clear.

The identification and analysis of small RNAs relies heavily
on next-generation sequencing (small RNA-seq), and ap-
proaches to analyze the resultant data are currently not stan-
dardized. Despite the approximately 300 data sets describing
small RNAs from C. elegans that have been deposited in the
Gene Expression Omnibus thus far, the extent of reproduc-
ibility between different data sets of RNAs from animals of
the same genotype and stage of development obtained
from different laboratories is unknown. Therefore, there is
a need for analytical approaches that can be used by the

Small RNAs influence gene expression in most eukaryotes.
RNAs that are ~20- to 30-nt long and identify their target
genes through base-pairing have been typically characterized
as small RNAs (Kim et al. 2009). Some classes of small RNAs
can regulate target genes despite imperfect base-pairing (e.g.,
Bagijn et al. 2012; Montgomery et al. 2012), further expand-
ing their impact on an organism. Although small RNAs are
likely to be an integral part of the regulation of all biological
processes, their diversity and pervasiveness present consider-
able challenges for analysis. Thus, even in well-studied organ-
isms (e.g., the simple worm Caenorhabditis elegans), the
biogenesis and roles of these RNAs are not well understood.

Four broad classes of regulatory small RNAs have been
studied in C. elegans (for review, see Billi et al. 2014). These
are miRNAs that are ~20-nt-long and are processed from in-
dividual hairpin transcripts; 21U RNAs or piRNAs that are
21-nt-long, have a 5" U, and are processed from individual
transcripts; 22G RNAs that are ~22-nt-long, predominantly
have a 5 G and are synthesized by RNA-dependent RNA

polymerases (RdRPs) using long transcripts as templates; S )
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Reproducible features of C. elegans small RNAs

community to explicitly compare discoveries from different
laboratories. Such comparisons are essential to develop a pre-
cise and integrated understanding of the effect of any pertur-
bations (e.g., loss of a protein) on small RNA populations.

Here, we extensively analyze small RNA data sets generated
through next-generation sequencing and delineate the repro-
ducible features of RNAs that are present in data sets from
different laboratories. These features provide new insights
into the biogenesis of 22G RNAs and 26G RNAs. In addition,
analysis of RNAs shorter than 18 nt reveals groups of RNAs
that differ between data sets from different laboratories and
a new class of RNAs that is present in data sets from multiple
laboratories.

RESULTS

Strategy for the analysis of small RNAs

The preparation of libraries for small RNA-seq can introduce
contaminating RNA fragments that vary from sample to sam-
ple and obscure reproducible subsets of small RNAs. To mit-
igate the effects of such contamination, we removed RNAs
that map to loci that generate abundant RNAs such
as microRNAs (miRNAs) and ribosomal RNAs (rRNAs), as
well as RNAs that were present at very high abundances
(0.1% of all RNAs in a data set). We then considered only
features that could be detected when RNAs that map to either
strand of the genome were examined (see Materials and
Methods and Supplemental Fig. S1 for details). For example,
when considering 20-nt RNAs from a data set, we divided
these RNAs into the two subsets that map to the two different
strands of genomic DNA (plus and minus) and only consid-
ered features (e.g., a 5’ G bias) that were detectable in both
subsets. When comparing small RNA data sets from different
laboratories, only data sets of RNA prepared from the same
stage of development were considered. For most features pre-
sented in this study, observations on RNAs mapping to one
genomic strand are presented in figures and similar observa-
tions on RNAs mapping to the other genomic strand or in
data sets from other laboratories (when applicable) are pre-
sented in Supplemental Figures.

22G RNAs and their derivatives are made from
characteristic sequence motifs on mRNA

To determine the reproducible features of 22G RNAs, we
examined small RNA data sets prepared using the 5
monophosphate-independent method (Ambros et al. 2003;
Pak and Fire 2007) in three different laboratories (Ruvkun
lab [SRX193361], Mello lab [SRX154615], Miska lab
[SRX892595]) from young adult worms. RNAs from all three
data sets showed a comparable distribution with a large peak
of 22-nt RNAs with a 5" G (Fig. 1A). However, smaller peaks
of 22-nt RNAs that have a different nucleotide at the 5 end
were also observed in all three data sets (5 A more than

5 C or 5 U; Fig. 1A). A similar distribution was observed
when RNAs of each sequence were only considered once
(Supplemental Fig. S2A). These observations are consistent
with the ability of C. elegans RNA-dependent RNA polymer-
ases (RdRPs) to initiate synthesis at all 4 nt in vitro (Aoki et al.
2007). For each gene in the C. elegans genome, the numbers
of positions that generate each of these additional 22-nt
RNAs were proportional to the numbers of positions that
generate 22-nt RNAs with a 5 G (Fig. 1B; Supplemental
Fig. S2B,C). Finally, the levels of all these RNAs were greatly
reduced in animals that lack the RARPs RRF-1 and EGO-1
(Supplemental Fig. S2D). Together, these observations sug-
gest that the same process generates 22-nt RNAs with each
5" nucleotide (A, C, G, or U).

