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ABSTRACT Introduction of exogenous double-stranded
RNA (dsRNA) into Caenorhabditis elegans has been shown to
specifically and potently disrupt the activity of genes contain-
ing homologous sequences. In this study we present evidence
that the primary interference effects of dsRNA are post-
transcriptional. First, we examined the primary DNA se-
quence after dsRNA-mediated interference and found no
evidence for alterations. Second, we found that dsRNA-
mediated interference with the upstream gene in a polar
operon had no effect on the activity of the downstream gene;
this finding argues against an effect on initiation or elongation
of transcription. Third, we observed by in situ hybridization
that dsRNA-mediated interference produced a substantial,
although not complete, reduction in accumulation of nascent
transcripts in the nucleus, while cytoplasmic accumulation of
transcripts was virtually eliminated. These results indicate
that the endogenous mRNA is the target for interference and
suggest a mechanism that degrades the targeted RNA before
translation can occur. This mechanism is not dependent on
the SMG system, an mRNA surveillance system in C. elegans
responsible for targeting and destroying aberrant messages.
We suggest a model of how dsRNA might function in a catalytic
mechanism to target homologous mRNAs for degradation.

Eukaryotic organisms have a variety of responses to double-
stranded RNA (dsRNA), some of which may be viewed as
attempts to ward off the threat of a viral invasion. Mammalian
cells unleash a global panic response that results in cessation
of translation of all mRNAs (1, 2). Other organisms have a
more specific ‘‘tactical’’ approach. In the nematode Caeno-
rhabditis elegans, dsRNA induces a homology-dependent and
highly effective decrease in the activity of the corresponding
homologous gene, with no evident global effect (3). A similar
response has been proposed (4) to underlie certain RNA-
mediated cosuppression processes in plants (see ref. 5 for a
general review of cosuppression effects in plants). On a
technical level, researchers who study C. elegans and plants are
now harnessing these responses as an effective means by which
to selectively disrupt a specific gene’s activity. The technical
application of these processes is referred to as RNA interfer-
ence, or RNAi.

In addition to the remarkable degree of specificity for the
homologous locus, the potency of dsRNA effects in C. elegans
has surprised us; in certain cases only a few molecules of
dsRNA per cell are required to achieve effective knock-out (3).
Standard antisense models of RNA-based interference involve
base pairing between antisense and a complementary endog-
enous sense strand, thereby sequestering the mRNA from the
translational machinery andyor targeting it for destruction (6).
The substoichiometric activity of dsRNA indicates that RNAi

in C. elegans cannot work by a traditional antisense mecha-
nism: there is not enough antisense RNA in the injected
material to bind stoichiometrically to the endogenous mRNA.
How can dsRNA so effectively target and disrupt a specific
gene’s activity? To gain some insight into the mechanism by
which dsRNA mediates interference, we have undertaken a
series of experiments designed to identify the exact nature of
the primary target (i.e., gene locus, nascent transcript, or
mature RNA).

MATERIALS AND METHODS

Strains and Alleles. Standard methods were used for culturing
the nematode C. elegans (7). We used the wild-type strain N2 and
the following mutant or transgenic strains. TR 1327: unc-54
(r293)I; smg-3 (r867)IV. PD 9556: ccIs9556. ccIs9556 is a chro-
mosomally integrated array containing a pes-10::lacZ transla-
tional fusion (pGS15.24) (G. Seydoux, personal communication)
and rol-6 (su1006dom) (pRF4) (8) as a selectable marker. JH 103:
axIs36[pJH1.16(pes-10::gfp);pMH86(dpy-20)]X. This is a trans-
genic line with a chromosomally integrated array containing a
pes-10::gfp translational fusion (pJH1.16), kindly provided by M.
Wallenfang and G. Seydoux.

