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ABSTRACT

We describe the first microarray analysis of a whole animal containing a mutation in the Dicer gene. We used adult
Caenorhabditis elegans and, to distinguish among different roles of Dicer, we also performed microarray analyses of animals
with mutations in rde-4 and rde-1, which are involved in silencing by siRNA, but not miRNA. Surprisingly, we find that the
X chromosome is greatly enriched for genes regulated by Dicer. Comparison of all three microarray data sets indicates the
majority of Dicer-regulated genes are not dependent on RDE-4 or RDE-1, including the X-linked genes. However, all three data
sets are enriched in genes important for innate immunity and, specifically, show increased expression of innate immunity genes.
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INTRODUCTION

The ribonuclease III enzyme Dicer processes microRNAs
(miRNAs) and the small interfering RNAs (siRNAs) that
function in RNA interference (RNAi) (Matzke and Birchler
2005; Sontheimer and Carthew 2005). While Dicer is cen-
tral to the production of both types of small RNAs, other
factors required for the two pathways are distinct. For
example, in Caenorhabditis elegans, the double-stranded
RNA (dsRNA) binding protein RDE-4 and the Argonaute
protein RDE-1 are necessary for RNAi, but not the miRNA
pathway. The miRNA pathway in C. elegans requires dis-
tinct Argonaute family members, and as in other organ-
isms, in addition to Dicer, processing of miRNAs requires
the ribonuclease III enzyme Drosha.

siRNAs and miRNAs also regulate mRNA expression by
different mechanisms. siRNAs bind their target mRNA with
perfect complementarity and promote its cleavage and
subsequent degradation. miRNAs typically bind their target
messages with imperfect complementarity, and while trans-
lation is inhibited, only in some cases has the mRNA been
shown to be degraded (Bagga et al. 2005).
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Many questions remain in regard to the biologic roles of
small RNAs. Numerous miRNAs as well as endogenous
siRNAs (endo-siRNAs) have been identified through clon-
ing strategies (Lagos-Quintana et al. 2001; Lau et al. 2001;
Ambros et al. 2003; Ruby et al. 2006), but few of the mRNA
targets have been experimentally validated. One way to
identify targets of small RNAs would be to analyze tran-
scripts misregulated in organisms deficient for Dicer. A
microarray analysis of a Schizosaccharomyces pombe Dicer
mutant revealed few misregulated transcripts, but clearly
indicated the importance of Dicer in generating small
RNAs necessary for silencing centromeric repeats and
retrotransposons (Hansen et al. 2005). However, S. pombe
differs from higher organisms since it encodes a Dicer
protein but lacks miRNAs. Microarray studies in higher
organisms are difficult since miRNAs are necessary for
proper development, and hence Dicer mutants rarely
develop beyond the embryo stage. However, a microarray
experiment has been performed in human HEK293 cells in
which Dicer levels were reduced with an shRNA (Schmitter
et al. 2006). These carefully performed experiments impli-
cate miRNAs in the regulation of 5%-10% of the tran-
scriptome, but the primary function of Dicer was not
revealed.

C. elegans with a homozygous dcr-1 mutation, derived
from heterozygote mothers, develop to adulthood, pre-
sumably due to maternally contributed dcr-1 mRNA. The
viability of these animals allowed us to perform the first
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microarray analysis of a whole animal containing a homo-
zygous mutation in the Dicer gene. To provide additional
insight into the functions of Dicer in C. elegans, we also
performed microarray analyses on animals defective for
RNAIi due to mutations in rde-4 and rde-1, which are not
involved in miRNA processing. We find that genes mis-
regulated in animals containing a mutation in the dcr-1
gene are enriched on the X chromosome, and this trend is
not observed in animals defective for RDE-4 or RDE-1.
Interestingly, all three microarray data sets are enriched for
genes implicated in innate immunity.