To determine whether any sequence motifs are associated
with the production of 22G RNAs, we examined genomic se-
quence biases at the 5" and 3’ ends of these RNAs (Fig. 1C;
Supplemental Fig. S3). We found a characteristic set of biases
around the 5" end of 22G RNAs (Fig. 1C, right) that were
detectable above the background sequence bias in the C. ele-
gans genome (Fig. 1C, left; Fire et al. 2006) in all three data
sets. The biases detected 1 nt upstream of the 5" end of the
RNA depended on the identity of the 5 base of the 22-nt
RNA (Fig. 1C, right). RNAs with a 5 A or 5 U showed an
enrichment of C and a depletion of A and G, RNAs with a
5" C were associated with an enrichment of U and a depletion
of A and G. In addition to these upstream biases, a weak
depletion of C and G with an accompanying weak enrich-
ment of A and U was observed for the nucleotide following
the 5" nucleotide. These biases could reflect the sequence mo-
tifs preferred by RARPs on mRNA templates for the synthesis
of 22G RNAs. Whereas considering all 22-nt RNAs together
suggested a modest preference for a C or U immediately up-
stream of 22-nt RNAs (Gent et al. 2010), examining RNAs
with different 5" nucleotides separately clarifies the observa-
tion and reveals that synthesis of RNAs with 5" nucleotides
other than G appear to be promoted by specific upstream
bases on mRNA templates.

In addition to 22-nt RNAs, abundant shorter and longer
RNAs were also detected in all three data sets (Fig. 1A;
Supplemental Fig. S2). For each gene in the C. elegans genome,
the numbers of positions that generate 19-, 20-, 21-, 23-, 24-,
or 25-nt RNAs were proportional to the numbers of positions
that generate 22G RNAs (Supplemental Fig. S4A). This gene-
ral trend was not affected by 21-nt RNAs with a 5" U that were
abundant in two data sets (data set 1 and data set 2; Fig. 1A),
consistent with these RNAs being 21U RNAs or piRNAs
produced from a few positions that overlap with genes
(Supplemental Fig. S2). Furthermore, removal of all RNAs
that share their 5 end with a 22-nt RNA resulted in a dramatic
reduction in RNAs of lengths other than 22 nt (compare Fig.
1A; Supplemental Fig. S4B). These observations suggest that
19- to 25-nt RNAs are largely derivatives of 22-nt RNAs.
Abundant RNAs shorter than 22-nt (19- to 21-nt RNAs)
could result from the 3’ to 5" degradation of 22-nt RNAs or
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FIGURE 1. 22G RNAs with every 5" nucleotide and longer U-tailed derivatives are reproducibly detected small RNAs in C. elegans. (A) Small RNA
reads from three different labs show similar distributions of lengths and 5’ nucleotides. Small RNA reads from populations of adult-staged wild-type
C. elegans (N2) captured using 5 mono-phosphate independent cloning by three different labs (data set 1 to data set 3) were sorted by 5 terminal
nucleotide (A, C, G, U) and length (15 to 30 nt) and plotted. Also see Supplemental Figure S2. (B) The number of positions within each gene where
22G RNAs are made is proportional to the number of positions where 22A RNAs, 22C RNAs, and 22U RNAs are made. For each annotated region (ce6
genes), the number of unique positions with aligned 22G RNAs was plotted against the number of unique positions with aligned 22A RNAs (blue, left),
or with aligned 22C RNAs (red, middle), or with aligned 22U RNAs (purple, right). Pearson’s correlations (r) from three data sets are indicated as
average = SEM. Also see Supplemental Figure S2. (C) 22G RNAs map to genomic regions with characteristic sequence biases. Nucleotide frequencies
(%) 1 nt upstream of and 1 nt downstream from the 5" end of genomic positions with RNAs that match the plus strand were determined. Changes in
frequency above that observed in the background (left, background frequency in data set 1 shown as an example) for three data sets (right) and for each
5’ nucleotide are shown. Also see Supplemental Figure S3. (D) Most 23- to 25-nt-long RNAs are generated by terminal uridylation of 22G RNAs.
Nucleotide biases (sequence logos [Schneider and Stephens 1990]) at the 3’ ends of 23- to 25-nt RNAs that align to the genome when only the first
22 nt were required to match the genome and nucleotide biases of the genomic sequences are shown. Also see Supplemental Figures S4-S6. (E) Model
for the biogenesis of 22G RNAs and their derivatives. Fragments of mRNA are used as templates to synthesize 22-nt RNAs, from which longer RNAs
are generated by untemplated uridylation. (Left) 22A RNAs and 22U RNAs are made at GWW motifs (where W = A or U) on mRNA. (Middle) 22C
RNAs are made at AGW motifs on mRNA. (Right) 22G RNAs are made at C nucleotides on mRNA.

