


et al. 2010; Niu et al. 2010). To this end, we searched
the ChIP-seq data for possible TF binding sites in regions
of 6150 bp surrounding the 59-ends of the 473 novel is-
ncRNAs as well as 15 known sbRNA loci. Ten of the sbRNA
loci (Deng et al. 2006; Boria et al. 2010), as well as 193 of
the novel is-ncRNAs loci, were associated with one or more
binding sites for at least one of the 22 analyzed TFs. Com-
paring these to random genomic regions of the same size (see
Lu et al. 2011) suggested an z2.8-fold enrichment of TF
binding sites at the is-ncRNA loci (x2 test, P-value < 2.2 3

10�16). The loci were associated with various TF binding
sites, but most binding sites (>80 hits) were found for the
TFs, MDL-1_L1 and PHA-4_L1 (Supplemental Fig. S12).
The 203 loci with at least one TF binding site could be
grouped into 11 clusters according to their TF binding peak
signal scores. For half of the clusters, the cluster members
had one TF in common. The is-ncRNAs loci of cluster 1, 2,
7, 8, 9, and 11 were mainly associated with binding sites for
a single TF (BLMP-1, HLH-1, PQM-1, PHA-4, LIN-39, and
GEI-11, respectively) (Supplemental Fig. S13). The is-ncRNAs
were frequently expressed at the same developmental stage
as the associated TFs. For example, binding sites for EGL-
5_L3, LIN-39_L3, and PQM-1_L3 were found at the loci of
inc302, inc422, and inc425, respectively, and these three is-
ncRNAs are all expressed at the L3 stage.

The is-ncRNAs loci in cluster 11 were all associated with
binding sites for transcription factor GEI-11, a SNAP190
ortholog (Fig. 6A). Previous studies have shown that SNAP190
is involved in specific binding of the SNAP complex to
the proximal sequence element (PSE) located upstream of
snRNAs (Wong et al. 1998). Our analyses showed that, in
addition to a high fraction of snRNA and other is-ncRNA
loci having an upstream PSE (or UM1) (Deng et al. 2006),
GEI-11_L4 binding sites were found in the proximity of
59% (10/17) of the sbRNA loci, whose upstream promoter
element (UM3) has been suggested to include a PSEB box

(Boria et al. 2010). Sequence analysis of the 100 bp flanking
the 59 ends of the cluster 11 loci identified a motif with
strong resemblance to the PSEB box present at all loci in
this cluster (Fig. 6B), suggesting that this motif may be the
GEI-11 binding site.

FIGURE 5. Analysis of three is-ncRNAs with 59 Alu domains. (A) Sequence alignment of human BC200 RNA and inc394. (B) EMSA of biotin-
labeled RNA probes corresponding to the SRP RNA (CeN107-1) and inc465, inc394, and inc467 with His-SRP9 and His-SRP14 fusion proteins.
(—) Free probes. His alone was used as a negative control.

FIGURE 6. Novel is-ncRNAs associated with TF binding sites. (A)
Cluster 11 is associated with binding sites for GEI-11. This cluster
includes 9 known sbRNAs and one novel is-ncRNA with sbRNA
characteristics. (B) The GEI-11 potential binding site of cluster 11 is-
ncRNA loci.
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Analysis of exonic contigs

Several studies have suggested that RNA fragments over-
lapping coding exons and even exon-exon junctions con-
tain 59-terminal cap-like structures furnished by a second-
ary 59-end capping mechanism (Fejes-Toth et al. 2009;
Schoenberg and Maquat 2009), and analysis of RNA frag-
ments overlapping coding and noncoding exons in C. elegans
is consequently of considerable interest. A differential RNA-
Seq approach employing TEX digestion might be ideally
suited for such an analysis; however, owing to possible ef-
fects of RNA secondary structure upon TEX efficiency (Szittya
et al. 2010), we have thus far only carried out a preliminary
analysis of these data, the details of which are found in
Supplemental Document S1.

