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A Link Between RNA Interference 
and Nonsense-Mediated Decay in 

Caenorhabditis elegans 
Mary Ellen Domeier,' Daniel P. Morse,' Scott W. Knight,'  
Michael Portereiko,' Brenda 1. Bass,' Susan E. an go'*  

Double-stranded RNA (dsRNA) inhibits expression of homologous genes by a 
process involving messenger RNA degradation. To gain insight into the mech- 
anism of degradation, we examined how RNA interference is affected by 
mutations in the smg genes, which are required for nonsense-mediated decay. 
For three of six smg genes tested, mutations resulted in animals that were 
initially silenced by dsRNA but then recovered; wild-type animals remained 
silenced. The levels of target messenger RNAs were restored during recovery, 
and RNA editing and degradation of the dsRNA were identical t o  those of the 
wi ld type. We suggest that persistence of RNA interference relies on a subset 
of smg genes. 

Epigenetic silencing by dsRNA is a wide- 
spread phenomenon for regulating gene ex- 
pression (I ,  2). This process, termed RNA 
interference, or RNAi, is thought to involve 
targeted degradation of homologous mRNAs 
(3-7). In C. elegans, seven genes have been 
shown to be important for RNAi: the RNA-
directed RNA polymerase homolog ego-1 (8), 
mut-7 (9, lo), rde-2, rde-3, rde-4, mut-2, and 
rde-I, which encodes a member of the eIF2c/ 
zwille family (10). At present, it is unclear 
how the products of these genes function in 
RNAi, why some of the genes are required 
for silencing in the germ line but not the 
soma, or what roles the genes play in other 
processes such as transposition (8-11). 

Based on the observation that both RNAi 
and nonsense-mediated decay involve RNA 
degradation, we examined whether proteins 
required for nonsense-mediated decay also 
functioned during RNAi. Seven srng genes 
have been identified, each of which is in- 
volved in nonsense-mediated decay (12, 13). 
Mutations in five of these genes produce 
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identical phenotypes, emphasizing that the 
SMG proteins act in a common pathway 
[smg-1 through smg-5 (12, 14)]. 

To compare the effects of RNAi in wild- 
type (WT) and smg animals, we injected 
dsRNA corresponding to the unc-54 gene, 
which encodes myosin heavy chain B and is 
expressed in body wall muscles (15). We chose 
unc-54 because it generates a robust RNAi 
phenotype in which animals are paralyzed (16) 
and also because the severity of paralysis cor- 
relates with mRNA levels (14, 17). 

We observed that mutant smg-2 animals 
recovered rapidly from unc-54 RNAi-in-
duced paralysis, whereas WT worms did not 
(Fig. 1A) (18). Progeny of injected mothers 
were examined daily for 4 days after injec- 
tion. On days 1 and 2, both WT and smg-2 
larvae were severely paralyzed. However, 
smg-2 mutants showed increased motility as 
they aged and moved almost as well as un- 
injected controls by day 4. We also observed 
recovery from RNAi in smg-2 mutants cany- 
ing a sur-5::GFP transgene (Fig. 1B) (18). 
Thus, recovery was not specific to unc-54 
RNA or to bodv wall muscles. but occurred in 
many cell types and for at least two tran- 

GFP rebounded in the 
neurons of WT worms, indicating that neu- 
rons have an intrinsic recovery mechanism 
that is independent of the smg genes. 

To rule out the possibility that smg-2 mu- 
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tants recovered from RNAi for nonspecific 
reasons, such as being poor injection hosts, 
we injected smg-2(+l-) heterozygous moth- 
ers with unc-54 dsRNA, scored recovery of 
individual offspring on day 3, and then deter- 
mined the genotype of each scored animal. 
We found that progeny that failed to recover 
were rarely smg-2 homozygotes (12% of par- 
alyzed animals, n = 158). Conversely, sib- 
lings that recovered from RNAi were often 
smg-2 homozygotes (55% of moving ani-
mals, n = 13 1). If segregation were random, 
25% of paralyzed or moving animals would 
be expected to be smg-2 homozygotes. These 
experiments demonstrate that recovery from 
RNAi depends on smg-2 activity in the zy- 
gote and therefore does not reflect the inabil- 
ity of smg-2 mutants to function as good 
injection hosts. 

To examine whether smg-2 mutations af- 
fected RNAi-mediated mRNA degradation, we 
measured endogenous RNA levels using a real- 
time semiquantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) assay (19, 
20). Controls with WT and mutant unc-54 an- 
imals demonstrated that our assay accurately 
reflected transcript levels (21). Furthermore, 
smg-2 mutations altered unc-54 RNA levels in 
ways that paralleled the phenotypic recovery. In 
WT larvae, unc-54 RNA levels were reduced 
about 10-fold compared with uninjected con- 
trols and remained low throughout the time 
course. In smg-2 animals, unc-54 levels were 
reduced 10-fold on day 1, but rebounded 
rapidly, eventually reaching levels close to 
those of uninjected controls (Fig. 2). The 
reduction seen on day 1 was comparable to 
that seen in WT worms, indicating that the 
initial response was robust. These data dem- 
onstrate that smg-2 mutants attenuate RNAi- 
mediated mRNA degradation. 

