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ABSTRACT

Years after the discovery that Dicer is a key enzyme in gene silencing, the role of its helicase domain remains enigmatic. Here
we show that this domain is critical for accumulation of certain endogenous small interfering RNAs (endo-siRNAs) in
Caenorhabditis elegans. The domain is required for the production of the direct products of Dicer, or primary endo-siRNAs, and
consequently affects levels of downstream intermediates, the secondary endo-siRNAs. Consistent with the role of endo-siRNAs
in silencing, their loss correlates with an increase in cognate mRNA levels. We find that the helicase domain of Dicer is not
necessary for microRNA (miRNA) processing, or RNA interference following exposure to exogenous double-stranded RNA.
Comparisons of wild-type and helicase-defective strains using deep-sequencing analyses show that the helicase domain is
required by a subset of annotated endo-siRNAs, in particular, those associated with the slightly longer 26-nucleotide small RNA
species containing a 59 guanosine.
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INTRODUCTION

Dicer is a member of the RNase III family of nucleases that
target double-stranded RNA (dsRNA) (for review, see
MacRae and Doudna 2007). When exogenous dsRNA
(exo-dsRNA) triggers an RNA interference (RNAi) re-
sponse, it is Dicer that cleaves dsRNA into short interfering
RNAs (siRNAs) (Bernstein et al. 2001; Grishok et al. 2001;
Ketting et al. 2001; Knight and Bass 2001). Furthermore, of
the three known classes of small RNAs produced naturally
in a cell, Dicer is required for producing micro-RNAs
(miRNAs) and endogenous siRNAs (endo-siRNAs) (for
review, see Golden et al. 2008), but not piwi-interacting
RNAs (piRNAs) (for review, see Carthew and Sontheimer
2009).

Dicer is a large protein (z150–220 kDa) with multiple
domains (Fig. 1A). Biochemical and structural studies have

provided good models for how the RNase III nuclease
domains cleave dsRNA in the active site of Dicer (Zhang
et al. 2004; MacRae et al. 2006). However, as yet, how the
helicase domain contributes to Dicer’s function is unclear.
A surprise from the first biochemical characterization of
purified, recombinant human Dicer was that a mutation in
the helicase domain did not alter its ability to cleave RNA
in vitro (Zhang et al. 2002). A more recent in vitro study
shows that full-length human Dicer cleaves a pre-miRNA
faster than a short, completely base-paired dsRNA, but if
the entire helicase domain is removed, cleavage of these two
substrates is equally rapid (Ma et al. 2008). One interpre-
tation of this result is that the helicase domain is not
required for pre-miRNA processing but provides a way to
regulate cleavage of the completely base-paired dsRNA that
gives rise to siRNAs.

There are other hints that Dicer’s helicase domain is
required in the siRNA, but not the miRNA, pathway. For
example, Drosophila has two Dicer enzymes, one for the
miRNA pathway (Dicer-1) and one for the siRNA pathway
(Dicer-2), but only the latter has a functional helicase
domain. Consistent with a role for Dicer-2 in the siRNA
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pathway, a mutation in the Walker A motif of the helicase
domain (G31R) reduces siRNA production from dsRNA
expressed from a transgene in vivo (Lee et al. 2004). In
Schizosaccharomyces pombe, which has an siRNA, but not
a miRNA, pathway, strains expressing Dicer with a point
mutation in the same motif (K38A) of the helicase domain
are defective for centromeric silencing and generation of
siRNAs (Colmenares et al. 2007).

Here we report studies of DCR-1, the sole Dicer enzyme
in Caenorhabditis elegans. We show that a transgene encod-
ing wild-type DCR-1, as well as transgenes encoding three
different helicase-mutant forms of DCR-1, all rescue germ-
line defects of homozygote dcr-1(�/�) animals. In addi-
tion, all animals are capable of mounting an RNAi response
to exo-dsRNA. However, while normal levels of miRNAs
exist, animals expressing helicase-mutant forms of Dicer
have severe defects in the production of endo-siRNAs. A
deep-sequencing analysis of small RNAs from wild-type
and helicase-defective strains indicates the defect arises
during the production of primary (1°) endo-siRNAs, and

also reveals unique features of loci that require Dicer’s
helicase domain for accumulation of endo-siRNAs.

RESULTS

We previously characterized a C. elegans strain containing
a homozygous deletion in the Dicer gene (dcr-1(ok247);
hereafter called dcr-1(�/�)), and reported that these
animals are sterile, with severe germline defects (Knight
and Bass 2001). To study the function of Dicer’s helicase
domain, we created four transgenes, one encoding the wild-
type enzyme and three containing point mutations in the
helicase domain. The K39A and D145N mutations lie
within the Walker A and B motifs respectively, at positions
known to be essential for ATP hydrolysis and helicase
activity in many other proteins (Fig. 1A; for reviews, see
Singleton et al. 2007; Pyle 2008). While less well studied,
the amino acid affected by the G492R mutation has been
observed to perturb ATP hydrolysis and reduce helicase
function (Kim et al. 1997); this mutation was included to
allow comparison to dcr-1(mg375) animals, which were
isolated in a genetic screen and found to contain a G492R
homozygous mutation in the chromosomal copy of dcr-1
(Pavelec et al. 2009). Each transgene was introduced into
dcr-1(�/�) animals and monitored for its ability to rescue
germline defects and sterility. All transgenic strains had
a normal germline and were fertile when cultivated at
normal growth temperatures (16°C–20°C; Fig. 1B; data not
shown). At higher temperatures (25°C), while the germline
of all animals appeared normal, the fertility of helicase
mutant strains remained defective, likely due to a sperm
defect as observed in the dcr-1(mg375) strain (Pavelec et al.
2009). We conclude that DCR-1’s helicase domain is re-
quired for fertility at high-temperatures, but is not required
for a normal germline and fertility at normal growth
temperatures.