Clones. The following plasmids were used to generate
dsRNA for RNAi experiments and gene-specific probes for in
situ hybridization (see Fig. 1). gfp: pPD79.44, a derivative of
pTU#65 (9), was used to make full-length probes for in situ
hybridization. pPD128.28 is a construct that contains the 59
half of gfp and a segment of unc-22 cDNA; dsRNA made with
this construct effectively disrupts both unc-22 function and gfp
expression. lacZ: pPD124.15 contains an FspI to SacI fragment
from lacZ and was used for RNAi. pPD123.102 and
pPD123.103 contain a nonoverlapping SacI to Bst1107I frag-
ment from lacZ and were used to generate probes for in situ
hybridization. mex-3: A 772-bp EcoRI fragment from a mex-3
cDNA clone (pJP656, ref. 10) was ligated into pBluescript KS1
(Stratagene) to create pMM719, a clone used to make RNA for
interference. An 815-bp XbaI to SacI fragment from pJP656
was subcloned into pBluescript KS1 to create pMM721, which
was used to generate antisense probes for in situ hybridization.
cey-2: pMC422 is a cDNA clone (11) and was used to generate
antisense probes for in situ hybridization.

The following lin-15 clones were made by using PCR
amplification of C. elegans genomic DNA; the primers were
designed with either PstI or EcoRI linkers to facilitate cloning
into pBluescript KS1. pMM771 contains sequence corre-
sponding to exon 2 of lin-15b; primers used were mm-174
(AACTGCAGAAGCGCAGCAGCAATTCAAAAG) and
mm-175 (AACTGCAGCGGTAAGTAGCAATTTCCG-
CAG). pMM772 contains sequence corresponding to exon 7 of
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lin-15b; primers used were mm-176 (AACTGCAGAATT-
GAAGAAACTTGGACAAC) and mm-177 (AACTG-
CAGTCTTCCAGCAATCTTGGGCTTT). pMM775 con-
tains sequence corresponding to exon 6 of lin-15a; primers
used were mm-180 (GGAATTCGTGCCTCCATCGAC-
GAATCTAA) and mm-181 (GGAATTCGTTAAAAAAT-
TGGCTCAGGCTT).

RNA Synthesis and Microinjection. DNA plasmid con-
structs that were to serve as templates were linearized with
appropriate blunt or 59-overhang restriction enzymes; sense
and antisense RNAs were synthesized in vitro by using T3 and
T7 polymerases. DNA templates were then removed with a
15-min DNase treatment. RNAs were extracted with phenoly
chloroform and chloroform, precipitated in ethanol, and re-
suspended in 5 mM TriszHCl, pH 7.9. Senseyantisense RNA
strands were heated to 80°C for 3 min and allowed to anneal
in injection buffer (2% polyethylene glycol 8000y20 mM
potassium phosphatey3 mM potassium citrate, with the mix-
ture adjusted to pH 7.5 with KOH) at 37°C for 30 min prior to
injection into the gonads of adult hermaphrodites. C. elegans
hermaphrodites possess two gonad arms. For most experi-
ments dsRNA was injected into only one gonad arm; previous
experiments have demonstrated that this is sufficient to target
endogenous RNAs synthesized in both gonad arms and indeed
throughout most cells and tissues of the animal (3).

Amplification of unc-22 Sequences After RNAi. Adult wild-
type C. elegans (N2) were injected with dsRNA produced from
a cDNA clone corresponding to bases 17896–17686 from the
published genomic sequence of unc-22 (12, 13). DNA was
isolated from affected F1 animals (all of which showed a strong
twitching phenotype) and was amplified by PCR using the
following primer combinations. An error-correcting DNA
polymerase (Pfu; Stratagene) was used for amplification.
Nucleotides in lowercase represent restriction site linkers used
for cloning into standard plasmid vectors.

zf2291zf232: zf229 [CCACGGAGCACAAAYCGGG-
YC(C)] is an antisense sequencing primer within the interfer-
ence region. To critically test the model that adenosine deami-
nase activity might modify the injected dsRNA and eventually
produce covalent changes at the DNA level (ref. 14; see also
Results and Discussion), the primer was designed so that A3
I transitions in the coding strand would have no effect on the
ability of the oligonucleotide to prime PCR synthesis.

zf232 (aaactgcagATGTCTTTGAAGATAATCTGAACC)
is a sense sequencing primer upstream of the interference
region.

zf2241zf233: zf224 (AACAAGGCCGGACCGGGAGAG-
GCC) is a primer within the interference sequence. This
primer was designed so that A3 I transitions in the noncoding

strand would have no effect on the ability of the oligonucle-
otide to prime PCR synthesis.

zf233 (ggggtaccAATTCCGGCTTGTCAACTTTTCC) is a
primer downstream of the coding sequence.