RESULTS

Microarray analysis of C. elegans homozygous
for a deletion in dcr-1

Our laboratory and others previously characterized reces-
sive deletion alleles of the C. elegans dcr-1 gene (Grishok
et al. 2001; Ketting et al. 2001; Knight and Bass 2001). As
expected, animals homozygous for deletions in dcr-1 are
defective for RNAi and miRNA processing. Mutant animals
often exhibit a burst vulva phenotype, similar to the
phenotype of animals with a mutation in the miRNA
let-7, a miRNA involved in developmental timing (Reinhart
et al. 2000). dcr-1 homozygote animals reach adulthood
despite an impaired ability to process miRNAs, presumably
due to the maternal contribution of DCR-1 from a hetero-
zygote mother. However, homozygote animals are sterile,
and the gonad of adult animals contains misshapen oocytes
with an endomitotic phenotype. Due to these germline
defects, dcr-1 mutants must be maintained in a heterozy-
gous background.

To determine how mRNA levels are altered in C. elegans
with mutations in dcr-1, we performed a genome-wide
analysis using Affymetrix oligonucleotide microarrays. Iso-
lation of dcr-1(0k247) homozygote animals was facilitated
by marking 0k247 with a recessive allele of unc-32(e189),
which is <0.5 map units from dcr-1. unc-32(e189) homo-
zygotes display a “coiler” phenotype and are easily dis-
tinguished from wild type (WT) and heterozygotes.
dcr-1(0k247);unc-32(e189) homozygotes, hereafter referred
to as dcr-1(—/—) animals, were collected by picking worms
based on the coiler phenotype. unc-32(e189) homozygotes
were isolated similarly for use in comparison. While
maternal Dicer from heterozygote parents would undoubt-
edly contribute to embryogenesis of homozygote progeny,
effects should be minimized at later stages, and thus we
used adult stage animals for our analyses. Using RNA iso-
lated from these animals, microarray hybridization experi-
ments were performed based on the Affymetrix protocol for
oligonucleotide microarrays (see Materials and Methods).

Not surprisingly, we observed a large number of mis-
regulated genes in dcr-1(—/—) adult animals. Thus, a
stringent statistical threshold was applied with a cutoff of

P < 0.01, as determined by a multisample #-test and the
Benjamini and Hochberg false discovery rate (FDR) cor-
rection (see Materials and Methods) (Benjamini and
Hochberg 1995). The curated list of misregulated genes
(Supplemental Table S1) showed 1573 transcripts that were
misregulated at least 1.5-fold and, of these, 134 transcripts
were misregulated at least fivefold. Thus, silencing by small
RNAs generally affects transcript levels modestly but in
some cases leads to dramatic changes in gene expression.
As shown in Figure 1A, consistent with a role for DCR-1 in
repressing gene expression, the majority of genes misregu-
lated =1.5-fold were up-regulated (1085/1573, 69%).

Given the germline defects in adult dcr-1(—/—) animals,
we wondered whether misregulated genes were enriched for
genes expressed in the germline. Thus, we compared our
data set of genes misregulated =1.5-fold with a list of
germline-enriched genes reported by Reinke and colleagues
(WT versus glp-4Ts) (Reinke et al. 2004). Of the 488 genes
observed to be down-regulated in dcr-1(—/—) animals,
184 (38%) corresponded to genes reported to be germ-
line-enriched. However, very few up-regulated genes in
dcr-1(—/—) animals correlated with germline expression
(14 genes, 1% of up-regulated genes). This analysis empha-
sized that DCR-1 plays a role in the C. elegans germline, but
the large number of up-regulated genes was not simply a
result of the germline defects.

To validate our microarray data, a subset of misregulated
genes was analyzed by an independent method, quantitative
RT-PCR (qRT-PCR). Genes were chosen to represent
varying degrees of misregulation, including both up-regu-
lated and down-regulated genes. There was strong agree-
ment between the relative fold change of candidate genes
using both qRT-PCR and microarray analysis (Fig. 1B). For
sri-40 the fold change reported by the two methods was
disparate, but both methods indicated sri-40 was down-
regulated. This analysis indicates the microarray experiments
accurately identified transcripts misregulated in dcr-1(—/—)
animals, but in some cases the magnitude of misregulation
was different from that observed using qRT-PCR.