Our data predict that for the effects of the 
smg genes on RNAi to be observed, the tar- 
geted mRNA must be transcribed continuous- 
ly and RNAi must not induce lethality, or the 
animals will not be able to recover. These 
requirements explain why recovery in srng 
mutants was not observed previously (7). 
Earlier studies targeted mex-3, which is ma- 
ternally transcribed and essential for embry- 
ogenesis (22). In addition, these studies as- 
sayed smg-3 mutants, which fail to recover 
well from RNAi (see below). 
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Three experiments demonstrated that 
smg-2 mutant animals did not affect RNAi by 
altering the stability of the dsRNA. First, a 
similar decay profile was observed for 
dsRNA injected into either WT or smg-2 
animals (Fig. 3, A and B). Second, the 
amount of dsRNA introduced into worms 
was not limiting for RNAi initiation. All of 
the self-progeny from mothers injected with 
unc-54 dsRNA were paralyzed when born on 
days 1 to 4. To produce more offspring, we 
mated smg-2 mothers 4 days after injection 
and found that all of the cross progeny were 
also completely paralyzed at birth (i.e., day 5; 
progeny of seven out of seven mothers mated 
with WT males). Third, injection of a 10-fold 

Fig. 1. (A) smg-2 mutants recover from RNAi. 
The motility of WT and smg-2 worms after 
injection with unc-54 dsRNA (+RNAi) was 
compared with that of uninjected WT animals 
(-RNAi). Five animals were allowed to move 
freely for 10 min and photographed. smg-2 
animals were paralyzed on day 2 (Left) but 
moved well by day 4 (right), whereas WT ani- 
mals remained paralyzed throughout the time 
course. (B) Fluorescence imaging of transgenic 
sur-5::gfp animals (35) without (-RNAi) or 
with (+RNAi) injection of gfp dsRNA. Intestinal 
cells recovered from gfp RNAi in smg-2 animals 
(arrows; bottom panels) but not in the WT (top 
panels). Neurons recovered from the effects of 
RNAi in both WT and smg-2 worms (arrow- 
heads). smg-mediated RNA degradation is ac- 
tive in neurons (36), suggesting that recovery 
from RNAi in neurons occurs by a distinct 
process. 

higher concentration of dsRNA could not 
suppress recovery for smg-2(-) mutants. 
Progeny from animals injected with dsRNA 
(5 mglml) recovered from RNAi and began to 
move on days 3 to 4, similar to those injected 
with our standard concentration of 0.5 mglml 
(n 2 24 for each concentration and genotype) 
(23). 

In .another assay to analyze differences in 
dsRNA metabolism, we asked whether in- 
jected dsRNA was modified by adenosine 
deaminases that act on RNA (ADARs), and 
whether this process was altered in smg-2 
mutants. By sequencing cDNAs derived from 
injected dsRNA, we observed evidence of A 
to I changes, but found that the modifications 
were similar in cDNAs from WT or smg-2 
worms (21). Thus. SMG-2 does not seem to 

of unc-54 RNA (Fig. 4). Unexpectedly, 
smg-1 homozygotes behaved like WT worms 
and did not recover from RNAi at all. Mutant 
smg-3 and smg-4 animals gave a weak, vari- 
able response, suggesting that smg-3 or 
smg-4 may not be required for persistence of 
RNAi. To ensure that the smg-1 strain was 
defective for nonsense-mediated decay, we 
repeated our experiments with smg-I; pha- 
4(zu225) animals (23). The pha-4(zu225) al- 
lele is a nonsense codon that leads to larval 
arrest (24,25), unless the nonsense-mediated 
decay pathway is inactivated by a smg muta- 
tion such as smg-1 (26). Finally, we per- 
formed RNAi for a second target, unc-22, to 
demonstrate that the differential sensitivities 
to the smg loci were not specific to unc-54 
(23). From the results with unc-22 and unc- 
> , 

affect R k ~ i  by altering the stability or edit- 54, we conclude that smg-1 is critical for 
ing of dsRNA. nonsense-mediated decay but not for persis- 

We examined alleles of five other smg tence of RNAi, whereas smg-2, smg-5, and 
genes to determine whether they also play a smg-6 are involved in both processes. 
role in RNAi. Animals mutant for either There was no correlation between the 
smg-5 or smg-6 behaved similarly to smg-2, strength of the RNAi phenotype associated 
recovering rapidly from the effects of RNAi with a particular smg allele and the effect of 
and ultimately expressing nearly WT levels that allele on nonsense-mediated decay. Of 

Fig. 2. unc-54 mRNA levels correlate with mo- 
tility. The amount of normalized unc-54 RNA in 
injected animals relative to uninjected controls 
was monitored over 4 days (n = 3 to 4 experi- 
ments). Without injection, WT and smg-2 ani- 
mals contained about the same absolute level of 
unc-54 RNA daily (14, 23). The data set was 
considered inappropriate for evaluation by Stu- 
dent's t test, and instead was subjected to the 
Mann-Whitney U test. The difference in RNA 
levels from day 4 smg-2 animals compared with 
WT worms was statistically significant (P = 
0.032). The range of values on day 4 was 7 to 
25% for WT and 50 to 100% for smg-2. 