Briefly, the analysis shows that the expression levels of
coding exonic contigs with a high frequency of TEX-
sensitive fragments are well-correlated with the expression
level of the corresponding ‘‘host’’ mRNA (as would be ex-
pected for degradation fragments), whereas contigs con-
sisting mainly of TEX-insensitive fragments are not (Sup-
plemental Fig. S14). Similarly, the stage-specific expression
of TEX-sensitive contigs resembled that of their ‘‘host’’
genes to a larger extent than did that of TEX-insensitive con-
tigs. Analysis of a specific case (the largely TEX-insensitive
contig 5839) spanning an exon-exon junction of the PUF
family RNA-binding protein fbf-1 (H12I13.4) suggested
that this contig represents a fragment
with precise 59 and 39 termini which
shows only weak expressional correla-
tion to its host gene. No similar frag-
ment was found at the paralog gene
fbf-2 (F21H12.5) despite only minor
sequence differences between the two
paralogs (Supplemental Fig. S15F).

Analysis of snoRNAs suggests
secondary 59-end modification

One particular case concerns contigs
overlapping snoRNA loci. The snoRNA
loci can be divided into three groups,
the first group consisting of intronic
snoRNA loci without any discernible
upstream motif, and the second and third
group being loci with either the UM1 or
UM2 upstream motifs (Deng et al. 2006),
respectively. The first group (45 intronic
snoRNAs without discernible promoters)
are assumed to be processed from their
respective introns after (or during) splic-
ing of their host gene mRNA (Deng et al.
2006) and would consequently have 59-
end monophosphates. These snoRNAs
were almost exclusively composed of

TEX-sensitive fragments (Supplemental Fig. S3B). The
second group (UM1 snoRNAs) is assumed to be transcribed
by RNA polymerase II (Deng et al. 2006) and produced
mostly TEX-insensitive fragments (median values 80%–
90%) (Supplemental Fig. S3B), suggesting that these tran-
scripts are furnished with a 59-end cap similar to other pol II
transcripts. The differences in TEX-sensitivity between these
two groups of snoRNAs are, thus, more easily explained by
differences in their 59-end structure than by differences in
secondary structure.

The contigs of the third group (48 UM2-snoRNAs) were
for the most part (40/48) not significantly enriched in
either library (one-tailed Fisher’s exact test, P > 0.01),
indicating that these loci each gave rise to 75%–90% TEX-
sensitive fragments and 10%–25% TEX-insensitive frag-
ments (Supplemental Fig. S3B). UM2 snoRNAs are probably
processed from longer primary transcripts encompassing
the UM2 sequence (Li et al. 2008), which is likely to generate
mature snoRNAs with 59 monophosphate termini. The
sequencing data indicated that ‘‘UM2-snoRNA’’ primary
transcripts could be detected for 16 of the 48 UM2 snoRNAs
(Fig. 7A). To investigate the 59-end status of the UM2
snoRNAs, we carried out 59 cap- and 59 monophosphate-
dependent rapid amplification of cDNA ends (RACE) of two
randomly chosen UM2 snoRNAs (CeN125 and CeN45) and
two randomly chosen intronic snoRNAs (CeN82 and
CeN102). The two intronic snoRNAs were only amplified

FIGURE 7. Analysis of UM2 snoRNA 59 termini. (A) An example of a primary UM2 snoRNA
transcript (C41C4.11) in the TEX-treated library. (B) 59 cap (Cap) and 59 monophosphate-
dependent RACE (P) of mature snoRNAs. The two intronic, processed snoRNAs (CeN82 and
CeN102) were only amplified by 59 monophosphate-dependent RACE but not by 59 cap-
dependent RACE, while the two UM2 snoRNAs (CeN125 and CeN45) were amplified by both
types of RACE. (C) Northern blot analysis of UM2 snoRNAs (CeN45 and CeN125) and
intronic processed snoRNAs (CeN82 and CeN102) before and after TEX-treatment. 5.8S rRNA
and 5S rRNA were used as loading controls. (D) qRT-PCR analysis of the relative expression
levels of the four snoRNAs in the TEX-treated and control samples. The average expression
levels were determined after normalizing to 5S rRNA in each sample.
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by 59 monophosphate-dependent RACE (‘‘P’’) but not by
59 cap-dependent RACE (‘‘Cap’’), while the two UM2
snoRNAs were amplified by both types of RACE (Fig. 7B),
showing that the mature UM2 snoRNAs populations con-
sist of RNAs with both 59 capped and 59 monophosphate
termini. Subsequently, Northern blot analysis and qRT-
PCR results indicated that the two UM2 snoRNAs (CeN45
and CeN125) were composed of, respectively, 20% and
50% of TEX-insensitive transcripts, while the two intronic
snoRNAs consisted almost exclusively of TEX-sensitive
transcripts (Fig. 7C,D). The two UM2 snoRNAs and the
two intronic snoRNAs are all H/ACA box snoRNAs and
were all included in the same LocARNA cluster (Fig. 4A),
indicating that they have similar secondary structures. Taken
together, these data strongly suggest that processed snoRNAs
in C. elegans may undergo varying degrees of secondary 59-
end modification.