Microarray analyses of rde-4(—/—) and rde-1(—/-)
animals distinguish different roles of DCR-1

To delineate which small RNA pathways were responsible
for the altered mRNA levels in dcr-1(—/—) animals, we
performed additional microarray analyses using worms
defective for rde-4 or rde-1. RDE-4 acts with Dicer to
produce siRNAs (Parrish and Fire 2001; Parker et al. 2006),
while RDE-1 is an Argonaute protein that functions in
RNAIi downstream from siRNA production (Tabara et al.
1999; Parrish and Fire 2001). Importantly, neither rde-4
nor rde-1 is involved in the miRNA pathway. For this
analysis we isolated worms at the adult stage to allow
comparison with the dcr-1(—/—) data, and as for the dcr-1
analysis the parental strain served as the reference strain, in
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FIGURE 1. Summary of microarray analyses of dcr-1, rde-4, and rde-1 mutant C. elegans. (A) Consistent with a silencing role for small RNAs in
C. elegans, the majority of transcripts in mutant animals were up-regulated (black bars) as opposed to down-regulated (gray bars). Data are
plotted from curated lists for (up/down): der-1 (1085/488); rde-4 (384/78); and rde-1 (58/19). (B) Relative fold change of selected misregulated
genes in dcr-1(—/—) animals compared to control unc-32(—/—) animals. Values determined by microarray analysis (black bars) were compared
to those determined by qRT-PCR (gray bars). Three independent dcr-1(—/—) and control unc-32(—/—) RNA samples used in microarray
analysis were pooled and assayed by qRT-PCR using at least two independent cDNA preparations and one technical replicate per cDNA
preparation (n = 4); error bars represent the standard error of the mean. (C) Venn diagram showing overlap between genes misregulated = 1.5-
fold in microarray analyses of dcr-1(—/—) (black circle), rde-4(—/—) (gray circle), and rde-1(—/—) (dotted circle) mutant animals. The
intersection of data sets was far greater than the number expected based on random chance. The [observed/expected] values for the various
intersections (M) were: rde-4 N dcr-1 [176/40], rde-4 N rde-1 [43/2], rde-1 N dcr-1 [32/7], rde-4 N rde-1 N dcr-1 [22/0] (for calculations see
Materials and Methods). Curated lists of genes misregulated =1.5-fold and GeneSifter output are in Supplemental Table S1.

this case Bristol N2 rather than unc-32(e189). To increase  1C presents a Venn diagram showing the overlap of genes
the stringency of our analysis, we used two independent  determined to be misregulated in dcr-1(—/—), rde-4(—/—),
alleles of rde-4(ne299, ne337) and rde-1(ne219, ne300). Two and rde-1(—/—) animals (Supplemental Table S1, intersec-
samples were obtained for each allele and together treated  tions). In C. elegans, a canonical RNAi response to an
as quadruplicate samples in our microarray analysis;  exogenous dsRNA “trigger” requires all three genes and, as
resulting data sets for the combined alleles are herein shown in Table 1, we identified 22 transcripts that were
referred to as rde-4(—/—) and rde-1(—/—) (see Materials misregulated =1.5-fold in all three mutants. There was
and Methods). good agreement in the magnitude and direction (up versus
Microarray analyses showed 462 and 77 genes misregu- down) by which the common genes were misregulated in
lated =1.5-fold for rde-4(—/—) and rde-1(—/—), respec- each strain and, interestingly, the 22 transcripts shared com-
tively (Supplemental Table S1). Thus, fewer genes were  mon functionality, as a number relate to innate immunity
misregulated in these animals compared to the der-1(—/—) (see below).
animals. This is consistent with the idea that Dicer func- In addition to the 22 genes of the rde-4(—/—) data set
tions are more diverse. Of course, our use of two alleles for ~ that were common to all data sets, 154 genes overlapped
analyses of the rde mutants, while providing robust data with dcr-1(—/—) but not rde-1(—/—). A recent study
sets, may underestimate the number of genes misregulated  indicates RDE-1 has functions specific to primary siRNAs
in these animals. generated in response to exogenous dsRNA (Yigit et al.
As observed for the dcr-1(—/—) data set, the majority of ~ 2006). However, C. elegans has 27 Argonaute genes, and
misregulated transcripts were up-regulated, for both rde-4  this study also shows other family members have distinct
(384/462, 83%) and rde-1 (58/77, 75%) (Fig. 1A). Figure roles in RNAI. Possibly, the 154 genes of the rde-4(—/—)
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TABLE 1. Twenty-two transcripts are common to the dcr-1, rde-4, and rde-1 data sets