from synthesis of shorter RNAs using the mRNA template.  ferent bias at the 5" end when compared with that of all 22-nt
On the other hand, abundant RNAs longer than 22-nt (23-  RNAs (Supplemental Fig. S6), raising the possibility that a
to 25-nt RNAs) could result from the untemplated addition  selected subset of RNAs are subject to untemplated 3’ uridy-
of nucleotides to 22-nt RNAs or from synthesis of longer  lation in vivo. Thus, an unknown mechanism ensures that 22-
RNAs using the mRNA template. To distinguish between  nt, and not longer, RNAs are synthesized using stabilized
these two possibilities, we required matching of the first 22- mRNA fragments (Tsai et al. 2015) as templates in vivo.
nt of 23-, 24-, and 25-nt RNAs to the genome and examined ~ Such precise production of 22-nt RNAs could be enabled by
the biases, if any, of nucleotides at the 3’ ends in the RNA se- proteins like the Dicer-related helicase DRH-3, which inter-
quence and the corresponding genomic sequence (Fig. 1D; acts with the RARP RRF-1 (Aoki et al. 2007), is required
Supplemental Fig. S5). In all cases, positions following the  for the production of 22G RNAs (Gu et al. 2009), and was
22nd position showed a strong bias for Uin the RNA sequence  recently proposed to bind as a dimer to measure 22 base pairs
but not in the corresponding genomic position, suggesting  formed by small RNAs binding mRNA templates (Fitzgerald
that most of the longer RNAs result from the untemplated et al. 2014). Alternatively, cleavage of the mRNA template
3’ uridylation of 22-nt RNAs. These results are consistent  could generate a precise 5 end that provides a 22-nt long
with previous studies that detected 3’ uridylated versions of ~ template for small RNA synthesis.

22G RNAs (van Wolfswinkel et al. 2009; de Albuquerque Taken together, our results suggest that the majority of 22G
et al. 2015). Intriguingly, 3’ uridylated 22-nt RNAs (i.e.,, 23-  RNAs are made as RNAs of precise length from mRNA tem-
to 25-nt RNAs with untemplated 3’ U nucleotides) had a dif-  plates at positions with characteristic local sequence biases
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and are subsequently subject to 3’ to 5’ degradation or untem-
plated 3’ uridylation to generate the population of RNAs that
are reproducibly detected in RNA-seq data sets (Fig. 1E).
Additional experiments are necessary to test these hypotheses
and to determine how small RNAs of precise lengths are made
from long mRNA templates.

26G RNAs are produced upon successive
cleavages from a blunt end of dsRNA
substrates

The biogenesis of 26G RNAs is currently unclear (for review,
see Billi et al. 2014). The RARP RRF-3 is required for the syn-
thesis of antisense RNA on mRNA templates, but it is unclear
how the resultant dsRNAs are used by Dicer to generate 26G
RNAs and their passenger RNAs, which are eliminated
by Argonautes to generate the mature 26G RNAs. Purified
C. elegans Dicer cuts dsRNA substrates in vitro from a blunt
end with an offset such that the 3’ end of 26-nt RNA is 3 nt
away from the 5" end of passenger 23-nt RNA (Welker et al.
2011). A similar 3-nt difference is observed between the
3’ end of 26G RNAs and 5’ end of passenger RNAs in vivo,
suggesting that 26G RNAs may be generated from a blunt
end of dsRNAs in vivo (Fischer et al. 2011). However, unlike
the 23-nt passenger RNAs observed in vitro, the most abun-
dant passenger RNAs observed in vivo are 19-nt long with
a variable 3’ end indicative of exonucleolytic processing
(Fischer et al. 2011). To gain insight into their biogenesis,
we examined 26G RNAs in small RNA data sets with greatly

reduced numbers of 22G RNAs and their derivatives. These
include data sets obtained using the 5" monophosphate-de-
pendent capture of small RNAs and those obtained using
the 5 monophosphate-independent capture of small RNAs
from animals that lack the RARPs RRF-1 and EGO-1.