Production of endo-siRNAs is defective in strains
containing a mutation in Dicer’s helicase domain

To test for defects in helicase-mutant strains at the mo-
lecular level, we monitored small RNAs known to exist in
C. elegans by Northern analyses. The 21U-RNAs that are
classified as piRNAs (Batista et al. 2008; Das et al. 2008) ap-
peared at similar levels in RNA isolated from dcr-1(�/�)WT
and all three helicase-mutant strains (Fig. 2A). Similarly,
Northern blots probed for let-7 miRNA showed wild-type
levels of mature miRNA in all strains. We next probed for
several previously identified endo-siRNAs (Ambros et al.
2003; Ruby et al. 2006). While endo-siRNAs (X-cluster,
E01G4.5) were detected in the wild-type (WT) rescue
strain, they were absent in strains rescued with transgenes
containing mutations in the helicase domain. This trend
was observed for four out of five endo-siRNAs monitored
(Supplemental Fig. 1A).

FIGURE 1. Germline defects of dcr-1(�/�) animals are rescued by
transgenes encoding wild-type Dicer and Dicer with point mutations
in the helicase domain. (A) The DCR-1 open-reading-frame is de-
picted as a line with domains as rectangles. Relative positions of
domains and point mutations are to scale; sequence surrounding mu-
tations is shown for species indicated. Gray rectangle at N terminus,
histidine-FLAG tag; DUF 283, domain of unknown function 283; PAZ,
Piwi Argonaute Zwille domain; III, RNase III domains; dsR, dsRNA
binding motif. (B) Differential interference contrast micrographs show
distal (d) and proximal (p) regions of gonad for dcr-1(�/�) and trans-
genic rescue strains.
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RNAi induced with exo-dsRNA yields small exo-siRNAs
that base-pair to the complementary mRNA to mediate its
cleavage. By analogy to this pathway, a loss of endo-siRNAs
should result in an increased level of the cognate mRNA.
We used quantitative real-time PCR (qRT-PCR) to mon-
itor mRNA targets of endo-siRNAs in wild-type (N2),
dcr-1(mg375), and all four rescue strains (Fig. 2B). As pre-

dicted, levels of complementary mRNAs
were increased in all strains that con-
tained a mutation in Dicer’s helicase
domain. In some cases we observed
z20-fold increase in mRNA level in
the helicase mutant strains compared
to wild type.

We verified that differences between
strains rescued with WT or helicase-
defective transgenes were not due to
differential expression of the transgene,
by comparing levels of DCR-1 by West-
ern analysis (Fig. 2C). When normal-
ized to HSP90, DCR-1 levels were
equivalent in dcr-1(�/�)WT and
dcr-1(�/�)K39A strains, and slightly
elevated in dcr-1(�/�)D145N and
dcr-1(�/�)G492R strains. DCR-1 associ-
ates with other proteins in the ERI/DCR
complex (Duchaine et al. 2006), and we
also considered that the helicase domain
might be important for assembly or
stability of this complex. However, im-
munoprecipitation of DCR-1 in extracts
of wild-type (N2) and dcr-1(mg375)
animals, followed by Western blot anal-
yses to monitor factors of the ERI/DCR
complex (Fig. 2D), showed no differ-
ences between these strains. For exam-
ple, DCR-1 immunoprecipitates from
wild type and dcr-1(mg375) contained
similar levels of ERI-1 and RDE-4 (Fig.
2D) as well as RRF-3 and ERI-3 (data
not shown).

Dicer’s helicase domain
is not required for RNAi
by exogenous dsRNA

At present it is unclear how similar the
endo-siRNA pathway is to that mediat-
ing RNAi in response to exo-dsRNA
(e.g., see Lee et al. 2006a). Thus, we also
monitored silencing induced by feeding
of exo-dsRNA. Strains were grown on
Escherichia coli expressing dsRNA cor-
responding to the unc-22 gene, which in
the case of successful RNAi, results in

twitching of F1 progeny (Table 1). Wild-type (N2) animals
showed a robust RNAi response, with 97% of animals
exhibiting twitching; twitching was not observed among F1
progeny of rde-4(ne299) animals, which are defective in
RNAi induced by feeding exo-dsRNA (Tabara et al. 1999).
Somewhat surprisingly, we observed a wild-type RNAi
response for all transgenic rescue strains. Twitching was