After amplification, 17 individual clones (13 from
zf2291zf232 and 4 from zf2241zf233) were sequenced. In
each case, approximately 300 bp of well-defined sequence from
each end of the PCR product was analyzed for identity with the
expected genomic sequence. All differences from the expected
genomic sequence in initial analysis (,1%) were subsequently
found to be due to uncertainty in base identification by the
automated sequence software. Manual examination of elec-
tropherograms indicated these all to be the expected sequence.

In Situ Hybridization. Whole-mount in situ hybridizations
were performed essentially as described by Seydoux and Fire
(15, 16), with the following modifications. Adult hermaphro-
dites were squashed to extrude gonads and embryos prior to
freeze cracking. A commercially available fixative, Streck’s
tissue fixative (Streck Laboratories, Omaha, NE), was used to
fix the animals overnight rather than a 20-min formaldehyde
fixation described in the original protocol (17). Digoxigenin
(DIG)-labeled single-stranded DNA probes were synthesized
by multiple cycles of primer extension in the presence of
DIG-dUTP as described (16, 18), using subclones depicted in
Fig. 1 as templates. An anti-digoxigenin antibody conjugated
to alkaline phosphatase was used to visualize the probes (15,
16).

RESULTS AND DISCUSSION

RNA-Mediated Interference Leaves the Primary DNA Se-
quence Unchanged. Certain gene silencing processes in the
fungus Neurospora crassa (named ‘‘RIP’’ effects) have been
shown to involve covalent changes in DNA sequence (for
review see ref. 19). Although this type of mechanism has not
been demonstrated in metazoans, Wagner and Sun (14) have
proposed a model in which changes in primary DNA sequence
might be a component of RNA-mediated interference in C.
elegans. We looked for changes in DNA sequence by two
different means: first by direct sequencing of genes from
affected animals and second by examining the inheritance
properties of the interference state.

Following injection of dsRNA for a segment of the unc-22
gene, we obtained a population of F1 animals that exhibited a
strong twitching phenotype (see ref. 3 for details of plasmid
constructs used). PCR was then used to amplify a genomic
DNA segment surrounding and containing the region corre-
sponding to the injected dsRNA. Adenosine deaminases that
specifically target and modify dsRNAs by converting ad-
enosines to inosines have been characterized for a variety of
organisms (20). Wagner and Sun (14) postulated that such
deaminase activity on the injected dsRNA in C. elegans could
subsequently lead to changes at the DNA level, effectively
mutating the locus such that a loss-of-function phenotype
would result. Thus, primers were designed so that A 3 I
deamination reactions would not interfere with the ability to
amplify the PCR product (see Materials and Methods). A total
of 7.4 kb from 18 individual clones was analyzed; 4.4 kb of this
was from sequences in common between the dsRNA and
genomic DNA, whereas the remaining 3 kb was from introns
and transcribed sequences immediately downstream. The pres-
ence of unmodified introns in the PCR amplification product
indicates that the amplification material was indeed the
genomic DNA template (and not the cDNA clone used to
make the injected dsRNA). No modifications in DNA se-
quence were observed in any of the sequences analyzed from
affected animals.

If RNAi induced changes at the DNA sequence level, we
would have expected to generate genetic variants with heri-
table differences in phenotype. We examined animals that had

FIG. 1. Structure of clones used to generate dsRNA for RNAi and
probes for in situ hybridization.
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been subjected to interference with the endogenous genes
unc-54, unc-22, fem-1 or with transgene-driven gfp and lacZ. In
each case, the progeny of injected animals (F1) showed strong
interference effects (3), whereas 100% of the next generation
(F2) reverted to the wild-type phenotype. We examined .104

F2 animals for unc-22 and unc-54, .5 3 103 animals for gfp and
lacZ, and .103 animals for fem-1 (the F1 females from
injection of fem-1 dsRNA were not self-fertile, and so needed
to be individually outcrossed with wild-type males to analyze
further generations; the presence of females in the resulting
populations was then analyzed over the next two generations).
In these experiments, we used a careful dsRNA preparation
protocol that removes all traces of contaminating DNA (3).
This precaution was important in that contaminating DNA
might conceivably form heritable transgene arrays that might
be capable of continuously generating interfering RNA prod-
ucts from spurious transcripts; such a mechanism is likely
responsible for the generation of heritable Unc-22 animals
after injection of cloned DNA fragments of the unc-22 gene
(21).