To determine the relationships between 26G RNAs and
passenger RNAs in vivo, we examined the distance between
the 5" end of 26G RNAs that match one strand of the genome
and the 3’ end of RNAs of all other lengths (15-25 nt) that
match the other strand of the genome (Fig. 2A; Supplemental
Fig. S7). In all cases, if the ends of multiple RNAs matched
a single genomic position, that position was considered only
once. For all overlapping 23- to 15-nt RNAs, the most com-
mon distance between their 5" end and the 3’ end of 26G
RNAs was 3 nt (Fig. 2A; Supplemental Fig. S7). This observa-
tion suggests that cleavage from a blunt end of dsRNA by
Dicer to generate a 23-nt passenger RNA also occurs in vivo
and that the 23-nt RNA is then susceptible to degradation
by a 3’ to 5" exonuclease. If such cleavage occurs in vivo,
then subsequent production of 26G RNAs could occur from
the cleaved mRNA template 23-nt downstream from the first
26G RNA. Consistent with this expectation, when we exam-
ined the distance between the 5 ends of a 26G RNA and
that of the first, second, and third subsequent 26G RNAs, a
clear peak at 23 nt was detected (Fig. 2B; Supplemental Fig.
S8). This 23-nt phasing of 26G RNAs was also observed in nu-
merous other data sets but not in data sets from animals that
lack rrf-3 or eri- 1 because these genes are required for the bio-
genesis of 26G RNAs (Supplemental Fig. S8). In addition to

5
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FIGURE 2. Some 26G RNAs are produced with a 23-nt phase from a blunt end of dsRNA. (A) Passenger RNAs of 26G RNAs are subject to 3'-5" deg-
radation from the blunt end of a dsRNA. (Left) Distance between the genomic position of the 5" end of each 26G RNA that matches the plus strand of the
genome and the 3’ end of overlapping 15- to 25-nt RNAs from rrf-1(-) ego-1(-) mutants was calculated and plotted as a percentage for each length.
(Right) Inferred alignments of passenger RNAs and 26G RNAs. Also see Supplemental Figure S7. (B) Some 26G RNAs are produced with a 23-nt phase
downstream from other 26G RNAs. Distance between the 5’ end of each 26G position and the first, second, and third subsequent 26G positions were
calculated and plotted. Also see Supplemental Figure S8. (C) Model for the phased production of 26G RNAs by successive cleavage of dsSRNA from a
blunt end. Synthesis by the RARP RRF-3 generates dsRNA that is cleaved from the blunt end by Dicer to produce a 26G RNA and a 23-nt complementary
RNA that is subjected to 3’ to 5’ degradation to generate a 19-nt passenger RNA (left). Subsequent synthesis from a C nucleotide 5" of the cleaved mRNA
and cleavage from the blunt end of the resulting dsRNA can generate another 26G RNA precisely 23 nt downstream from the previous 26G RNA (mid-
dle) or more than 23-nt downstream from the previous 26G RNA (right). See Supplemental Figure S9 for the complete model.
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this 23-nt phasing of 26G RNAs, a variable phase of 23- to 29
nt was reported when individual genes were examined
(Fischer et al. 2011). Taken together with our observations,
cycles of synthesis at an internal C nucleotide on mRNA, 3’
to 5" degradation of mRNA to generate dsRNA with a blunt
end (possibly by the ERI-1 exonuclease, which has such activ-
ity in vitro [Kennedy et al. 2004]), cleavage from the blunt
end, and synthesis at the next available C nucleotide on
mRNA could explain the phasing observed for 26G RNA
production in vivo.

These findings reconcile previous in vivo and in vitro ob-
servations and suggest the following model for the biogenesis
of 26G RNAs (Fig. 2C; Supplemental Fig. S9, and similar to
an early model [Ruby et al. 2006]): First, the RARP RRF-3
synthesizes antisense RNA beginning with a 5" G; second, a
blunt end is generated upon 3’ to 5’ degradation by an exonu-
clease such as ERI-1; third, the resultant dsRNA is cleaved by
Dicer from the blunt end to generate a 26G RNA that is sta-
bilized by an Argonaute protein and a passenger 23-nt RNA
that is susceptible to 3’ to 5’ exonucleolytic degradation; and
fourth, cleavage of the initial dSRNA by Dicer generates a hot-
spot 23 nt downstream from the blunt end and thereafter for
the phased production of another 26G RNA. Additional ex-
periments are necessary to test this model, to determine how
a locus is selected for 26G RNA production, and how 26G
RNAs acquire monophosphates at their 5" ends.