FIGURE 2. C. elegans with mutations in Dicer’s helicase domain are defective for production
of endo-siRNAs, but not exo-siRNAs or other small RNAs. (A) Total RNA from mixed stage
animals of indicated genotypes was subjected to Northern analysis using probes to a piRNA
(21U-1), a miRNA (let-7), or endo-siRNAs (E01G4.5, X-cluster). 5S RNA stained with SYBR
Gold, or a second hybridization with U6 snRNA probes, provided loading controls. (B) cDNA
from total RNA of indicated strains (colors) was subjected to qRT-PCR to assess mRNA levels
for indicated genes (x-axis). mRNA levels were normalized to eft-3 mRNA [N2, dcr-1(mg375);
n = 6] or act-1 (transgenic rescue lines; n = 3) and plotted as average ratio of mRNA in mutant
animals relative to wild type. Error bars, standard deviation; single asterisks, P < 0.05, and
double asterisks, P < 0.01. Identical results were obtained using strand-specific primers/probes
for reverse transcription or Northern analysis (data not shown), confirming measured mRNA
levels derive from sense rather than antisense transcripts. (C) Embryo extracts of indicated
strains were analyzed by Western analysis using a-Flag antibody (top panel) or a-HSP90
antibody (bottom panel) to assess levels of transgenic DCR-1. (D) Embryo extracts of indicated
genotype (LOAD) were immunoprecipitated (IP) with an a-DCR-1 antibody. Co-precipitating
proteins were analyzed by Western blot using the indicated antibodies. eri-1 encodes two
isoforms, and the longer (ERI-1b) interacts with DCR-1 (Duchaine et al. 2006). eri-1(mg366)
encodes a premature stop codon, so ERI-1 is not detected in extracts from these animals.
Bottom panel, tubulin loading control. (E) Small RNAs were isolated from indicated strains
(after feeding E. coli expressing dsRNA to the sel-1 gene), and Northern analyses performed
with a probe to detect antisense sel-1. Upper bands are unprocessed sel-1 exo-dsRNA that
served as an internal loading control; position of exo-siRNAs is indicated. (F) Small RNAs of
mixed stage N2 and rde-4(ne299) C. elegans were subjected to Northern analysis using probes
as indicated. Re-probing for U6 served as loading control. (G) N2 and rde-4(ne299) worms
(n = 7) were grown at 25°C, and progeny counted to obtain average brood size. Asterisks,
P < 0.01.
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observed in >90% of F1 progeny of dcr-1(�/�)WT,
dcr-1(�/�)K39A, dcr-1(�/�)D145N, and dcr-1(�/�)G492R
(data not shown) transgenic rescue strains.

We wondered if helicase mutant strains had defects in
processing exo-dsRNA that were not evident when assaying
for RNAi by phenotypic outcome. For example, helicase-
mutant strains might have lower than normal levels of
exo-siRNAs that were still sufficient to trigger a wild-type
RNAi response. However, we found that wild-type (N2),
dcr-1(�/�)WT, and dcr-1(�/�)K39A stains exhibited
similar levels of exo-siRNAs (Fig. 2E) when fed E. coli
expressing dsRNA matching the sel-1 gene. Thus, by phe-
notypic and molecular analysis, we found no difference in
the RNAi response to exo-dsRNA between strains express-
ing wild-type or helicase-mutant DCR-1. This result in-
dicates that Dicer’s helicase domain is essential for normal
levels of endo-siRNAs, but not exo-siRNAs.

The dsRNA binding proteins (dsRBPs) that facilitate
Dicer functions are sometimes specialized for different
pathways. In Drosophila, production of most endo-siRNAs
requires the dsRBP Loquacious, while production of exo-
siRNAs during RNAi depends on the dsRBP R2D2 (Czech
et al. 2008). Further, certain dsRBPs, including Loquacious,
physically interact with Dicer’s helicase domain (Lee et al.
2006b; Ye et al. 2007). We wondered if the requirement for
Dicer’s helicase domain in the production of endo-siRNAs
but not exo-siRNAs reflected a differential requirement
for an accessory dsRBP. However, we found that RDE-4,
the dsRBP that acts with Dicer in the production of exo-
siRNAs (see Fig. 2E), was also required for production of
endo-siRNAs (Fig. 2F). Consistent with the requirement of
RDE-4 in endo-siRNA accumulation, like the helicase
mutants, rde-4-deficient animals exhibited fertility defects
at 25°C (Fig. 2G).

Dicer helicase mutants have defects in production
of primary endo-siRNAs

Dicer products have a monophosphate at each 59 terminus
and hydroxyl groups at 39 termini, which overhang the
duplex by 2 nucleotides (nt). Here we refer to siRNAs with
a 59 phosphate as primary (1°) siRNAs. In some organisms,
including C. elegans and plants, the 1° siRNA signal is
amplified by an RNA-dependent RNA polymerase (RdRP)
to produce secondary (2°) siRNAs. By analogy to the

pathway that leads to silencing with exo-dsRNA (Aoki
et al. 2007), and as inferred from deep-sequencing data
(Pak and Fire 2007; Sijen et al. 2007), C. elegans 1° endo-
siRNAs are proposed to facilitate recruitment of an RdRP
to the cognate mRNA, which serves as a template for de
novo, primer-independent, synthesis of 2° endo-siRNAs by
the RdRP. Secondary siRNAs are distinguished from 1°
siRNAs because they are only one strand (antisense), they
have triphosphates at their 59 termini, and they are much
greater in abundance.

Except when very high levels of dsRNA are produced
from a transgene (e.g., Habig et al. 2008) and certain longer
26-nt endo-siRNAs in C. elegans (Supplemental Fig. 1;
Ruby et al. 2006; Han et al. 2009), 1° siRNAs exist at levels
that are too low to be detected by Northern analysis. Thus,
the endo-siRNAs we detect in animals expressing wild-type
DCR-1 (Fig. 2A), as well as the exo-siRNAs produced by
feeding dsRNA (Fig. 2E), are largely, if not exclusively, 2°
siRNAs. While the absence of 2° endo-siRNAs in Dicer
helicase mutant strains indicated a defect in the pathway,
from the Northern analysis we could not tell if the helicase
domain was required in the production of 2° endo-siRNAs,
or an upstream step, such as production of 1° endo-
siRNAs.