DISCUSSION

It has become increasingly clear in recent years that eu-
karyotic transcriptomes are remarkably complex, contain-
ing numerous noncoding RNAs (ncRNAs) that have pre-
viously not been characterized. Our study identified 473
contigs probably representing unannotated, full-length in-
tergenic and intronic is-ncRNA loci, of which a substantial
fraction were associated with transcription factor binding
sites and/or showed developmentally regulated expression
in a recent tiling array study (Wang et al. 2011). More than
65% of the loci had not been detected in earlier tiling array
(He et al. 2007; Wang et al. 2011) or modENCODE (Gerstein
et al. 2010; Lu et al. 2011) studies, and the majority (81%)
of these were only detected in the TEX-treated library, sug-
gesting that our differential RNA-sequencing approach is
well-suited for identifying is-ncRNAs with limited expres-
sion ranges or levels.

Approximately 33% of the novel is-ncRNA loci had been
detected by previously published tiling array studies (He
et al. 2007; Wang et al. 2011), while only 2% overlapped
with the 7k modENCODE data (Lu et al. 2011). With
respect to the tiling array data, the lack of overlap may, at
least in part, owe to the following two reasons: (1) While
the tiling array study analyzed RNAs from several devel-
opmental stages, the RNA samples used in this study were
derived from mix-stage worms and may thus have missed
stage-specific, lowly expressed transcripts. The fact that
most of these contigs were represented by only one or a few
sequence reads and frequently overlapped stage-specific tiling
array fragments supports the notion that the expression
of many of these fragments is restricted to one or a few
developmental stages or conditions through the C. elegans
life cycle; and (2) The tiling array data may have a some-
what higher false positive rate due to cross-hybridization
(Agarwal et al. 2010; van Bakel et al. 2010), as indicated by
its 80% validation rate (Wang et al. 2011) compared to the

100% validation rate obtained for the contigs in this study.
The poor overlap with the 7k modENCODE data (Lu et al.
2011) is more difficult to account for. It is possible that
our dedicated aim at nonpolyadenylated, intermediate-size
ncRNAs, with enrichment of transcripts with non-59 mono-
phosphate terminals, has picked up a specific segment of
the transcriptome that, to a large extent, had been missed
by the modENCODE approaches, which concentrated on
either polyadenylated RNAs or total RNA of all size fractions
(Gerstein et al. 2010). Alternatively, the application of
computational prediction to the experimental data may
have filtered signals in the intermediate-size ncRNA
segment too stringently, thus missing a substantial fraction
of these data.

The presence of an even wider repertoire of tran-
scripts carrying the Sm protein binding site is interesting.
The nematode Sm Y RNAs (as defined by MacMorris
et al. [2007]) includes twelve transcripts with similar size
(77–88 nt) and sequence features. In addition to these,
the A. lumbricoides Sm X RNA (Maroney et al. 1996) and
the C. elegans CeN115 (Deng et al. 2006) also contain Sm
protein binding sites but display little sequence similarity to
the Sm Y RNAs. The finding in this study of six additional
transcripts that do not conform to the Sm Y RNAs in
neither length nor sequence characteristics suggests that the
repertoire of transcripts employed by the nematode splicing
apparatus may be more variable than hitherto assumed.
The fact that the SmY-10 apparently does not coprecipitate
with (most) other Sm Y RNAs (MacMorris et al. 2007)
could likewise suggest that the Sm Y RNAs are not
a functionally homogenous group, or, alternatively, that
the Sm Y RNAs are just one cluster within an extended
spectrum of splicing-related transcripts occurring within
the nematodes.