Different 1-nt staggered clusters of sense RNA
fragments are present in data sets from different
laboratories

RNAs shorter than ~18 nt are typically selected against during
the preparation of small RNAs for RNA-seq. Nevertheless, we
detected substantial numbers of RNAs shorter than 18 nt in
some data sets that could not be explained as 3’ to 5" degrada-
tion products of the abundant 22G RNAs. Such RNAs that
match the sense orientation of genes had characteristic
features that were reproducible within each data set when

position on RNA
-3 nt -2 nt -1nt 3'nt

[y

0>

% of positions

T

RNAs that map to either strand of the genome were separately
considered but not across data sets from different laboratories.
In one data set, we observed RN As with a sequence bias at their
3’ ends (Fig. 3, left) with 5’ ends arranged in a 1-nt stagger (Fig.
3, right), suggesting that these RNAs are fragments of sense
RNA that are subject to 5" to 3" exonucleolytic cleavage but
protected by factor(s) that bind RNA at the 3’ end. The 1-nt
staggered RNAs observed in three additional data sets from
the same laboratory had similar sequence features (Supple-
mental Fig. S10) but these features were not detected in data
sets from other laboratories. These observations raise the
need for caution when following up on RNAs that appear to
be reproducible but were the result of experiments performed
in only one laboratory. Further studies are required to deter-
mine whether these variable 1-nt staggered sense RNAs result
from processes within worms or from experimental proce-
dures required to prepare RNAs for RNA-seq.

A new class of antisense RNAs is present in data sets
from multiple labs

Although 15- to 18-nt sense RNAs could arise from the deg-
radation of mRNAs or pre-mRNAs, 15- to 18-nt antisense
RNAs are likely to be either the result of synthesis by RARPs
in vivo or the turnover of known classes of antisense small
RNAs. We detected such short antisense RNAs from approx-
imately 0.5 million positions on the genome in some data sets
from multiple laboratories (Fig. 4A; Supplemental Fig. S11).
These RNAs did not have a strong bias for any base at their
5" end (Fig. 4A) and were detected when RNAs were captured
using 5 monophosphate-dependent or 5 monophosphate-
independent ligation (Supplemental Fig. S11). RNAs of each
length (15-18 nt) originated from genomic positions with
similar sequence biases (Fig. 4B; Supplemental Fig. S12).
These 15- to 18-nt antisense RNAs appear to be generated
downstream from U bases on RNAs and have a preference
for a U 1 nt downstream from their 5" ends and a preference
for G 1 nt upstream of their 3’ ends (Fig. 4B; Supplemental
Fig. S12). Furthermore, these sequence
biases were detected for RNAs with each
5" nucleotide (Supplemental Fig. S13).
Taken together, these results suggest
that 15- to 18-nt antisense RNAs are gen-
erated downstream from U bases on
RNAs and have a 5’ bias of NU, where

E5m=+=A CGT ACGT ACGT ACGT

FIGURE 3. One-nucleotide staggered fragments of sense RNAs with 3’ motifs are detected in
some data sets. (Left) Changes in nucleotide frequency at the 3’ end (3’ nt, -1 nt, -2 nt, and
-3 nt) of 17-nt sense RNAs above that observed in the background for each 5" nucleotide from
one data set (SRX892595) are shown. Background bias and scale are as in Figure 1C. (Right)
Distance between the genomic positions of the 5" terminus of 17-nt sense RNAs and the 5’ ter-
minus of overlapping 15- to 26-nt RNAs that map to the same strand was calculated and plotted as
a percentage of each length. Inset indicates inferred arrangement of RNAs. One-nucleotide stag-
gered RNAs could result from the protection of RNAs from 5’ to 3’ degradation by a factor that
binds a motif at the 3" end of RNAs. Also see Supplemental Figure S10.
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distance (nt)

N is any nucleotide (Fig. 4C). Based on
these characteristics, we propose that
these RNAs be called NU RNAs (pro-
nounced “new RNAs”).

The levels of NU RNAs detected were
different in different data sets. Although
NU RNAs with all four bases at their 5’
end could be detected in some data sets
(Supplemental Fig. S11), in other data
sets, only 15- to 18-nt RNAs with 5 U
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FIGURE 4. NU RNAs are a new class of antisense RNAs. (A) Small RNA reads from some data sets show large numbers of RNAs shorter than 18
nt. Small RNA reads in a data set (SRX129660) from populations of adult N2 C. elegans captured using 5" monophosphate-dependent cloning were
sorted by 5" terminal nucleotide (A, C, G, U) and length (15-30 nt) and plotted. Also see Supplemental Figure S11 for additional data sets with
similar distributions. (B) RNAs shorter than 18 nt are associated with characteristic sequence biases in some data sets. Nucleotide biases of 17-nt
RNAs that align to the genome from the SRX129660 data set and nucleotide biases at genomic sequences upstream of the aligned RNAs are shown.
Inset indicates changes in nucleotide frequency above that observed in the background within and near regions that generate 17-nt RNAs.
Background bias and scale are as in Figure 1C. Because these RNAs have a 5 NU bias, where N is any nucleotide, we refer to them as NU
RNAs. Also see Supplemental Figures S11-S15 for additional analysis of NU RNAs. (C) Schematic showing nucleotide biases upstream of NU
RNAs on mRNA templates and at the termini within NU RNAs. (D,E) Relative abundance of NU RNAs that match CSR-1 class genes is different
from that of NU RNAs that match WAGO-1 class genes in two data sets. For each gene in the C. elegans genome (ce6), in CSR-1 class, and in
WAGO-1 class, numbers of unique positions with aligned 17-nt RNAs and the number of unique positions with aligned 22-nt RNAs from two
different data sets (D, SRX129660; E, SRX129662) were determined and plotted. WAGO-1 class genes (left in each panel) and CSR-1 class genes
(right in each panel) are highlighted separately and regression lines describing the relationship between 17-nt RNAs and 22-nt RNAs of the two

classes in each data set are indicated.