of miRNAs. To determine if there was

an enrichment for targets in the dcr-

Misregulated  Common . - 1(—/—) up-regulated list of genes, we
transcript name Concise description der-1 rde-4  rde-1 focused on targets predicted by the
CO6H5.1 — F-box protein 2.1 1.7 1.6 PicTar algorithm (Lall et al. 2006).
C14C11.3 — Glycoside hydrolase 1.8 1.6 5 PicTar was chosen because it is a con-
C18H9.6 — Prgteln of uhknown function 2.3 1.9 1.5 servative algorithm, giving consider-
D2096.1 — Mitochondrial translocase 1.5% 2.6 1.7 tion t volution nservation
F02C12.1 - Zinc finger protein 31 20 1.6 aton to cvoiitionary - conservatio
F10G2.3 clec-7 C-type lectin 21 16 1.8 between related nematodes. The .devel-
F35C5.5 clec-62  C-type lectin 3.1 1.8 1.9 opmental profiles of most miRNAs
F35D11.3 — Protein of unknown function 2.1 1.5 1.6 analyzed in C. elegans show an appear-
F55B11.4 — Zinc finger protein 2.8 1.8 1.6 ance in embryos and a persistence
HO1A20.1 nhr-3 Nuclear hormone receptor 2.0 1.5 1.6 .
H17B01.3 — Triacylglycerol lipase 4.0 6.4 1.9 through adulthood (Lau et al'. 2001;
K08D8.4 _ CUB domain protein 2.9 21 17 Lee and Ambros 2001). The persistence
M110.1 col-76 Collagen 1.9 2.8 2.0 of nearly all miRNAs into adulthood,
T07C5.1 ugt-50 UDP-glucoronosyl transferase 2.5 1.7 1.6 combined with the inability to deter-
T19D12.2 — Protein of gnknowq function 2.1 2.1 1.7 mine which of the miRNAs remain
T26C12.6 — C-type lectin domain 1.6 1.9 1.6 functionally active in adults. made it
WO05H9.3 — Protein of unknown function 2.0 1.9 1.9 . Y o
Y102A5C.6 — Protein of unknown function 6.8 1.6 1.5 difficult to generate a list of adult-
Y22F5A.5 lys-2 Lysozyme 4.7 3.6 2.2 specific miRNAs. Therefore, we com-
Y47H10A.5 — Protein of unknown function 10.3 2.3 2.8 bined all targets predicted by PicTar
Y54E5A.1 — Fatty acid desaturase 2.1 2.1 2.0 into a single data set (cePicTar, Supple-
ZK6.10 dod-19 Downstream of daf-16 1.7 2.0 1.9

mental Table S2; see Materials and

“Denotes down-regulated genes, all other genes are up-regulated in the mutant strains.

data set that overlap with the dcr-1(—/—) data set, but not
the rde-1(—/—) data set, reflect roles of RDE-4 that require
these other Argonaute family members. We also observed
that 265 genes of the rde-4(—/—) data set were unique to
this data set, raising the possibility that RDE-4 has roles
independent of both DCR-1 and RDE-1. Alternatively, a
subset of these 265 genes could be DCR-1 dependent in the
absence of maternal effects. This may be most applicable
to genes whose silencing is initiated at early developmental
stages where maternal DCR-1 is more abundant.

Finally, as apparent from the Venn diagram, the vast
majority of misregulated genes in dcr-1(—/—) animals did
not overlap with those misregulated in rde-4(—/—) and
rde-1(—/—) animals. These are expected to include direct
and indirect miRNA targets (see below).

dcr-1(—/—) up-regulated genes are enriched
for predicted targets of miRNAs

Although miRNAs are generally thought to mediate post-
transcriptional silencing by inhibiting translation, in some
cases targeted message levels are also reduced (Bagga et al.
2005). Thus, we anticipated our microarray analysis of
dcr-1(—/—) animals would generate a data set enriched for
genes that were both direct and indirect targets of miRNA
regulation.