The case of fem-1 is particularly convincing in ruling out
DNA sequence changes as a source of the RNAi effect: fem-1
is thought to act autonomously in the germ line (22), with loss
of function in the germ line generating the feminization
phenotype seen in fem-1 null mutations (23, 24) and after
RNAi (3). The fact that Fem-1 (F1 RNAi) animals produce
fem-11yfem-11 progeny in the following generation (F2) is a
strong indication that RNAi has not been accompanied by any
changes in DNA sequence.

Although the above evidence argues strongly against an
alteration of the chromosome at the primary sequence level, it
was still conceivable that DNA modification or alteration of
the chromatin template might play a key role in the interfer-
ence effect. RNA-mediated modification of DNA has been
suggested for certain cases of gene silencing in plants (25).
Alternatively, a co-transcriptional or post-transcriptional pro-
cess could be affected. We further addressed the question of
what is the primary target of RNAi by analyzing the ability of
dsRNA to disrupt gene activity at different stages of RNA
processing.

Is Initiation of Transcription Affected? C. elegans is an
unusual eukaryote in that some of its genes (approximately
25%) are clustered in operons and transcribed as polycistronic
units (26). If RNAi worked by blocking initiation or elongation
of transcription, then we would expect that all genes in an
operon would be knocked out simply by targeting the most
upstream gene in the group. This is not the case. The genes
lin-15b and lin-15a, which together form a standard operon, do
not have any phenotype when either is mutated alone; how-
ever, when activity of both genes is disrupted a multivulva
(MUV) phenotype results (27, 28). By injecting dsRNAs
against the two genes of the lin-15 operon either separately or
simultaneously, we demonstrated that both genes need to be
targeted to produce MUV animals; RNAi against only one
gene produced little or no phenotypic consequence (Table 1).
This result was unaffected by the number of exons or relative
size of the targeted region (i.e., total number of base pairs). For
example, MUV phenotypes were produced when exon 2 of
lin-15b and exon 6 of lin-15a were jointly targeted (total of
1,539 bp), whereas no MUV phenotypes resulted when exons
2 and 7 of lin-15b were jointly targeted (total of 1,533 bp)
(Table 1).

lin-15 provides a particularly good case in which to assess the
sensitivity of genes in an operon. For this experiment to be
meaningful, the gene cluster should function as a true operon
in that activity of the downstream gene should depend on
transcripts that come through the upstream gene. Thus, block-
ing transcription of the upstream coding region would also
affect the downstream region. This is apparently the case for
lin-15, in that deletions around the 59 end of the upstream gene

lead to a loss of function of both genes (27, 28). The demon-
strated genetic polarity in lin-15 expression, combined with the
lack of polarity in the RNAi effect, strongly argues that the
primary target of RNAi is not the initiation or elongation of
transcription. Additional results describing the effects of in-
jecting specific single-stranded RNA preparations on several
operon-like clusters have recently been reported (29; B. Meyer
and D. Pasqualone, personal communication; T. Blumenthal,
personal communication). Although it is not clear in these
cases whether transcription is naturally polar (i.e., that expres-
sion of the downstream coding region depends on promoter-
proximal sequences in the upstream gene), it is of interest to
note that in each case reported RNAi effects are specific for
the gene homologous to the injected RNA sequences (i.e., the
upstream gene can be affected by RNAi without affecting the
function of the downstream gene).

The ability to separately interfere with individual genes in an
operon, combined with previous observations that dsRNA
segments corresponding to intron and promoter sequences are
ineffective in causing RNAi (3), argue that the targets of RNAi
are most likely nascent or processed RNA transcripts. To
address this issue further, we directly followed the effects of
RNAi on products of two transgenes with well characterized
transcription and mRNA distribution patterns in the early
embryo.

Are Nascent Transcripts Affected? Seydoux and Fire (15)
observed that transcripts from reporter genes with a low
density of introns tend to accumulate in the nucleus. When
examined by in situ hybridization, these transcripts first appear
as ‘‘double dots’’ that are presumably sites of new transcription.
Transgenic lines expressing such intron-poor reporters could
form the basis of an assay to examine the effect of RNAi on
nascent transcripts. We chose to use a pes-10::lac-Z transla-
tional fusion. The pes-10 mRNA is among the earliest products
of the zygotic genome, with the promoter active in all of the
somatic blastomeres of the early embryo, beginning at the
4-cell stage. Transcripts in each somatic blastomere first
appear as double dots; subsequently the RNA appears uniform
within the nucleus, and then a small fraction is transported to
the cytoplasm (15). A pes-10::gfp fusion (kindly provided by M.
Wallenfang and G. Seydoux) was also analyzed. This intron-
rich gfp construct expresses in a cellular pattern similar to that
of the pes-10::lacZ construct, with the major difference being
greater accumulation of transcripts in the cytoplasm.