To address this issue we performed Illumina sequencing
on cDNA libraries prepared from small RNAs isolated from
dcr-1(�/�)WT and dcr-1(�/�)K39A strains. We prepared
libraries using a 59 ligation-dependent protocol that ex-
cludes triphosphorylated RNAs and reports on mono-
phosphorylated RNAs (Ruby et al. 2006; see Materials
and Methods). We reasoned that information about levels
of monophosphorylated 1° endo-siRNAs, combined with
our Northern analyses, would provide information about
the step at which Dicer’s helicase domain was required.

Sequencing reads from small RNAs of dcr-1(�/�)WT
and dcr-1(-/)K39A samples were aligned to the C. elegans
genome and selected for further analysis based on a >90%
confidence of alignment to the indicated position, thus
eliminating reads with significant mismatches and highly
repetitive elements. We retained 3,348,593 reads for
dcr-1(�/�)WT and 8,254,341 reads for dcr-1(�/�)K39A.
Reads for dcr-1(�/�)K39A derived from two Illumina se-
quencing reactions so as to increase coverage and facilitate
our ability to discern statistically significant differences at
endo-siRNA loci.

We used the Defined Region Scan Seq algorithm from
the USeq software package (Nix et al. 2008) to parse reads
into categories that included previously annotated miRNAs,
piRNAs, and endo-siRNAs (Fig. 3A). In defining the latter,
we curated a published list (Asikainen et al. 2008) based on
previous analyses of C. elegans small RNAs (Ambros et al.
2003; Ruby et al. 2006). The curated list included 2179
genes (Supplemental Table 1), and we identified endo-
siRNA sequences in at least one of our samples for 1936 of
these genes.

TABLE 1. RNAi response to dsunc-22

Strain Twitch/no twitch (% animals)

N2 87/3 (97%)
rde-4(ne299) 0/94 (0%)
dcr-1(�/�)WT 58/5 (92%)
dcr-1(�/�)K39A 80/4 (95%)
dcr-1(�/�)D145N 77/3 (96%)
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When compared to the dcr-1(�/�)WT sample, the
dcr-1(�/�)K39A sample was slightly enriched for anno-
tated miRNAs (88% versus 80%) and slightly depleted for
annotated piRNAs (9% versus 13%). Studies using pro-
tocols that clone both 1° and 2° endo-siRNAs indicate that,
together, these small RNAs are comparable in abundance to
miRNAs (Pak and Fire 2007). However, as in other studies
that focused on 1° endo-siRNAs (Ruby et al. 2006), we
found the fraction of endo-siRNAs to be far less than the
fraction of miRNAs [z1:100 for dcr-1(�/�)WT and
z1:200 for dcr-1(�/�)K39A]. Importantly, while endo-
siRNAs were a small fraction of both samples, the fraction
of dcr-1(�/�)K39A reads matching endo-siRNA loci was
about half that of the dcr-1(�/�)WT sample (0.39%
versus 0.72%). The lower fraction of endo-siRNAs in
dcr-1(�/�)K39A reads reflected a reduction of both sense
and antisense strands (Fig. 3B), consistent with the idea
that these reads derive from cleavage of dsRNA by Dicer.
That said, because it is difficult to conclusively determine if

a sense siRNA is a Dicer product or an intermediate of
mRNA degradation, in many analyses that follow we fo-
cused on antisense reads.

One explanation for the lower fraction of endo-siRNAs
in dcr-1(�/�)K39A animals (Fig. 3A,B) was that there was
a global reduction of endo-siRNAs across all annotated
endo-siRNA-producing genes. Alternatively, large differ-
ences in a subset of endo-siRNA-producing genes could
account for the lower fraction. Our analysis supported the
latter, since we identified only 80 genes with a statistically
significant difference in antisense endo-siRNAs between sam-
ples (Bonferroni corrected P-value <0.05). Of these genes,
79 showed reduced endo-siRNA reads in dcr-1(�/�)K39A,
while only one gene (T23G5.6) had increased reads in the
helicase mutant. Half of these genes (40/80) displayed greater
than a threefold change (Table 2).

Using the same statistical criteria as in the antisense
analysis, we found 21 genes with differences in sense reads
greater than threefold (Supplemental Table 2), all showing
reduced reads in dcr-1(�/�)K39A. Ten of these genes
overlapped with genes showing differences in antisense
reads greater than threefold (Table 2, bold), and this over-
lap represented a 23-fold enrichment over what is expected
by chance (P < 0.001). While we cannot completely rule
out the possibility that some sense reads are a result of
nonspecific mRNA degradation, the strong overlap between
genes that show reduction in both sense and antisense reads
suggests that these small RNAs arose during cleavage of
dsRNA by Dicer.

A subset of endo-siRNA loci were completely devoid of
reads in helicase mutant samples (Table 2), while others
were dramatically reduced in number (Fig. 4). Consistent
with previous reports (Ambros et al. 2003; Ruby et al.
2006), most endo-siRNAs mapped to exons (Fig. 4A), but
some loci had reads mapping to sense and antisense strands
of introns (Fig. 4B; Supplemental Fig. 1B; Supplemental
Table 3). For the 2179 endo-siRNA loci, z95% of antisense
reads mapped to exons and 5% to introns.

Among loci for which endo-siRNA accumulation was
dependent on Dicer’s helicase domain was an intergenic
region of chromosome X, termed the X-cluster (Ambros
et al. 2003). We parsed reads mapping to the X-cluster and
found 211 reads for dcr-1(�/�)WT, and only two reads for
dcr-1(�/�)K39A (Fig. 4C). Similar to previous reports
(Ruby et al. 2006) we observed a strong strand bias for
small RNAs of the X-cluster, and despite cloning 213 total
antisense reads, only obtained two sense reads, both in
dcr-1(�/�)WT samples.