Three of the novel is-ncRNAs share a structure similar to
the 59 Alu domain of the SRP RNAs. Beyond the 59 Alu
domain, they all showed little sequence similarity to the
C. elegans SRP RNAs, but all three bound strongly to the
heterodimer SRP9/14 in vitro. The neuron-specific BC200
RNA also contains an Alu domain that specifically binds
SRP9/14 in vivo and plays a role in translational regulation
of dendritic proteins in neurons (Kremerskothen et al. 1998;
Khanam et al. 2007). Although BC200 homologs have only
been found in anthropoid primates (Tiedge et al. 1993), the
rodent BC1 RNA shares common regulatory functions and
neuron-specific expression patterns with the BC200 RNA
and is regarded as its functional analog (Tiedge et al. 1991).
The inc394 RNA resembles BC200 in that they both contain
a 59 Alu domain and central A-rich region. The 39-terminal
region of inc394 is shorter than that of BC200, but several
shorter motifs are common to both RNAs. It is thus tempt-
ing to speculate that the inc394 RNA may operate as a
functional analog of BC200 RNA in C. elegans.

Analysis of average phastCons scores of the novel in-
tronic and intergenic is-ncRNAs showed a dual conserva-
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tion distribution, with 37% of the is-ncRNAs being specific
to C. elegans, and the rest having more or less conserved
counterparts in other worm species. However, lack of con-
servation may not necessarily imply lack of function (Pang
et al. 2006). Homologous ncRNAs may share secondary
structures rather than primary sequence, as numerous ncRNAs
with similar secondary structures are functional and, thereby,
well-conserved over evolutionary timescales (Washietl et al.
2005). To explore the structural common features of the
unclassified novel is-ncRNAs, a structure-based clustering
approach was carried out and revealed two potential ncRNA
families with similar secondary structure and common in-
ternal motifs for further investigation. Consistent with a
recent study (Boria et al. 2010), we also found that a pre-
viously identified sbRNA (CeN72) was tightly clustered with
the CeY RNA, and EMSA demonstrated that CeN72, as well
as two newly characterized sbRNAs, are potential ROP-1
binding partners. A previous analysis of ROP-1 binding
RNAs in C. elegans embryos only identified the CeY RNA
(Van Horn et al. 1995); however, since sbRNAs are pre-
dominantly expressed after L3 (Deng et al. 2006), ROP-1
may bind with sbRNAs in later stages of worm develop-
ment. Moreover, the ROP-1 protein appears to undergo
proteolytic processing between the L2 and L3 larval stages
that shift it size by z3.5 KDa (Labbe et al. 2000), but it is
not known whether or how this influences its RNA binding
properties.

Nearly 40% of the 473 loci were associated with binding
sites for one or more of 22 known transcription factors.
These associations were commonly limited to one or a few
specific TFs, suggesting that groups of the novel ncRNAs
would be under common regulatory regimes, possibly ac-
counting for their apparently well-regulated expression pat-
terns. In addition, some TFs (e.g., GEI-11) were associated
with both polymerase II and polymerase III transcribed
ncRNAs, consistent with a recent study showing that tran-
scription factors associated with Pol II are often associated
with Pol III promoters (Raha et al. 2010). GEI-11 was
previously known as a homolog of SNAP190 that specially
directs the SNAP complex to bind to the proximal sequence
element (PSE) (Wong et al. 1998). Our data suggest that
GEI-11 could regulate both the majority of the snRNAs
(Niu et al. 2010) (transcribed by Pol II or Pol III) and
sbRNAs (transcribed by Pol III) by targeting a common
DNA motif with strong resemblance to the PSEB box in C.
elegans. In contrast, a recent study found that the SNAP
complex recognizes the PSEA box sequence in Drosophila
melanogaster (Kim et al. 2010), suggesting some variation in
the SNAP complex binding preferences in different organisms.