The discovery of miRNAs led to the development of
numerous algorithms aimed at predicting mRNA targets

Methods). Next, we determined the
percentage of genes in each microarray
data set that were common with the
cePicTar data set (Fig. 2; Supplemental
Table S2). We observed that 27.6% of the dcr-1(—/—) up-
regulated data set were predicted miRNA targets, a value
that was twofold higher than that of the random control
data sets (see Materials and Methods). There was no
enrichment for targets in either the rde-4(—/—) or rde-
1(—/—) data sets, as expected since neither gene is involved

30 4
2541
20 1
15 4

10 4

%of dataset predicted
to be miRNA targets

Microarray dataset

FIGURE 2. dcr-1(—/—) up-regulated genes are enriched for predicted
miRNA targets. The percentage of each microarray data set that were
predicted miRNA targets according to the PicTar algorithm was plot-
ted ([number of miRNA targets in data set/total genes in data set] X
100). Data for dcr-1(—/—) were analyzed after parsing into up-
regulated and down-regulated genes while all misregulated genes for
rde-4 and rde-1 were considered together. The random analysis is the
average value using 10 independently generated random lists of genes
(see Materials and Methods).
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in the miRNA pathway. Interestingly, there was a slight
underrepresentation of predicted targets in the dcr-1(—/—)
down-regulated data set.

One of the best studied miRNAs in C. elegans, let-7, is
temporally expressed, initiating in the L3 larval stage and
continuing into adulthood (Reinhart et al. 2000). When we
performed a similar analysis as shown in Figure 2, but
limited the scope to let-7 targets predicted by the PicTar
algorithm, there was an even higher enrichment (fourfold) in
the dcr-1(—/—) up-regulated genes compared with random
data sets (data not shown). Out of the 57 PicTar predicted
let-7 targets, 11 were on our list of dcr-1(—/—) up-regulated
genes (19%, see Supplemental Table S2). Finally, we consid-
ered only targets with corroborating experimental evidence
for their consideration as let-7 targets (Reinhart et al. 2000;
Grosshans et al. 2005). As shown in Table 2, 50% of these
genes were up-regulated in the dcr-1(—/—) strain, including
three that satisfied our rigorous statistical cutoft (daf-12,
hbl-1, and lin-14). It is unclear why others, such as lin-41, are
down-regulated or in other cases unchanged.

As mentioned, another class of small RNAs in C. elegans
is the endo-siRNAs. To determine if there was also an
overrepresentation of endo-siRNA targets in our micro-
array data sets, we compared the list of endo-siRNA targets
published by Ambros and colleagues (Lee et al. 2006) with
our data sets (Supplemental Fig. S1). We did not see an
enrichment of endo-siRNA targets among dcr-1(—/—) up-
regulated genes. In fact, there was a higher percentage of
endo-siRNA targets in the dcr-1(—/—) down-regulated
genes than the up-regulated. We obtained similar results
when we compared our data sets with the endo-siRNAs
identified by Bartel and colleagues (data not shown; Ruby
et al. 2006). The lists of genes up-regulated in rde-4(—/—)
and rde-1(—/—) showed a 1.5-2.0-fold overrepresentation
for endo-siRNA targets, but the overrepresentation of

TABLE 2. Known let-7 targets on dcr-1(—/—) microarray

Gene name Common name Fold change®
F11A1.3 daf-12 +1.9°
F13D11.2 hbl-1 +1.9°
T25C12.1 lin-14 +1.6°
F38A6.1 pha-4 +1.4
T12F5.4 lin-59 +1.3
C01G8.9 Iss-4 +1.2
C18D1.1 die-1 n.c.
7K792.6 let-60 n.c.
Y53C12A.4 Iss-18 n.c.
C12C8.3 lin-41 =7.7*
C48B6.6 smg-1 —1.4
M117.2 par-5 =12

“Negative fold change indicates down-regulated in dcr-7(—/—).
bSamples satisfied our microarray statistical cutoffs.
n.c. (no change in expression on microarray).

1094  RNA, Vol. 13, No. 7

endo-siRNA targets was also observed in the list of genes
down-regulated in rde-1.