Fig. 3. (A and B) dsRNA 
is metabolized similarly 
in WT and smg-2 ani- 
mals. Sense and anti- 
sense RNA strands 
were 32P-radiolabeled, 
annealed. and iniected 
into goneds of hl or 
smg-2 animals. RNA 
from three mothers 
and their offs~rina was 

0 ,!,. . . ;; ' ' $ " ii ' ''46 ' ' isolated a t  the iniicat- 
hn~ am ed times (h, hours) and . .""." 

analyzed by polyacryl- 
amide gel electrophoresis. The arrowhead indicates the migration 
of full-length dsRNA. The smaller migrating species likely repre- 
sent degradation products of the injected material or species 
generated by reincorporation of labeled nucleotide produced 
during degradation. The decay profile of dsRNA isolated from 
embryos was also similar between WT and smg-2 animals (23). 
The graph compiles multiple experiments of the type shown in 

(A). The percentage of full-length dsRNA remaining in WT (a) or smg-2 (0) animals was determined 
by quantifying bands on the Phosphorlmager (0 hours = 100%). Each time point represents the average 
of 2 3  experiments except for the WT 12-hour time point (n = 1). Similar decay rates were observed 
for unc-54 and gfp dsRNA, so the data were combined. Variability in the amount of labeled RNA 
introduced into individual animals by injection probably contributed to the standard deviation (error 
bars). 
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all the srng mutants, smg-6 has the weakest 
nonsense-mediated decay phenotype (27,28). 
Yet, these mutants recovered well from 
RNAi. Conversely, two of the three smg-1 
alleles we assayed eliminate nonsense-medi- 
ated decay [r861 and el228 (12,29)], but had 
no effect on RNAi. These findings suggest 
that the SMG proteins may each have a 
unique biochemical function, only some of 
which are required for RNAi. These data also 

Fig. 4. Differential requirement for smg genes 
during RNAi. (Upper panels) Motility of RNAi- 
treated worms containing mutations in one of 
six smg genes was assayed on day 4 after 
injection. (Lower panel) Amount of unc-54 
RNA in injected animals relative t o  uninjected 
controls on day 1 and day 4, calculated and 
plotted as in Fig. 2B. The Mann-Whitney U test 
was used to  determine whether the differences 
for day 1 versus day 4 were statistically signif- 
icant. Differences were significant for smg-2 
(P = 0.046), smg-3 (P = 0.049), smg-5 (P = 
0.049), and smg-6 (P = 0.032); the difference 
between days 1 and 4 was not significant for 
smg-4 (P = 0.245). There was also a statisti- 
cally significant difference between smg-2, 
smg-5, and smg-6 compared with smg-3 and 
smg-4 for day 4 RNA levels, suggesting that 
SMG proteins fall into two groups (P = 0.036). 
The range of values on day 4 was 13 to  14% for 
smg-7, 50 to  100% for smg-2, 20 to  50% for 
smg-3, 6 to  50% for smg-4, 35 t o  100% for 
smg-5, and 25 to  100% for smg-6. 

demonstrate that recovery from RNAi is not 
due to a general inactivation of the nonsense- 
mediated decay pathway. 

In summary, our experiments suggest 
that RNA interference occurs in two stages 
that can be distinguished genetically. Initial 
mRNA degradation occurs in the absence 
of srng function, whereas persistence of the 
silenced state depends on smg-2, smg-5, 
and smg-6. Page and co-workers have 
shown that SMG-5 and SMG-6 play a role 
in SMG-2 dephosphorylation, whereas 
SMG-1, SMG-3, and SMG-4 are necessary 
for SMG-2 phosphorylation (30). Because 
smg-1 activity is not required for RNAi, the 
phosphorylated form of SMG-2 is either 
unnecessary for RNAi or can be produced 
by an alternate pathway. How might SMG-2, 
SMG-5, and SMG-6 function during RNAi? 
One idea is that the three SMG proteins might 
facilitate amplification of a signal required for 
silencing to last for the life of the animal. 
Evidence for amplification during RNAi has 
been observed previously (16, 31), but the 
mechanism is unknown. SMG proteins could 
increase the number of dsRNA molecules by 
promoting endonucleolytic cleavage of existing 
dsRNA molecules, which has been observed in 
Drosophila (4,5). Alternatively, on the basis of 
the homology between smg-2 and yeast Upfl, 
which encodes an adenosine triphosphatase 
with RNA-binding and helicase activities (30, 
32, 33), the SMG proteins could unwind 
dsRNA to provide a template for RNA-directed 
RNA polymerase. RNA-directed RNA poly- 
merase is critical for RNAi in C. elegans (8) 
and requires a single-stranded template in to- 
mato plants (34). Finally, the sequence similar- 
ity between smg-2 and Upfl suggests that 
SMG-2, and by extension RNAi, may be asso- 
ciated with ribosomes. 
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