Preliminary analysis of the TEX enzyme activity suggests
that the TEX treatment could efficiently distinguish be-
tween types of RNAs known to possess (e.g., 5.8S rRNA)
and not possess (e.g., 5S rRNA) 59 monophosphate termini
(Fig. 1A). We also observed that different is-ncRNAs
species showed considerable variation in their relative en-

richment in the two libraries (Supplemental Fig. S3),
indicative of varying degrees of 59-terminal modification
for the different is-ncRNA classes. This accords with ob-
servations in Arabidopsis showing that a majority of mRNAs
possessed various amounts/fractions of 59 monophosphate
and 59 capped transcripts (Jiao et al. 2008). On the other
hand, we cannot exclude that interactions between con-
centration and secondary structure may influence the ef-
ficiency by which TEX degrades individual RNA species
(Szittya et al. 2010). For example, although most tRNA 59

ends are generated by RNase P cleavage, resulting in a 59-
terminal monophosphate (Frank and Pace 1998), the tRNAs
were markedly enriched after TEX treatment (Fig. 1A).

UM2 snoRNA loci give rise to primary transcripts that
resemble the dicistronic primary tRNA-snoRNA transcripts
found in yeast and plants, which are cleaved by RNase Z,
thereby generating the mature snoRNAs with 59 mono-
phosphate termini (Kruszka et al. 2003; Guffanti et al. 2006).
The processing mode of UM2 snoRNA primary transcripts
is not known but is likely to generate mature snoRNAs with
59 monophosphate termini (since both endonuclease and
exonuclease activity creates this type of 59 terminus). How-
ever, while the intronic processed snoRNA contigs con-
sisted nearly exclusively of TEX-sensitive fragments, most
mature UM2 snoRNA contigs were composed of both
TEX-sensitive and TEX-insensitive fragments, and the 59

end-dependent RACE analyses suggested that the differen-
tial TEX-sensitivity reflected differences in 59-end structure.
It is unlikely that the processing of UM2 snoRNAs should
create two types of 59 termini, and the most parsimonious
explanation is, therefore, that the TEX-insensitive type is
caused by some form of secondary 59-terminal modification.
Recent research has indicated that post-transcriptional
RNA cleavage event produces substantial numbers of RNA
fragments containing 59-terminal cap-like structures which
apparently are produced by a secondary 59-end capping mech-
anism (Fejes-Toth et al. 2009; Mercer et al. 2010). Moreover,
a cytoplasmic complex with transcription-independent 59-
end capping activity has been demonstrated in other or-
ganisms (Otsuka et al. 2009; Schoenberg and Maquat 2009).
A study aiming at detecting polyadenylated small RNAs
with methylguanosine-cap structures in the rice blast fungus
also found numerous transcripts of different size mapping
to rRNA, tRNA, snRNA, and other loci (Gowda et al. 2010)
that might represent ncRNA transcripts which subse-
quently underwent secondary 59-end modification. The ap-
parent secondary 59-terminal cap modification of snoRNAs
is not likely to be a random process as it is somehow
limited to UM2 snoRNAs, and the differing degree of TEX-
insensitivity among different mature UM2 snoRNAs could
also be indicative of a regulated process.

In summary, our data show that an enzymatic approach
may be useful in revealing the low abundance fraction of
transcriptome. Our data also suggest that RNA fragments
may undergo 59-terminal modification after post-transcrip-

C. elegans noncoding transcriptome

www.rnajournal.org 635

 Cold Spring Harbor Laboratory Press on April 23, 2012 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


tional cleavage or processing. Thus, despite its organismal
simplicity, C. elegans possesses a nearly full complement of
protein-coding genes (Hillier et al. 2005), as well as sub-
stantial ncRNAs repertoires from intronic and intergenic
regions, which indicates the existence of a complicated net-
work of functional is-ncRNAs and protein-coding genes.

MATERIALS AND METHODS

Total RNA preparation

Total RNA was isolated from mixed-stage worms by the Trizol
(Invitrogen) protocol according to the manufacturer’s instruc-
tions. Subsequently, total RNA preparations were subjected to
RNase-free DNase I (Ambion) digestion for 30 min at 37°C, and
the RNA was purified with acid-phenol:chloroform (pH 4.5;
Ambion) followed by three volumes ethanol precipitation, and
resuspended in nuclease-free water (AMRESCO). The RNA qual-
ity was checked by loading the samples on a 1% formaldehyde-
agarose gel and quantified via absorbance spectroscopy.