Characteristics of endo-siRNAs that depend
on Dicer’s helicase domain

Previous deep-sequencing experiments performed to enrich
for monophosphorylated, and exclude triphosphorylated,
small RNAs reveal endo-siRNAs that usually have a guanosine

FIGURE 3. endo-siRNAs are a smaller fraction of reads for
dcr-1(�/�)K39A animals compared to dcr-1(�/�)WT animals. (A)
Pie charts show percentage of reads in classes defined by previous
annotations (see Materials and Methods). Binomial P-value for dif-
ferences in piRNA, miRNA, and endo-siRNA fractions, <4.9e�324.
(B) The plot shows percentage of reads corresponding to sense or
antisense annotated endo-siRNAs (see Materials and Methods).
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(G) at their 59 terminus, with lengths enriched for spe-
cies of 21, 22, and 26 nt (Ruby et al. 2006). For both
dcr-1(�/�)WT and dcr-1(�/�)K39A endo-siRNAs we
observed a preference for a G at 59 termini and lengths of
21–22 nt (Fig. 5A).

Recent studies indicate that 26-nt endo-siRNAs that
begin with G (26G RNAs) have 59 monophosphates and

require an RdRP (RRF-3), an exonucle-
ase (ERI-1), and likely DCR-1 for their
accumulation (Han et al. 2009). All of
these data are consistent with 26G RNAs
being 1° endo-siRNAs, and accordingly
26G RNAs do not depend on RRF-1,
the RdRP believed to be involved in 2°
siRNA production (Han et al. 2009).
While 26G RNAs were observed in the
dcr-1(�/�)WT sample, they were al-
most nonexistent in dcr-1(�/�)K39A
samples, again consistent with the idea
that the helicase domain of DCR-1 is
required for the production of certain
1° endo-siRNAs (Fig. 5A). Even in the
dcr-1(�/�)WT samples, 26G RNA reads
were fewer than in a previous analysis of
wild-type C. elegans (Ruby et al. 2006).
Since cosuppression of transgenes in the
germline is common (Kelly et al. 1997),
the Dicer transgenes in our study are
likely expressed at low levels in the
germline. This, combined with the fact
that loci giving rise to 26G RNAs are
enriched for germline functions (Ruby
et al. 2006; Han et al. 2009), may explain
the low levels of 26G RNAs in our dcr-
1(�/�)WT sample. Regardless, by com-
parison, 26G RNAs in dcr-1(�/�)K39A
were dramatically reduced, suggesting
a correlation between number of 26G
RNAs from a locus and its dependence
on the helicase domain for endo-siRNA
accumulation. Because the number of
26G RNA reads in our samples was
low, to increase statistical significance,
we tested this possibility using 26G RNA
reads from a previous study of C. elegans
small RNAs (Ruby et al. 2006). We
created a list of genes with three or more
26G RNA reads (71 genes), ranked ac-
cording to their number of 26G RNA
reads. For these 71 genes, we also created
a list ranked according to the fold
change in their endo-siRNA reads ob-
served in our dcr-1(�/�)WT and
dcr-1(�/�)K39A samples. Using these
two lists, we found a positive correlation

between the number of 26G RNAs expressed from a given
gene and the extent to which endo-siRNAs are reduced in
dcr-1(�/�)K39A samples at that gene (Fig. 5D; Spearman’s
rank correlation coefficient, r = 0.656; P-value < 0.00001).
This analysis suggested that loci enriched for 26G RNA reads
are more likely to depend on a functional helicase domain
for the accumulation of endo-siRNAs.

TABLE 2. Annotated endo-siRNA loci with differential accumulation of antisense endo-
siRNAs in dcr-1(�/�)WT versus dcr-1(�/�)K39A

Gene namea

Normalized
number of readsb

Mean
read length

Number
of intronic

antisense reads

WT K39A WT K39A WT K39A

E01G4.5 55 0 21 0 0 0
Y17D7B.4.2 50 0 20 0 0 0
Y43F8B.9 41 0 21 0 0 0
W04B5.1 32 0 23 0 5 0
Y116F11A.1 80 1 23 22 0 0
C44B11.6 205 4 21 22 0 0
T16A1.8 100 2 20 22 0 1
C40A11.10 137 3 24 26 0 0
Y37E11B.2 219 5 21 24 0 0
H09G03.1 41 1 19 18 10 0
W04B5.2 80 2 20 22 0 0
F39E9.7 75 2 21 21 17 2
F55C9.3 32 1 21 19 0 0
C36A4.11 27 1 21 22 0 0
K02E2.6 372 18 22 22 1 0
Y116A8B.1 36 2 22 22 0 0
Y82E9BR.10 34 2 23 23 0 0
W05H12.2 32 3 22 22 0 0
F52D2.6 41 4 22 23 4 2
K12H4.8 59 6 19 21 3 1
K08F11.1 48 5 19 22 0 0
F18H3.3a 249 47 18 19 1 1
K08A2.1 107 21 20 20 0 1
F28D1.10 41 9 20 22 0 0
F58D5.3 121 30 18 19 0 0
Y57G11C.51 125 33 21 21 0 0
Y71A12B.17 114 32 20 21 1 0
Y22D7AL.5b 89 25 20 21 0 0
M110.4a 71 20 20 22 0 0
C50C3.1 59 17 19 20 0 0
Y105E8A.28 107 31 19 19 1 0
W05F2.5 68 20 19 19 5 2
R06A10.2 112 34 19 21 0 1
Y77E11A.3 205 63 19 19 84 53
ZC308.1d 64 20 20 22 1 0
F55A3.6 73 23 20 20 11 7
Y48B6A.3 87 28 21 21 1 1
Y47H10A.5 87 28 19 21 0 0
Y63D3A.5 150 50 20 20 0 0
T23G5.6 27 108 20 21 0 0