could be detected with the characteristics of NU RNAs
(Supplemental Fig. S14). One explanation for this observa-
tion could be that degraded products of 22G RNAs, of which
RNAs with 5" G, 5 A, and 5’ C are the most abundant, ob-
scured NU RNAs that have the same 5 end. Alternatively,
the size selection and other preparatory steps used to capture
RNAs for sequencing could have prevented the isolation of
NU RNAs.

To determine the relationship of NU RNAs to other classes
of small RNAs, we looked for them among RNAs that map to
three subsets of genes, which have been classified based on
the proteins required for the production and/or stability of
antisense small RNAs. These included the CSR-1 class genes
(Tu et al. 2015) that generate abundant 22G RNAs that are
bound by the Argonaute CSR-1, the WAGO-1 class genes
(Tu et al. 2015) that generate abundant 22G RNAs that are
bound by the Argonaute WAGO-1, and the MUT class genes
(Phillips et al. 2014) that require Mutator proteins such as
MUT-16 to generate abundant 22G RNAs. In data sets where
abundant NU-RNAs could be detected, genes of CSR-1 class,
WAGO-1 class, or MUT class all had NU RNAs (Supplemen-
tal Fig. S15). Intriguingly, in two data sets, CSR-1 class genes
and WAGO-1 class genes could be clearly separated based on

the relative numbers of NU RNAs when compared with 22G
RNAs (Fig. 4D,E), suggesting that the production or stability
of NU RNAs can be independent of the production or stabil-
ity of 22G RNAs.

In summary, NU RNAs are antisense RNAs that can
be shorter than 18 nt and show a genome-wide distribu-
tion that is distinct from that of previously known classes of
regulatory small RNAs. Additional studies are required to
determine the biogenesis and functions, if any, of NU RNAs.

DISCUSSION

We analyzed small RNA-seq data sets and used reproducible
features of RNAs present in multiple data sets to gain new in-
sights into known classes of 18- to 26-nt small RNAs and to
discover a new class of RNAs shorter than 18 nt.

Analysis of small RNAs is challenging and requires
multiple approaches

The millions of sequences that result from typical small
RNA-seq experiments present many challenges for analysis.
Degradation products of abundant long RNAs can be
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difficult to distinguish from genuine small RNAs. By only
considering features that are detected in multiple data sets
from multiple laboratories, our analysis reduces the influence
of such RNAs. Derivatives of one class of small RNA can ob-
scure other classes of small RNAs. For example, the abundant
tailed and trimmed versions of 22G RNAs obscure the pres-
ence of other classes of RNAs (Fig. 1). Different mapping and
filtering strategies are needed to even detect some classes of
RNAs. For example, U-tailed derivatives of 22G RNAs re-
quire mapping of reads while allowing terminal mismatches.

This work presents a starting point for further analyses of
small RNAs and likely misses potentially important small
RNAs. By requiring features of a class of small RNAs to be pre-
sent in RNAs that map to either strand of the genome, poten-
tially important RNAs that are made from specific locations
on the genome and are different from known classes of small
RNAs are ignored. The appropriate method to quantify small
RNAs at a locus is not clear. Because different small RNA
sequences could make different contributions to function,
quantifying the number of different small RNA sequences
made at a locus versus the abundance of individual sequences
could lead to different conclusions. By making the analysis ex-
plicit, the effect of experimental perturbations on small RN As
can be better described and better understood.

