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MUT-14-Dependent Gene 

Silencing Triggered in C. elegans 
by Short Antisense RNAs 
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Posttranscriptional gene silencing in Caenorhabditis elegans results from ex- 
posure to double-stranded RNA (dsRNA), a phenomenon designated as RNA 
interference (RNAi), or from co-suppression, in which transgenic DNA leads to 
silencing of both the transgene and the endogenous gene. Here we show that 
single-stranded RNA oligomers of antisense polarity can also be potent inducers 
of gene silencing. As is the case for co-suppression, antisense RNAs act inde- 
pendently of the RNAi genes rde- 1 and rde-4 but require the mutator/RNAi 
gene mut-7 and a putative DEAD box RNA helicase, mut-14. Our data favor 
the hypothesis that gene silencing is accomplished by RNA primer extension 
using the mRNA as template, leading to dsRNA that is subsequently 
degraded. 

RNA interference (RNAi) in animals, co- 
suppression in plants, and quelling in fungi 
appear to be manifestations of cellular de- 
fense mechanisms against the invasion of 
foreign nucleic acids such as viruses or trans- 
posons. These gene-silencing phenomena 
share a common reaction intermediate: small 
RNA molecules [20 to 25 nucleotides (nt) 
long], designated siRNAs, that are comple- 
mentary to the silenced locus and target the 
cognate mRNA for destruction (1-5). To 
study the role of such short RNA molecules 
in vivo and their dependence on genes re- 
quired for RNAi (6, 7), we examined whether 
we could trigger RNAi by injecting either 
single-stranded RNA (ssRNA) or double- 
stranded RNA (dsRNA) oligonucleotides into 
Caenorhabditis elegans (8). 

Exposing C. elegans to pos-l dsRNA 
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leads to embryonic lethality of the progeny 
(6). Because pos-J mRNA is maternally pro- 
vided, one can administer the RNA oligomers 
into the immediate vicinity of the mRNA by 
injecting them into the gonadal syncytium. 
Injection of dsRNA molecules of 25 base 
pairs (bp), corresponding to the pos-J se- 
quence (either blunt or with a 2-bp 3' over- 
hang), triggers gene silencing in 5 to 10% of 
the progeny embryos (Fig. 1). In contrast, 
injection of identical amounts of long dsRNA 
(0.8 kb) results in 100% RNAi, which is 
consistent with RNAi requiring long dsRNA 
to work efficiently (5). For the corresponding 
25-oligomer ssRNAs, we found that although 
the sense oligomer had no effect, the anti- 
sense oligomer induced the RNAi phenotype 
in -50% of the progeny when one gonad was 
injected and in 100% when both gonads were 
injected (Fig. IA). The sequence context of 
the trigger did not strongly affect the efficien- 
cy of targeting; 25-nt antisense RNAs 
(asRNAs) complementary to different regions 
of the pos-J mRNA had similar abilities to 
induce gene silencing (Fig. iB). The RNA na- 
ture of the trigger proved essential: Molecules 
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of identical sequence and base-pairing ability, 
such as DNA oligomers or morpholinos, were 
inactive (Fig. iB), which argues against inter- 
ference with the translation machinery. As was 
the case for RNAi triggered by long dsRNA 
molecules, 25-nt pos-J asRNAs produced 
"carriers": progeny animals that escape the 
immediate RNAi response but pass the phe- 
notype on to their progeny. We conclude that 
short pos-J asRNAs are able to efficiently 
trigger gene silencing. This is in contrast to 
similar experiments that attempted to target 
the somatically expressed unc-22 gene (5). 
We found that short unc-22 asRNAs trig- 
gered RNAi in only 1% of the progeny, pos- 
sibly because unc-22 mRNA is not present in 
the injected tissue, and the ssRNAs are de- 
graded before they can act in the soma. 

To test this directly, we targeted green flu- 
orescent protein (GFP) mRNA in animals that 
either expressed this reporter in the germ line or 
in somatic tissues. Injection of GFP asRNAs 
into C. elegans that have germnlne GFP results 
in a marked reduction of the GFP signal in the 
gonadal syncytium, the oocytes, and the devel- 
oping embryos coming from the injected gonad 
(Fig. IC). The loss of expression is confined to 
the injected gonad, indicating that, other than 
for long dsRNA, the asRNAs do not induce 
RNAi systemically. In contrast, we did not 
observe loss of GFP when GFP was expressed 
in a range of somatic tissues (9), which suggests 
that the time and range of target expression are 
crucial for the susceptibility of mRNA to as- 
RNA triggers. A distinction between gennline 
versus somatic expression is, however, not ab- 
solute; (i) we could trigger RNAi with unc-22 
asRNAs albeit with low frequency, and (ii) not 
all gerlhne-expressed genes were susceptible 
(9). 