We used in situ hybridization to examine the effects of
dsRNA injection on the quantity and subcellular distribution
of RNA products from the two reporter transgenes. For these
experiments, 20–50 adult hermaphrodites were injected with
dsRNA, allowed to recover, and then processed for in situ
hybridization the following day. Probes used for in situ hybrid-

Table 1. Effect of RNAi on the lin-15 operon

Segment targeted
by dsRNA
injections

Progeny with MUV
phenotype

% MUV/total

lin-15b exon 7 2 6y255
lin-15b exon 7 and

lin-15b exon 2 0 0y173
lin-15a exon 6 0 0y114
lin-15b exon 7 and

lin-15a exon 6 52 88y168
lin-15b exon 2 and

lin-15a exon 6 47 98y208

dsRNAs corresponding to different segments of the lin-15 operon
were injected into adult hermaphrodite C. elegans (8 worms injected
per treatment). The progeny arising 14–40 h after injection were
scored for a multivulva (MUV) phenotype upon reaching adulthood.
The activities of both lin-15b and lin-15a must be disrupted to produce
a MUV phenotype (27, 28).
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ization corresponded to a segment of the RNA having at most
a partial overlap with the segment targeted by injected dsRNA
(see Fig. 1); in this way we could be sure that lack of signal was
because of loss (or extensive modification) of the endogenous
RNA and not because of ‘‘masking’’ of the endogenous RNA
by hybridization to the introduced dsRNA.

We found that injection of lacZ and gfp dsRNAs completely
blocked the accumulation of b-galactosidase and green fluo-
rescent protein, respectively. At the RNA level, transcripts
from the target gene still appeared in the nucleus of embryonic
blastomeres, although these transcripts appeared only tran-
siently and at lower levels compared with the embryos of
uninjected controls (Fig. 2). Interestingly, a strong nuclear
signal was often detected in the EMS blastomere of the 4-cell
stage after RNAi; this strong signal frequently corresponded
with evidence that EMS was undergoing the metaphase stage
of mitosis at the time of fixation, indicating that targeted
transcripts can persist for at least a short time after being made
(Fig. 2 B and C). Although a nuclear signal was seen in many
early somatic blastomeres, a cytoplasmic signal was never
detected. These results, in conjunction with our lin-15 operon
results, indicate that transcription is unaffected and suggest
that endogenous mRNA targeted by dsRNA accumulates to
some level in the nucleus before being destroyed.

Is Translational Surveillance Involved in RNAi? The smg
(suppressor affecting message stability) gene products have
been identified as constituting a system that degrades trans-
lationally aberrant mRNAs and may play a role in normal
mRNA degradation (30–32). Given the suggestions above that
RNA decay had some role in the RNAi mechanism, we asked
whether the SMG system was required for RNAi to operate.
We used a smg-3 mutant host, which has been shown in genetic
studies to lack SMG activity and hence to stabilize a variety of
prematurely terminated or aberrant mRNAs (30). Despite the
inability of Smg-3 animals to degrade these aberrant mRNAs,
the strain was evidently still capable of RNAi. As in wild-type
animals (3), when we injected smg-3 mutant animals with
dsRNA targeted against mex-3 (a highly abundant maternal
mRNA) we observed disappearance of the targeted RNA (Fig.
3 A and B) and universal embryonic arrest consistent with loss
of MEX-3 function.

The lack of SMG requirement for effective RNAi suggests
the involvement of other RNA-degradation mechanisms. The
SMG system is not essential for viability (30, 32). It will be
interesting to determine whether the degradative processes
responsible for RNAi are essential for the organism.

Experiments with mex-3 also revealed another aspect of
RNA-mediated interference in C. elegans. mex-3 RNA is a
maternal product that is ‘‘masked’’ in the distal portion of the
maternal germ line and is not translated until late oogenesis
(10). We have observed that mex-3 endogenous message is lost
from the whole germ line in both wild-type (Fig. 3 C and D)
and smg-3 (data not shown) mutant hermaphrodites injected
with mex-3 dsRNA. Both this result and the effect of dsRNA
on nuclear transcripts indicate that translation is not required
for mRNAs to serve as targets of RNAi.