aEndogenous siRNA loci with statistically significant differences in antisense read number
(Bonferroni corrected P-value <0.05) and fold change greater than threefold. Loci listed by
fold change. Loci in bold show a statistically significant difference in sense siRNA accu-
mulation with statistical criteria used for antisense.
bStatistical analysis and normalization performed on data filtered of annotated miRNAs and
piRNAs encoded by endo-siRNA loci (4,186,549 K39A filtered reads, 1,836,221 WT filtered
reads).
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Another difference between the characteristics of 1°
endo-siRNAs in the two samples was the greater pro-
portion of reads of 18–20 nt in the dcr-1(�/�)WT sample
compared to the dcr-1(�/�)K39A sample (Fig. 5A; dashed
over-bar). One explanation for enrichment of 18–20 nt
reads was that RNA of the dcr-1(�/�)WT sample was
subject to more degradation by nonspecific ribonucleases
during purification. However, this seemed unlikely since
miRNA reads between strains showed no difference in
length distribution, with the majority of reads being 21–23
nt with very few shorter or longer species (Fig. 5B).

For contrast, we also analyzed a locus where production
of endo-siRNAs did not depend on a functional helicase
domain in Dicer. Other studies in our laboratory identified
a noncoding RNA called rncs-1 that folds into a double-

stranded structure of z300 nearly contiguous base pairs
(Hellwig and Bass 2008). In young adults, steady-state
levels of rncs-1 are not different between wild-type and dcr-
1(�/�) animals. We observed numerous reads matching
the rncs-1 locus, with no significant difference in
number of normalized reads between dcr-1(�/�)WT
and dcr-1(�/�)K39A animals. The majority of reads were
22–23 nt, and these reads did not have a bias for G at the 59

position. Interestingly, reads mapping to rncs-1 were de-
void of the 26G RNAs, again consistent with the idea that
loci that encode 26G RNAs are highly dependent on Dicer’s
helicase domain for endo-siRNA accumulation. Despite many
attempts, we were unable to detect small RNAs for rncs-1 by
Northern analyses (data not shown), possibly because rncs-1
small RNAs are not amplified to make 2° endo-siRNAs.

FIGURE 4. Screen shots of representative loci show endo-siRNAs mostly in exons. (A,B) Sense and antisense reads are shown for dcr-1(�/�)WT
(red) and dcr-1(�/�)K39A (blue) with gene structures for plus strand loci above coordinates and those for minus below. Each bar is one read (size
to scale, except F28D1.10 [gex-3]), and here data were not normalized to account for the z2.5-fold more reads of dcr-1(�/�)K39A samples. In A
reads map almost exclusively to exons (black rectangles), while those in B map to introns (lines, reads in shaded boxes) and exons. (C) Bar height
is number of reads at each genomic position of X-cluster for dcr-1(�/�)WT (red) and dcr-1(�/�)K39A (blue) samples.
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miRNA levels are similar in dcr-1(�/�)WT
and dcr-1(�/�)K39A animals

Northern analysis (Fig. 2A) and morphology of dcr-
1(�/�)K39A, D145N, and G492R animals (Fig. 1B) suggested
there were unlikely to be gross defects in miRNA processing
in helicase mutants. Indeed, we found no obvious differences
in miRNA length distribution between dcr-1(�/�)WT and

dcr-1(�/�)K39A samples, with most
reads being 21 nt (Fig. 5B). Reads were
obtained for 138/155 annotated miRNAs
(Supplemental Table 2) including 77
reads to lsy-6 miRNA, which is expressed
in only a few cells (Johnston and Hobert
2003). Most differences between samples
were modest (less than twofold change),
but still 78 miRNA loci showed a small
but statistically significant difference
(Bonferroni corrected P-value <0.05); in
most cases, miRNA reads were slightly
increased in dcr-1(�/�)K39A. Of the
miRNAs with reduced expression in dcr-
1(�/�)K39A, many were previously sug-
gested to be misannotated, and better
classified as endo-siRNAs (Ruby et al.
2006). We conclude that Dicer’s helicase
domain plays a minor role in processing
C. elegans miRNA precursors.

DISCUSSION

We compared C. elegans strains express-
ing wild-type Dicer with those containing
mutations in Dicer’s helicase domain,
using phenotypic, molecular, and high-
throughput sequencing analyses. We find
that Dicer’s helicase domain is required
for the production of a subset of endo-
siRNAs but is dispensable for the pro-
duction of miRNAs and RNAi triggered
by exo-dsRNA. For the subset of endo-
siRNAs that require a functional helicase
domain, high-throughput sequencing ex-
periments indicate the helicase domain
contributes to the production of the direct
products of Dicer, the 1° endo-siRNAs,
and accordingly, Northern analyses suggest
a loss of the downstream intermediates, the
triphosphorylated 2° endo-siRNAs. Loci
whose endo-siRNAs depend on Dicer’s
helicase domain are enriched for 26G
RNAs, suggesting a correlation between
this small RNA species and the mechanistic
function of the helicase domain.

What is the mechanistic function of Dicer’s
helicase domain?