Several RNAi-defective strains were as- 
sayed for their response to asRNAs: rde-J 
and rde-4, which are RNAi-deficient (6), and 
mut-7 and mut-14, which are defective in 
RNAi as well as in transposition silencing 
and co-suppression (7, 10). We found that 
RDE-1 and RDE-4 are not required for this 
type of gene silencing; in contrast, MUT-7 
and MUT-14 proved essential: pos-J asRNAs 
failed to trigger gene silencing in mut-7 and 
mut-14 animals (Fig. ID). 

Are rde-1 and rde-4 animals incapable of 
producing siRNAs and do injected asRNAs 
functionally substitute for siRNAs, therefore 
bypassing the requirement for RDE-l and 
RDE-4 in RNAi? To address this question, 
we assayed these mutants for their ability to 
produce siRNAs. RNase protection assays 
revealed that pos-l siRNAs are readily de- 
tectable in wild-type C. elegans undergoing 
RNAi (11) (Fig. 2A). In contrast, pos-l 
siRNAs are not detected in rde-1, rde-4, and 
mut-7 mutant animals, which suggests that 
these proteins are involved in the filrst step in 
RNAi: processing of long dsRNA into 

siRNAs. However, cell-free extracts prepared 
from, for example, rde-l animals were fully 
proficient in dicing long dsRNA into siRNAs 
(12) (Fig. 2B). We therefore favor the expla- 
nation that pos-l siRNAs are produced in 
these animals but fail to form a stable com- 
plex allowing siRNA detection. In support of 
this idea, we found that although C. elegans 
extracts produced both sense and asRNA spe- 
cies, in vivo siRNAs had predominantly an- 
tisense polarity (Fig. 2D). 

The observation that siRNAs are detected in 
mut-14 animals suggests that MUT-14 is not 
essential for siRNA stabilization. mut- 
14(pk738) animals resemble mut-7 animals in 
germ-line transposon activation, RNAi defi- 
ciency, resistance to co-suppression (10), trans- 
gene desilencing, high incidence of males, and 
sterility at 26?C. We cloned mut-14 by genetic 
mapping and subsequent candidate gene ap- 
proach (13) (Fig. 3). We found that pk738 has a 
point mutation in the gene C14C1 1.6, destroy- 
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Fig. 1. asRNAs trigger gene silencing in C elegans. (A) Different pos-1 substrate RNAs were 
injected into one of two gonadal arms of the canonical C. elegans strain Bristol N2; the numbers 
of dead versus total embryos are indicated above the bars representing the percentage of the 
progeny that display the RNAi phenotype. Error bars reflect SD. (B) Interference activity of different 
types of nucleic acids. The top three lines reflect asRNAs directed against nonoverlapping pos-1 
sequences. (C) Animals that express GFP in the germ line and early embryos were injected with GFP 
asRNAs. Both panels show the midbody, with embryos on both sites of the vulva. Noninjected 
animals (upper panel) display a symmetrical pattern of GFP-expressing embryos coming from both 
oppositely located gonadal arms. Injected animals (bottom panel) display a reduced level of GFP 
expression in the embryos (white arrows) coming from the injected gonadal arm. (D) RNAi- 
deficient strains rde-1, rde-4, mut-7, and mut-14 were assayed with 25-nt pos-1 asRNAs. One 
gonadal arm was injected. (E) pos- 1 asRNAs of the indicated length were assayed for inducing gene 
silencing. idT marks asRNAs containing a 3'-inverted deoxythymidine. (F) Posterior gonad of dcr-l 
animals assayed as described in (C). 
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Fig. 2. siRNAs in C elegans RNAi. (A) RNase protection assay on RNA 
isolated from wild-type (N2) and rde-1, rde-4, mut-7, and mut-14 
animals that were exposed to dsRNA (11). M indicates RNA size markers. 
(B) siRNA production in C elegans extract: long dsRNA incubated with 
extracts prepared from wild-type (N2), rde-1, mut-7, and mut-14 ani- 
mals. (C) Size distribution of siRNAs produced in vivo and in vitro. (D) 

siRNA detection, in duplicate, in pos-1 dsRNA-exposed N2 animals, with 
pos-1 strand-specific probes. The detected polarity is indicated: sense (s) 
and antisense (as). As a control, the source of the dsRNA (Escherichia coli 
clones that produce pos-1 dsRNA) was assayed. (E) Ribonuclease Tl- 
treated, in vitro-prepared dsRNA was assayed to control for hybridiza- 
tion efficiencies. 
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Fig. 3. Molecular identification of mut-14. (A) 
The location of mut-14 on the C elegans ge- 
netic map. (B) Structure of the C14C1 1.6 gene. 
The trans-spliced leader SL1, the initiation and 
stop codons, the poly(A) tail, and the position 
of the mutations in pk738 and pk1358 are 
indicated. (C) Domain structure of C11C14.6 
showing the amino acid change of glutamic 
acid (E) into a lysine (K) at position 255 in 
pk738. 