Quantification of the TEX effect

Two identical samples of 10 mg of total RNA each were either
treated with 4 mL of Terminator 59-phosphate-dependent exo-
nuclease (TEX; Epicentre), or with 4 mL of water (control), in
TEX reaction buffer at 30°C for 2 h, followed by purification with
acid-phenol:chloroform (pH 4.5; Ambion), and 3 volumes etha-
nol precipitation. The results were visualized by PAGE gel.

is-ncRNA-specific library construction

Two-hundred micrograms of DNase I-treated total RNA (see
Total RNA Preparation) was fractionated on denaturing 6%
polyacrylamide gels (7 M urea, 13 TBE buffer). RNA in the size
ranging from 50 to 500 nt was excised from the gel and
electroeluted in TBE buffer (0.53) using the D-Tube Dialyzer
Maxi MWCO 3.5 kDa (Merck). After polyadenylated RNAs and
rRNAs had been removed using an adapted MicrobExpress kit
(Ambion), the RNA sample was split into two aliquots, one of
which was treated with TEX (Epicentre), and the other left
untreated. Subsequently, the two RNA samples were dephos-
phorylated with FastAP (Fermentas), followed by ligation to the 39

adaptor oligonucleotide (UUUUGACCACGGTACCCAG; under-
lined bases are RNA) by T4 RNA ligase (Promega). The 39 end
ligated RNAs were reverse-transcribed by SMARTer PCR cDNA
Synthesis kit (Clontech) using an oligo complementary to the 39

RT adaptor (CTGGGTACCGTGGTCAAA). The two cDNA li-
braries were amplified using the Advantage 2 PCR kit (Clontech),
followed by purification of the PCR products using PureLink PCR
Purification Kit (Invitrogen). The two libraries were then se-
quenced on a Roche/454 GS-FLX system.

Computational analysis

The 59 and 39 adaptors were removed by Crossmatch (Ewing et al.
1998), and the resulting reads were mapped to the C. elegans
genome (WS190) by NCBI BLAST (ftp://ftp.ncbi.nlm.nih.gov/
blast/executables/blast+/LATEST/). For each read, only the top hit

locus (i.e., the hit with the lowest E-value) was kept, and only if
the percent coverage of the alignment (alignment length/read
length) was $95%. (In the case of several hits having the same
lowest E-value and the same sequence identity, these were all kept).
In order to identify reads spanning exon-exon junctions, the
unmapped reads were subsequently mapped by BLAT (Kent 2002)
with identity $95% and filtered by the pslCDnaFilter program
(http://hgdownload.cse.ucsc.edu/admin/exe/). Genome annotation,
sequence, and conservation data were downloaded from WormBase
(version WS190) (Harris et al. 2010) and the UCSC genome
browser (version ce6) (Fujita et al. 2011). Gene expression profiles
from various developmental stages (RNA-seq), H3K4me3 histone
modification data, and binding data for 22 transcription factors
were downloaded from the modENCODE consortium and related
papers (Hillier et al. 2009; Niu et al. 2010; Liu et al. 2011) and
lifted over to WS190. The Gene Ontology term enrichment was
analyzed using DAVID (Huang et al. 2009). GO terms with sig-
nificantly (P-value < 0.01) different enrichment between the group
I and group II contig host genes were identified using the one-tailed
Fisher’s exact test and the Benjamini and Hochberg false discovery
rate for multiple testing corrections. Conservation analysis was
carried out using phastCons data (Siepel et al. 2005). Potential
H/ACA and C/D box snoRNAs were identified by combining all pre-
dictions by snoGPS (Schattner et al. 2004), snoSeeker (Yang et al.
2006), and snoReport (Hertel et al. 2008). Other potential ho-
mologs of known ncRNA were predicted by a search with the
HMMER3 software (http://hmmer.janelia.org/) against the Rfam
database (Gardner et al. 2011). LocARNA-based clustering (Will
et al. 2007) was applied to identify ncRNA classes with similar
secondary structures, and the tree was generated by iTOL (Letunic
and Bork 2011). The sequence motif detection was performed
with MEME (Bailey et al. 2009) and WebLogo (Crooks et al. 2004).