The diverse group of proteins originally classified as helicases
are now recognized as proteins that couple NTP hydrolysis
to many activities, including, but not limited to, unwind-
ing of nucleic acids (for review, see Lohman et al. 2008).
Conserved sequences in Dicer’s helicase domain place it in

FIGURE 5. Features of dcr-1(�/�)K39A small RNAs compared to those of dcr-1(�/�)WT.
Bar height is number of reads of a particular length and 59 nt (colors as indicated) for: (A) all
2179 annotated endo-siRNA-producing genes for which we obtained reads (1936 genes); (B)
annotated miRNAs; (C) sense and antisense reads mapping to rncs-1. (D) Spearman’s rank
correlation analysis (r, rho) indicates a positive correlation between number of 26 nt reads of
a particular gene and the degree to which reads are reduced in dcr-1(�/�)K39A at that loci
(fold change = (normalized reads in dcr-1(�/�)WT + 1)/(reads in dcr-1(�/�)K39A + 1). The
P-value was estimated based on randomizing ranked lists and computationally determining
r 1e5 times; under no circumstances was r > 0.656.
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the Superfamily 2 (SF2) group of helicases, many of which
couple NTP hydrolysis to movement along polynucleotides,
or translocation. Our data are consistent with the idea that
Dicer’s helicase domain also functions as a translocase,
allowing the enzyme to catalyze multiple, processive, cleav-
age events before dissociation from a dsRNA substrate.
According to this model, the helicase domain would be
required for processive cleavage of certain long dsRNA
substrates that give rise to endo-siRNAs. As we observe,
the helicase domain would not be required for processing
miRNAs, which requires only one double-stranded cleavage
event, and is thus optimal without processivity. Dicer en-
zymes with mutations in the helicase domain would only be
capable of a nonprocessive mode, where each cleavage event
would be followed by dissociation of the enzyme, and
rebinding in preparation for another cleavage event. Espe-
cially in the presence of high concentrations of dsRNA, such
as occurs during feeding of exogenous dsRNA, a nonproces-
sive mode of cleavage may produce enough 1° siRNAs to
trigger production of 2° siRNAs that can then elicit si-
lencing, and this could explain why helicase defective strains
are capable of a wild-type RNAi response.

We observed similar levels of exo-siRNAs corresponding
to the sel-1 gene following feeding of dsRNA to sel-1 (Fig.
2E). Since the assay used to detect these siRNAs mainly
reports on 2° siRNAs, we cannot rule out the possibility
that helicase mutants still have a defect in the production of
1° siRNAs in response to exogenous dsRNA. The true
structure of the exogenous dsRNA used in RNAi feeding
experiments remains unclear. This dsRNA is typically de-
livered by feeding worms bacteria that are expressing the
dsRNA, and by the time it reaches Dicer for cleavage it
has likely been exposed to various ribonucleases, phospha-
tases, and kinases. Perhaps the helicase domain of Dicer is
only required for processing dsRNA with specific features,
while other dsRNA precursors are processed in a helicase-
independent manner.

What is the precursor of small RNAs that depend
on Dicer’s helicase domain?

A subset of the loci with the most significant differences in
number of antisense endo-siRNAs for dcr-1(�/�)WT and
dcr-1(�/�)K39A samples were also those with the most
differences in sense endo-siRNAs (Table 2). This suggests
that the endo-siRNAs arise from a dsRNA precursor, as
expected of Dicer products. In other organisms, loci that
give rise to endo-siRNAs often have features suggesting
a dsRNA precursor, such as hairpin structures, or evidence
of sense-antisense pairs arising from converging genes or
bidirectional transcription (for review, see Golden et al.
2008; Okamura et al. 2008). In hopes of revealing such
features, we compared our lists of endo-siRNA producing
loci to published lists of loci known to give rise to sense-
antisense pairs (Zhang et al. 2006). In addition, since endo-

siRNA loci of flies and mammals are often pseudogenes or
transposons (as cited in Golden et al. 2008), we performed
comparisons with lists of C. elegans transposons and
pseudogenes (see Materials and Methods). There was no
significant overlap of these data sets with C. elegans endo-
siRNA loci, and such loci were not enriched in the helicase-
dependent endo-siRNA loci (Table 2).

One explanation for the lack of features in our endo-
siRNA loci suggestive of a dsRNA precursor is that dsRNA
arises not from transcription, but from an RdRP that copies
an mRNA template. This would be consistent with the fact
that the vast majority of endo-siRNAs we characterized
match exonic, rather than intronic, sequences. Analyses of
DCR-1-containing complexes reveal a tight association of
the RdRP, RRF-3 (Duchaine et al. 2006), and, similar to
the defects of dcr-1 helicase mutants, rrf-3 mutants show
defects in production of certain endo-siRNAs (Lee et al.
2006a; Han et al. 2009) but are capable of an RNAi
response to exogenous dsRNA (Simmer et al. 2002).