RNAs smaller than 18 nt could be used
for sequence-specific regulation

The length of RNA necessary for sequence-specific regulation
in an organism is expected to be determined by the extent of
sequence space that needs to be searched for base-pairing
(Supplemental Fig. S16). For example, RNAs as small as 14
nt can be sufficient to identify a unique sequence in organisms
with an ~100 million base-pair genome such as C. elegans.
Cellular processes such as transcription, splicing, and cyto-
plasmic localization can further reduce the sequence space,
making 14 nt more than sufficient for specific base-pairing
to mRNAs in the cytoplasm. The base-pairing of miRNAs
to 3’ UTRs illustrates this effect. Although miRNAs are typi-
cally ~20-nt long, the detection of an mRNA target by a
miRNA only requires perfect base-pairing in the ~7-bp seed
region (for review, see Jonas and Izaurralde 2015). The suffi-
ciency of the seed region for sequence-specific gene regulation
by miRNAs could be because other mechanisms (e.g., ribo-
some occupancy on mRNAs) restrict the searchable sequence
space to the 3’ untranslated regions (UTRs) of transcripts. As a
result, despite such minimal base-pairing, miRNAs have in-
fluenced the evolution of sequences in the 3" UTRs of most
expressed genes in mammalian genomes (Farh et al. 2005).
Current approaches typically ignore RNAs smaller than 18
nt such as NU RNAs. Even if NU RNAs are products of small
RNA turnover, the clear sequence biases of NU RNAs suggest
that they are the result of specific turnover of subsets of anti-
sense small RNAs. Alternatively, the above considerations sug-
gest thatitis plausible for the 15- to 18-nt NU RNAs to be used
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for sequence-specific regulation in C. elegans. Consistent with
this possibility, a class of 17-nt RNAs called unusually small
RNAs were reported to associate with Argonautes in mamma-
lian cells (Li et al. 2009). Thus, approaches that effectively
capture and analyze RNAs shorter than 18 nt are needed to
evaluate their potential impact on biology.

MATERIALS AND METHODS
Data sets and analysis overview

RNA-seq data sets (Supplemental Table S1) were obtained from the
European Nucleotide Archive (Leinonen et al. 2011) using the
Galaxy platform (Giardine et al. 2005; Blankenberg et al. 2010,
2014; Goecks et al. 2010) for biomedical research. The analysis pipe-
lines were created using the Galaxy platform (v. 14.10) and were run
using the BioBlend library (v. 0.5.3) (Sloggett et al. 2013) and cus-
tom Python scripts (Jones et al. 2001; Oliphant 2007). Sixteen work-
flows were created and linked together as shown in Supplemental
Figure S1. Plots were generated using the Matplotlib library (v.
1.4.3) (Hunter 2007) and custom python scripts. All scripts and
workflows are available upon request.

Data analysis

Each FASTQ file was processed with FASTQ Groomer. The 3" adapter
was removed using the FASTX toolkit (http:/hannonlab.cshl.edu/
fastx_toolkit/) Trimmer, discarding any read that was untrimmed
or contained only adapter sequences, and keeping only reads 15 nt
orlonger. Bowtie (v.1.1.1) was used to align the reads to the Ce6 C. ele-
gans genome. The reads were aligned three distinct times to the ge-
nome using three different settings: The first allowed up to two
mismatches; the second allowed no mismatches in the first 22 nt of
the read but allowed unlimited mismatches in the remaining nucleo-
tides; and the third allowed no mismatches anywhere. For each align-
ment, every read was allowed to align to up to four locations on the
genome and unaligned reads were discarded. The two-mismatch
alignment was filtered to keep only the alignment(s) for each read
with the fewest number of mismatches. For each set of alignments,
all reads that align to a region known to produce miRNA (miRbase
21) (Griffiths-Jones 2004; Kozomara and Griffiths-Jones 2014) and
rRNA or snRNA (Chrl:15046730-15070972 and ChrV:17113353-
17134036) were removed. Finally, any sequence that makes up >0.1%
of the total number of alignments from each set was removed.
These processes resulted in three sets of alignments in SAM format.
These alignments were processed in multiple ways (Supplemental
Fig. S1) as described below for one of the alignment sets.

Remove other lengths with shared 5" ends

The set of alignments was split into reads that were 15 nt long and
reads that were not 15 nt long. Any alignment that was not 15 ntlong
but shared its 5" position with a 15-nt-long alignment was removed.
The process was repeated for 16- to 26-nt length reads to generate 12
alignments in SAM format.

Identify reads sense and antisense to genes

A set of alignments and a set of gene intervals from the ce6 genome
that included exons, introns, and UTRs for each gene were filtered
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by strand (plus strand vs. minus strand). Plus-strand reads were
joined to plus- and minus-strand intervals to obtain alignments
sense and antisense to these intervals, respectively. Minus-strand
reads were joined to plus- and minus-strand intervals to obtain
alignments antisense and sense to these intervals, respectively. Sets
of alignments from each strand that align sense to genes were con-
catenated to form one set. Sets of alignments from each strand that
align antisense to genes were concatenated to form another set.

Assign 5 end position to longest RNA

A set of alignments was split by length. All 26-nt alignments were
kept. Starting with 25-nt alignments, any 25-nt-length alignment
that shares the 5" position with a 26-nt alignment was discarded.
The remaining 25-nt alignments were added to the 26-nt align-
ments. Any 24-nt alignment that shares the 5" position with the
25- or 26-nt alignment was discarded, and the remaining 24-nt
alignments were added to the 25- and 26-nt alignments. This pro-
cess of subtraction followed by concatenation was repeated with
the 23- to 15-nt alignments.