ing a consensus DEAD box motif by chang- 
ing the glutamic acid at position 255 into a 
lysine. We isolated a deletion allele, pkJ358, 
in which the complete C14C1 1.6 open read- 
ing frame and approximately 1 kb of up- 
stream sequences are absent. pkJ358 animals 
display an RNAi-deficient phenotype, and 
pkJ358 failed to complement pk738. A DNA 
fragment containing C14C11.6 rescued the 
RNAi-defective phenotype of pk738 animals. 
Based on these findings, we conclude that 
mut-14 is the C14C11.6 gene. 

The MUT- 14 protein belongs to the evo- 
lutionary conserved superfamily of putative 
RNA helicases. Members of this family 
that contain the signature DEAD box motif 
are involved in diverse cellular functions; 
pre-mRNA splicing; rRNA processing; and 
mRNA export, translation, and degradation 
(14). At present, several RNA helicases 
have been implicated in posttranscriptional 
gene regulation and in transposon silencing 
(15-17). These proteins are similar to but 
clearly not orthologs of MUT- 14. We found 
that MUT-14, apart from being involved 
in RNAi, is essential for gene silencing 
triggered by asRNAs, thus placing the ac- 
tion of this protein downstream of these 
molecules. 

So where do these asRNAs fit in the 
RNAi pathway? One possibility is that the 
first step of RNAi (that is, long dsRNA diced 
into siRNAs) is bypassed by the administra- 
tion of antisense oligomers. This predicts that 
asRNAs will also bypass the requirement for 
DCR-1, the protein that fulfills this function 
in RNAi (12, 18-20). However, we failed to 
observe silencing of germline-expressed GFP 
in dcr-1 animals that were injected with GFP 
asRNAs (Fig. 1F). Furthermore, if the 
asRNAs were to function as siRNAs, they 
should be incorporated in a multicomponent 
nuclease, designated RISC (3), that degrades 
homologous mRNAs. Recently, using a Dro- 
sophila cell-free system, it was found that 
synthetic ds-siRNAs lead to RISC (21) but 
only if they are of the right size: 20 to 23 nt 
but not longer (4, 22). We found that 15- and 
18-nt asRNAs were ineffective; but asRNAs 
of 22 nt and longer, up to 40 nt, were fully 

active to trigger gene silencing in C. elegans 
(Fig. 1E), suggesting that these asRNA mol- 
ecules are taking another route to silence 
gene expression. 

An alternative explanation is that asRNAs 
prime RNA synthesis on the mRNA, thus 
resulting in dsRNA that might then be a 
substrate for DICER-dependent degradation. 
This would explain why a broad range of 
asRNAs (22 to 40 nt long) is proficient in 
triggering gene silencing and why efficient 
gene silencing depends on the temporal co- 
existence of substrate and target. In favor of 
this idea, we observed that modifying the 3' 
end of the asRNAs to prohibit polymerase 
action reduces the efficiency of gene silenc- 
ing severely (Fig. 1E). The helicase activity 
of MUT-14 might thus act to permit de novo 
RNA synthesis on the target. Indeed, putative 
RNA-dependent RNA polymerases (RdRPs) 
are involved in RNAi and posttranscriptional 
gene silencing (PTGS) (23-26). In addition, 
biochemical and genetic support for RdRP 
action in amplifying the RNAi response was 
recently obtained (11, 27). In C. elegans, 
ego-i is required for RNAi of germ line- 
expressed genes (23); unfortunately, we 
could not address the role of EGO-1 directly 
because of sterility and strongly disrupted 
gonads in ego-i mutants. 

In striking similarity to the phenomenon 
of co-suppression, silencing induced by 
asRNAs requires the action of mutator/RNAi 
genes such as mut-7 and mut-14 but is inde- 
pendent of the RNAi-only genes rde-1 and 
rde-4. This was also observed in RNAi for an 
"inherited interfering agent" that was inferred 
from genetic analysis (28). It has previously 
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been suggested for PTGS that "aberrant 
RNAs" produced by transgenes are triggering 
co-suppression (18, 29). Possibly, these short 
asRNAs mimic such aberrant RNAs. 
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