In summary, our dcr-1(—/—) microarray data set was
enriched for known and predicted miRNA targets. Thus,
this data set will be beneficial to groups attempting to
refine existing, or design future, miRNA target prediction
algorithms. The lack of a correlation between the up-
regulated genes in dcr-1(—/—) and predicted endo-siRNA
targets is consistent with recent work indicating that many
endo-siRNAs are generated in a DCR-1-independent path-
way (Ruby et al. 2006; Pak and Fire 2007; Sijen et al. 2007).

Misregulated genes in dcr-1(—/—) animals
are enriched on the X chromosome

To determine the distribution of misregulated genes across
the genome, we tabulated the number of genes misregu-
lated on each chromosome (Table 3) and for dcr-1(—/—)
depicted these data graphically according to chromosomal
position (Supplemental Fig. S2). Chromosomes V and
X had the highest number of misregulated genes in the
dcr-1(—/—) animals (Table 3). However, Chromosome V is
the longest chromosome and has more genes than other
C. elegans chromosomes. When this was taken into ac-
count, by calculating the percentage of the genes on each
chromosome that were misregulated, Chromosome V was
similar to other autosomes, showing 7.9% of its genes
misregulated in the dcr-1(—/—) animals. In contrast,
almost twice the percentage (13.9%) of the genes on the
X chromosome were misregulated in dcr-1(—/—) animals.
The 351 transcripts misregulated on the X chromosome
represent 1.6-fold more than the 221 expected for a
random distribution. Upon analyzing the up-regulated
and down-regulated genes separately, we found the corre-
lation was specific to up-regulated genes (1.8-fold greater
than chance) (Table 3). Neither the rde-4(—/—) nor rde-
1(—/—) data sets showed an enrichment for X chromosome
genes, suggesting that RNAI is not responsible for this bias.

Misregulated genes were associated with GO terms
related to innate immunity

To gain insight into the biologic roles of dcr-1, rde-4, and
rde-1, we analyzed gene ontology (GO) terms associated
with genes misregulated =1.5-fold in the microarray data
sets (Ashburner et al. 2000). A web-based application,
FatiGO+ (http://www.babelomics.org), was used to evalu-
ate whether misregulated genes exhibited an over- or
underrepresentation of particular GO terms (Al-Shahrour
et al. 2005). This software provides information about GO
terms at different levels of the ontology hierarchy, from
those describing general functions (e.g., level 3) to those
that are quite specific (e.g., level 9).

The three GO classifications, molecular function (MF),
biological process (BP), and cellular component (CC), were
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TABLE 3. Chromosomal distribution of genes misregulated
= 1.5-fold in RNAi mutants

% of
# genes genes on
Chromosome misregulated chromosome?® Observed/expected”

dcr-1 all (1573 genes)

| 180 7.0 0.8
Il 256 8.1 0.9
1 185 7.8 0.9
\% 247 8.6 1.0
V 354 759 0.9
X 351 13.9 1.6
dcr-1 up-regulated (1085 genes)

| 94 3.6 0.6
Il 159 5.0 0.8
1 111 4.7 0.8
\% 177 6.1 1.0
Vv 265 5.9 1.0
X 279 11.0 1.8
dcr-1 down-regulated (488 genes)

| 86 3.3 1.2
Il 97 3.1 1.1
1 74 3.1 1.2
\% 70 2.4 0.9
V 89 2.0 0.7
X 72 2.8 1.1
rde-4 all (462 genes)

| 52 2.0 0.8
Il 81 2.6 1.0
1 46 1.9 0.8
Y 85 3.0 1.2
V 122 2.7 1.1
X 76 3.0 1.2
rde-1 all (77 genes)

| 7 0.3 0.6
Il 15 0.5 1.1
11 6 0.3 0.6
\Y 13 0.5 1.1
V 22 0.5 1.2
X 14 0.6 1.3

“Calculated using number of genes per chromosome represented
on the array: | (2588); 1l (3162); Il (2376); IV (2884); V (4481);
X (2529).

PCalculated by dividing observed number of genes misregulated
per chromosome by the expected number. Expected numbers were
calculated by multiplying the fraction of all genes on the array that
are present on each chromosome by the number of genes mis-
regulated in each data set.

evaluated separately by level (see Supplemental Table S5),
but only significant terms at levels 3 and 4 of all ontologies
are shown (Fig. 3). Bar height represents the percentage
of all genes with GO annotations at the level that were
associated with the specified GO term. Genes misregulated
=1.5-fold (black bars) were compared with the remainder
of the genes on the array (gray bars).