RT-PCR

Two micrograms of DNase I-treated total RNA was polyadeny-
lated by poly(A) polymerase (NEB). The RNA was then reverse-
transcribed using oligo (dT) reverse primers in a 20-mL reaction.
One microliter of the RT product was used for PCR with gene-
specific primers for the transcripts. The primers used in these ex-
periments are listed in Supplemental Document S3.

Quantitative RT-PCR

DNase I-treated total RNA (2.5 mg) were treated with 2 mL of TEX
(Epicentre) at 30°C for 2 h and the reaction was terminated by
adding 1 mL of 100 mM EDTA (TEX-treated). An identical ali-
quot was treated likewise, with the exception that TEX was sub-
stituted by an equal volume of nuclease-free water (AMRESCO)
(untreated control). Subsequently, qRT-PCR analysis of 24 known
is-ncRNAs was performed on Rotor-Gene 6000 (Corbett Life
Science) with its application software (version 1.7), using the
TransScript II Green One-step qRT-PCR SuperMix (TransGen)
according to the manufacturer’s instructions and 0.5 mL of TEX-
treated or untreated total RNA as template. The average expres-
sion level in the TEX-treated sample relative to the control sample
was determined after normalizing to the amount of 5S rRNA
present in each sample by the comparative CT method (Schmittgen
and Livak 2008). Quantitative RT-PCR analysis of the expression
patterns of 12 novel is-ncRNAs across five larvae stages was per-
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formed likewise, and a U6 snRNA (CeN4) was used as a normalizer
to calculate the relative expression level of each is-ncRNAs. The
primers used in these experiments are listed in Supplemental
Document S3.

59 Cap- or monophosphate-dependent RACE

Of two identical 2 mg of DNase I-treated total RNA aliquots, one
was directly ligated to the 59 adaptor oligonucleotide by 4 mL of
T4 RNA ligase (Promega) at 37°C for 2 h, whereas the other was
first treated with 2 mL of calf intestine alkaline phosphatase
(Promega) and then with 2 mL of tobacco acid pyrophosphatase
(Epicentre), followed by ligation to the 59 adaptor oligonucleotide
as given above. Subsequently, 59 RACE was performed using
TransScript II One-step RT-PCR SuperMix (TransGen) with gene-
specific downstream primers and the 59 adaptor upstream primer
(Supplemental Document S3).

Northern blot analysis

RNA probes were synthesized and labeled by in vitro transcription
of plasmids with T7 RNA polymerase (Fermentas) and Dig-11-
UTP (Roche). Total RNA samples (20 mg) were heated at 65°C for
10 min in 23 RNA loading buffer (Fermentas) and resolved by
6% denaturing (8 M urea) polyacrylamide electrophoresis. Sub-
sequently, the RNAs were transferred to Hybond-N+ membranes
(Amersham Biosciences) by an ECL semi-dry transfer unit
(Amersham Biosciences). Northern blotting was performed per
standard and manufacturer’s protocols. Blots were hybridized in
ULTRAhyb (Ambion) at 60°C overnight, then treated with Block-
ing and Washing Buffer (Roche) and detected by CDP-star (Roche).
The primers used in these experiments are listed in Supplemental
Document S3.

Electrophoretic mobility shift assay

SRP RNA (CeN107-1), inc394, inc465, inc467, CeY RNA, CeN72,
inc176, and inc332 were transcribed in vitro from plasmids or
PCR templates containing a T7 promoter, and the resulting tran-
scripts were 39 end biotinylated with cytidine (bis) phosphate nu-
cleotide using the 39 End Biotinylation Kit (Pierce). The ROP-1,
SRP9, and SRP14 mRNAs were amplified by RT-PCR from
C. elegans total RNAs, using oligodT as the reverse transcription
primer, and cloned into the pEASY-E1 vector (TransGen), and
expressed in Escherichia coli (BL21[DE3]). 6xHis-tagged proteins
or the 6xHis tag (negative control) were purified using Ni-NTA
Agarose beads (Qiagen), and z2 mg of protein, together with the
above biotinylated probes, were used for EMSA (LightShift
Chemiluminescent RNA EMSA Kit; Pierce) according to the man-
ufacturer’s instructions. The primers used in these experiments
are listed in Supplemental Document S3.

ACCESSION NUMBER

Raw 454 pyrosequencing data can be accessed from SRA by
SRP007195.
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Supplemental material is available for this article.
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