5 Nucleotide and length plots

Sets of alignments that were sense and antisense to genes were iden-
tified as in the “Identify reads sense and antisense to genes” section
above. The sense sets and the antisense sets were split by length and
5’ nucleotide. The number of alignments with each 5’ nucleotide for
each length was plotted (e.g., Fig. 1A). Plots for unique genomic po-
sitions were also similarly created (e.g., Fig. 4A).

22 Versus non-22 and 22G versus 22 non-G plots

Sets of alignments that were antisense to genes were identified as in
the “Identify reads sense and antisense to genes” section above.
These alignments were collapsed to identify the genomic positions
of the 5" ends of the aligning reads. All reads and genomic positions
were split by length. The 22-nt reads and positions were in addition
also split by the identity of the 5" nucleotide. For each length, the
numbers of reads and genomic positions that align to each gene
was counted and plotted against those of 22-nt reads and genomic
positions (e.g., Supplemental Fig. S3). Additionally, the number of
22-nt reads and genomic positions with a 5 G were compared
with the number of 22-nt reads and positions without a 5 G that
align to each gene, respectively, and plotted (e.g., Fig. 1B).

26G Overlap plots

A set of alignments was filtered to obtain the genomic positions of
the 5" ends of reads that were 26 nt long and had a 5 G nucleotide.
These positions were filtered to obtain plus-strand and minus-
strand aligned positions using the process described in the
“Identify reads sense and antisense to genes” section above. For
each strand, the positions were sorted by chromosome and genomic
position. For each 26G, the distances in nucleotides to the first, sec-
ond, and third subsequent 26G position were calculated and plotted
(e.g., Fig. 2B).

Weblogos

For a set of alignments, the sequences of aligned genomic positions
for each read along with that of 5-nt upstream and 5-nt downstream

regions were obtained. The aligned reads and the genomic positions
were filtered by length, 5" nucleotide, and strand. A sequence logo
using a bit-score to calculate the frequency of each nucleotide
(Weblogo [v 3.4] [Schneider and Stephens 1990; Crooks et al.
2004]) was generated for the filtered reads and genomic positions
(e.g., Fig. 1D).

Distance to overlapping positions or reads on same strand

The set of alignments was filtered by length. One length of align-
ments was aligned to all other length alignments on the same strand
to identify those that overlap. The distance in nucleotides between
the 5" end of the first length and the 5’ end of each overlapping align-
ment was calculated. The number of overlapping alignments at each
5’ to 5" distance was counted for each length. The percentage of each
overlapping length that overlapped with each 5 to 5’ distance was
calculated and plotted. This process was repeated for unique geno-
mic positions of the alignments of each length (e.g., Fig. 3, right).

Distance to overlapping positions/read on opposite strand

The set of alignments was filtered by length. One length of align-
ments was aligned to all other length alignments on the opposite
strand to identify those that overlap. The distance in nucleotides be-
tween the 5" end of the first length and the 3’ end of each overlapping
alignment was calculated. The number of overlapping alignments at
each 5’ to 3’ distance was counted for each length. The percentage of
each overlapping length that overlapped with each 5 to 3’ distance
was calculated and plotted. This process was repeated for unique
genomic positions of the alignments of each length (e.g., Fig. 2A).

Upstream and downstream bias

Genomic positions sense and antisense to genes were identified as in
the “Identify reads sense and antisense to genes” section above, and
split into plus- and minus-strand positions. For each alignment po-
sition, a 3-nt sequence upstream of and downstream from each ter-
minus (5 and 3’) was obtained from the genomic DNA sequence.
For each nucleotide of the 5" flanking sequences (3 nt upstream
and 3 nt downstream), the frequency of each nucleotide base was
calculated given each 5’ terminus nucleotide base. For each nucleo-
tide of the 3’ flanking sequences (3 nt upstream and 3 nt down-
stream), the frequency of each nucleotide base was calculated
given each 3’ terminus nucleotide base. Finally, the 3’ terminus nu-
cleotide base frequency was calculated given the identity of the 5’
base. Background frequencies were determined by performing
each of the above three sets of calculations on aligned genomic po-
sitions for 22-nt reads after the positions were randomized with-
in exons using BEDTools shuffle (v. 2.22.1) (Quinlan and Hall
2010). These calculated background frequencies were subtracted
from the nucleotide frequencies calculated for each length using
the three sets of calculations above. These final frequencies above
background frequencies were plotted as heat maps for each position
and length (e.g., 22 nt shown in Fig. 1C).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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