The preceding data strongly suggest that RNAi targets a
post-transcriptional process. Our working model has three
components.

(i) Exogenous dsRNA has no direct effect on the targeted
gene or on the initial biosynthesis of corresponding endoge-
nous transcripts. Evidence for this includes the lack of ob-
served changes in the endogenous gene and the transient
appearance of primary transcripts.

(ii) Exogenous dsRNA causes early degradation of homol-
ogous mRNA andyor mRNA precursor molecules. This hy-
pothesis is based on the observed decrease in steady-state
nuclear RNA levels for the targeted gene, combined with the
complete loss of cytoplasmic RNA.

FIG. 2. Analysis of target RNA distribution in RNAi-treated
embryos. Embryos shown are from an integrated (homozygous)
transgenic line carrying a pes-10::gfp fusion. The pattern of RNA
products was analyzed by whole-mount in situ hybridization, with and
without prior injection of dsRNA covering the 59 half of the gfp coding
region. (A) Control (uninjected) 4-cell embryo showing transcripts of
a pes-10::gfp translational fusion as they first accumulate in the nuclei
of the 3 somatic blastomeres of the 4-cell embryo (anterior at left;
dorsal at top). This corresponds to the pattern of pes-10 expression
described by Seydoux et al. (15). [Bar 5 50 mm (for all panels).] (B)
An equivalent embryo after injection of dsRNA targeting gfp. Tran-
scripts are still present in the nucleus of cells that have recently
commenced transgene expression. As shown in this figure, a relatively
strong signal was often detected in the EMS blastomere (arrowhead)
of the 4- to 6-cell stage embryo, even while undergoing early stages of
mitosis. These transcripts generally do not accumulate to the same
levels observed in untreated embryos. (C) Image of embryo in B
stained with the DNA-binding dye 49,6-diamidino-2-phenylindole
(DAPI), showing EMS in metaphase (arrowhead). (D) Untreated
embryos. Transcripts are eventually transported out of the nucleus and
accumulate in the cytoplasm. Nascent transcripts continue to be
detected in later emerging somatic blastomeres (arrows). (E) RNAi-
treated embryos of stages similar to those depicted in D. Whereas
nascent transcripts from a recently emerging somatic blastomere are
detected (arrow), transcripts do not accumulate to high levels and are
never detected in the cytoplasm. (F) Image of DAPI-stained embryos
shown in E. Images of in situ results were obtained with Nomarski
differential interference contrast (DIC) microscopy; images of DAPI-
stained embryos were obtained with epif luorescence microscopy.
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(iii) This degradation process can occur after splicing but
prior to transport from the nucleus. Evidence for this includes
the behavior of operons, the requirement for exon sequences
in the interfering dsRNA (3), and the timing of observed RNA
decay. None of the experiments described here address the
important question of whether preexisting mRNAs in the
cytoplasm can be targeted for degradation by RNAi.

The observed potency of the interfering RNA requires that
our models go beyond a traditional antisense mechanism that
would require stoichiometric interaction between injected
RNA sequences and the native transcript. One conceivable
source for the potency of RNAi would be a replication-based
mechanism whereby dsRNA could be amplified after injection
into the animal. Replication of interfering RNA has been
suggested for certain cases of cosuppression in plants (25). We
have yet to uncover any evidence that the introduced dsRNA
replicates in C. elegans. In particular, if introduced dsRNA
were replicating, then in situ hybridization with an antisense
probe overlapping or covering the region of interference might
be expected to show a strong signal from newly synthesized
sense strands. This idea was tested with mex-3, modifying the
procedure used in Fig. 3 so that the probe for in situ hybrid-
ization corresponded precisely to the segment used for inter-
ference. We detected no sense copies of the dsRNA in these
experiments; we similarly failed to detect antisense copies of
the dsRNA in experiments using a mex-3 sense probe corre-
sponding to the dsRNA segment (data not shown).