The idea that RdRP activity is coupled to cleavage by
Dicer is consistent with experiments performed in S. pombe
(Colmenares et al. 2007) and Tetrahymena thermophila (Lee
and Collins 2007), which utilize an RdRP in the production
of siRNAs. The C terminus of S. pombe Dicer physically
interacts with an RdRP, and reconstitution experiments
that include Dicer, the RdRP, and a ssRNA template show
production of double-stranded siRNAs over time. If the
experiment is performed with S. pombe Dicer containing
mutations that disrupt RNase III activity, the product is
a dsRNA corresponding to the full-length ssRNA template.
The role of Dicer’s helicase domain in S. pombe RdRP
activity is unclear, but interestingly, addition of Dicer
harboring RNase III mutations stimulates RdRP activity.

endo-siRNAs that require Dicer’s helicase domain
have unique features

Of z2000 annotated endo-siRNA loci, we observed only
80, or 4%, that showed a significant difference in abundance
when comparing dcr-1(�/�)WT and dcr-1(�/�)K39A
animals. We imposed a rigorous statistical cutoff, and it
seems probable that additional read coverage would identify
other small RNAs that depend on Dicer’s helicase domain.
However, certainly the majority of annotated endo-siRNAs
are not dependent on Dicer’s helicase domain, and possibly
these small RNAs arise by a mechanism that is independent
of Dicer cleavage. In fact, this is entirely consistent with
a recent report showing that a large fraction of C. elegans
endo-siRNAs, in particular those characterized by a length
of 22 nt and a 59 G (22G RNAs), depend on a Dicer-related
helicase, DRH-3, but not Dicer (Gu et al. 2009). Synthesis of
22G RNAs is thought to involve de novo synthesis by an
associated RdRP, without the requirement for production of
a 1° endo-siRNA by Dicer. These results raise the possibility
that all Dicer-dependent endo-siRNAs require its helicase
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domain, and that the Dicer-helicase dependent endo-siRNAs
we describe are the only endo-siRNAs that require Dicer.

Our studies set the stage for experiments designed to
understand the role of Dicer’s helicase domain in endo-
siRNA production, and those aimed at determining the
biologic function of these small RNAs. Given the strong
correlation of the 26G RNAs with the dependence on the
helicase domain (Fig. 5D), it seems likely this small RNA
species relates to the helicase function. A Gene Ontology
(GO) analysis (Supplemental Table 4; see Materials and
Methods) of the 80 genes whose endo-siRNAs depend
on Dicer’s helicase domain shows a greater than fivefold
enrichment in terms related to cytokinesis/cell division, as
well as those for cytoskeleton organization/biogenesis (false
discovery rate < 0.01), perhaps hinting at specialized func-
tions of these endo-siRNAs. Further, many 26G RNAs map
to sperm enriched genes (Ruby et al. 2006; Han et al. 2009),
consistent with the idea that the infertility of helicase mutant
animals at high temperatures results from sperm defects.

MATERIALS AND METHODS

Plasmids and transgenic strains

Strains are detailed in Supplemental Data. Rescue strains were
made by injecting dcr-1(ok247); III/ht2[bli-4(e937) let-?(q782)
qIs48] heterozygotes with constructs of 2.5 kb of the putative
dcr-1 promoter, a TEV-cleavable affinity tag (10 histidines fol-
lowed by three copies of FLAG), the genomic region encoding
DCR-1 (including exons and introns), and 1.5 kb 39 of the stop
codon. Point mutations were made by PCR mutagenesis. Injection
mixes were 5 ng/mL rescue construct, 2 ng/mL dpy-30TmCherry
marker, and 95 ng/mL nonspecific DNA (Invitrogen 1 kb ladder).
Homozygotes positive for transformation were singled and
screened for viability.

RNAi experiments

Bacteria expressing dsRNA, either unc-22 (Fraser et al. 2000;
Kamath et al. 2003) or sel-1 (pJP12.2+), were fed to strains as
described (Timmons et al. 2001).

RNA analysis

Total RNA was prepared from mixed-stages or embryos by
douncing in TRIzol (Invitrogen) followed by precipitation with
isopropanol. For qRT-PCR, cDNA was made with iScript cDNA
synthesize kit (Bio-Rad), and qPCR performed on an iCycler (Bio-
Rad) using iQ SYBR Green Supermix (Bio-Rad). Primers are in
Supplemental Data.

For Northern analyses, RNA was further purified using a
mirVana miRNA Isolation Kit (Ambion). MirVana-enriched
RNAs (3 mg) were separated on a 15% denaturing polyacrylamide
gel, transferred to hybond-N+ membrane (GE-Amersham), cross-
linked with EDC (30 min, 60°C; Pall et al. 2007), and blotted in
Ultrahyb-Oligo hybridization buffer (Ambion). Oligonucleotide
probes were 59 end labeled with g-[32]p-(dATP) using T4 PNK.
Membranes were washed three times in 2 3 SSC + 0.5% SDS, and

exposed on a PhosphorImager screen (Molecular Dynamics).
Probe sequences are in Supplemental Data.

Illumina sequencing

Total RNA (10 mg) was subjected to 59 ligation-dependent
sequencing (Illumina small RNA sequencing protocol). Reads
were aligned to the C. elegans genome (May 2008, ce6 assembly),
and, using Novoalign software (http://www.novocraft.com),
adapter sequence trimmed and a gapped alignment performed.
Alignments with a posterior probability of <0.1 were used in
downstream analyses. Aligned data sets were compared to refer-
ence data sets with USeq software (Nix et al. 2008) using
coordinates for miRNA genes (miRBase version 12.0), piRNA
genes (Ruby et al. 2006; Batista et al. 2008), or a list of 2179 endo-
siRNA genes (Asikainen et al. 2008), curated to remove duplicate
genes, ambiguous annotations, and small RNAs with a read length
<18 nt. Reads were visualized using the Integrated Genome
Browser (IGB-Affymetrix). GO analysis was performed with
GoMiner (Zeeberg et al. 2003).

Accession numbers

Raw Illumina data and aligned reads (Novoalign) are available at
the NCBI Gene Expression Omnibus (GEO), http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=gse20336.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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