Our failure to detect replication of the injected dsRNA has
led us to models in which dsRNA induces a catalytic mecha-
nism to destroy homologous cellular RNAs (Fig. 4). We
envision a three-step model. First, dsRNA would form part of
a specialized ribonucleoprotein complex, with partial unwind-
ing of the duplex allowing homology-based target recognition.
Second, recognized segments of the cellular RNA would be
‘‘marked’’ as a consequence of interaction with the dsRNA
complex. Possible marking mechanisms include cleavage, co-
valent modification (e.g., by dsRNA-dependent adenosine
deaminase), or changes in the spectrum of associated proteins.
Third, target RNAs would be rendered undetectable. This
third step could conceivably involve any covalent change that
renders the RNA fully inaccessible to in situ hybridization.
Although cleavage, deamination of adenosines, or a change in
localized protein coating for the targeted region might play a
role in the initial marking, the eventual result of RNA inter-
ference is a failure to detect any region of the targeted mRNA.
In interpreting our data, it should be noted that in most cases
we have used RNA probes for in situ hybridization that
examine a different region of the message from that directly
targeted by dsRNA. Given the observed failure to detect any
part of the affected RNA, we have been led in our working
model to propose that RNAs targeted by RNAi are subject to
rapid degradation. The final degradation could be closely
coupled to the initial interaction with the interfering RNA, or
alternatively could involve activation of a secondary process
using more general components of the RNA degradation
mechanisms within the cell. We have ruled out the obligate
involvement of one such mechanism (the SMG system). Since
the SMG system is nonessential for survival of the organism,
there must be other systems for physiological RNA degrada-
tion. These intrinsic mechanisms have yet to be characterized;
thus it remains to be seen if they might play a role in
dsRNA-mediated degradation.

Although the dsRNA-triggered RNA-degradation model
described in this paper accounts for many of the observations
regarding RNA-mediated interference in C. elegans, it is still
conceivable (and perhaps likely) that additional mechanisms
will be involved. In plants, viral RNAs that have been engi-
neered to contain precise homology to cellular genes can
trigger two apparently distinct processes: degradation of the
homologous cellular mRNA (33) and methylation of the

FIG. 3. Loss of maternal mex-3 RNA in RNAi-treated smg-3 and
wild-type hermaphrodites and their progeny as revealed by whole-mount
in situ hybridization. mex-3 message is abundant and correctly localized in
the embryos of a smg-3 mutant (A) but disappears from the progeny of
smg-3 mutant hermaphrodites injected with mex-3 dsRNA (B). (C) In
wild-type hermaphrodites mex-3 message is detected throughout the
gonad (indicated by the asterisk at far left) as well as in embryos. (D)
Injection of mex-3 dsRNA results in complete loss of detection of
endogenous mex-3 in the maternal germ line (here splayed out) as well
as in all F1 progeny. Images were obtained with Nomarski differential
interference contrast microscopy. As a control for the in situ hybridization
experiments, we determined that loss of hybridization signal was specific
to the targeted mRNA: levels of another germ-line mRNA, cey-2, were
unaffected when adult hermaphrodites were injected with mex-3 dsRNA
(data not shown). (3240)
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corresponding cellular gene (34). The first mechanism is
thought to be responsible for many transient cosuppression
effects, whereas the RNA-dependent methylation has been
proposed to play a role in producing slower (but potentially
more stable) changes in gene expression. For all of the genes
we tested in C. elegans, RNAi effects were not heritable;
nonetheless, Mello and colleagues (35) have observed a mul-
tigenerational effect for a small number of genes. It will be
interesting to determine whether dsRNA-triggered RNA de-
cay plays a role in these processes, and if so how the interfer-
ence state might become heritable for a subset of genes.
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FIG. 4. Possible model for dsRNA-mediated genetic interference
in C. elegans. Upon introduction into the cell, dsRNA is proposed to
complex with a (hypothetical) protein or ribonucleoprotein complex
that allows unwinding of an arbitrary segment of the duplex. The
complex would then search by homology for corresponding segments
of cellular RNA. Recognition of cellular RNAs would be followed by
a process marking the target RNA for degradation. Possible ‘‘mark-
ing’’ mechanisms include direct cleavage of the target RNA, covalent
modification (e.g., by adenosine deaminase), or the recruitment or
removal of specific RNA-binding proteins. Whatever the mechanism
of this initial interaction, our data suggest a rapid subsequent degra-
dation of the entire targeted transcript. The secondary degradation
machinery could involve a combination of components specific to
RNA interference andyor more general catabolic mechanisms.
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