Several of the significant GO terms suggested a relation-
ship to innate immunity. For example, the only GO term

at level 3 or 4 that was common to analyses of all mutant
animals, “hydrolase activity, acting on glycosyl bonds,”
includes enzymes that hydrolyze pathogenic bacteria, such
as the lysozyme genes (for review, see Schulenburg et al.
2004). Indeed, genes of the lysozyme family are misregu-
lated in all three mutant animals. Similarly, for both
rde-4(—/—) and rde-1(—/—), “sugar binding” and “carbo-
hydrate binding” were significant GO terms, and the
misregulated genes associated with these GO terms were
almost exclusively of the C-lectin family. C. elegans C-type
lectins are proposed to be pattern recognition receptors
(PRRs), which function in innate immunity by recognizing
pathogen-associated molecular pattern (PAMP) molecules
on the pathogen to trigger phagocytosis and lysis (for
review, see Schulenburg et al. 2004).

We also observed many GO terms that were underrep-
resented (Supplemental Fig. S3). Genes annotated as
receptors were underrepresented in data sets for all mutant
animals, and those annotated as kinases were underrepre-
sented in the data set of dcr-1(—/—) animals. Similarly, GO
terms related to post-embryonic and larval development, as
well as those related to growth and metabolism, were
underrepresented in data sets of all mutant animals (Sup-
plemental Fig. S3; Supplemental Table S5). Some under-
represented annotations may relate to the fact that we
analyzed adult animals, which would lack RNAs specifically
expressed during later stages of embryogenesis and larvae.

Misregulated genes overlap with those altered
during exposure to pathogen

Microarray analyses have revealed transcripts that are
induced and/or repressed during infection of C. elegans
by several pathogens (Mallo et al. 2002; Huffman et al.
2004; O’Rourke et al. 2006; Shapira et al. 2006). There is
little overlap between the specific genes in the data sets of
these studies, suggesting the innate immune system of
C. elegans elicits tailored responses to specific pathogens.
However, members of both the C-lectin and lysozyme gene
families are induced following infection with either Micro-
bacterium nematophilum, Pseudomonas aeruginosa, or Ser-
ratia marcescens. These are the same gene families that the
GO analysis indicated are enriched in our RNAi mutants.

Although we observed elevated expression of innate
immunity genes in the RNAi mutants even without
exposure to pathogen, we wondered how much overlap
existed between our data sets and those of published
microarray analyses of worms exposed to M. nematophi-
lum, P. aeruginosa (PA14), or the pore forming toxin Cry5B
(Huffman et al. 2004; O’Rourke et al. 2006; Shapira et al.
2006). In addition, the three data sets were combined, and
duplicate genes removed, to create a list of genes misregu-
lated in response to infection with any of these pathogens
(referred to as innate immunity data set or IID). Our data
sets showed substantial overlap with all data sets that
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FIGURE 3. Significant GO terms at levels 3 and 4 of the MF, BP, and CC ontologies. Overrepresented terms are shown for dcr-1(—/—) (P = 0.01,
unadjusted), rde-4(—/—) (P = 0.01, unadjusted), and rde-1(—/—) (P = 0.1, unadjusted); underrepresented terms using the same significance
cutoff (Supplemental Fig. S3) and the complete analysis for all levels (Supplemental Table S5) are in Supplemental Data. For each mutant, GO
terms are listed top to bottom from most to least significant according to the P-value, as determined from a Fishers exact test (unadjusted). Bar
height represents the percentage of all genes with annotations at the level associated with the specified GO term; genes misregulated = 1.5-fold
(black bars) were compared with the remainder of the genes on the array (gray bars).

was considerably more than expected by random chance
(Fig. 4A; Supplemental Table S3; see Materials and Meth-
ods for calculations of expected values). Furthermore,
analysis of the direction in which the overlapping genes
of the various data sets were misexpressed (up or down)
displayed strong correlation (Supplemental Table S3).
A breakdown of the three infection-related data sets and
the dcr-1(—/—), rde-4(—/—), and rde-1(—/—) data sets by
gene families involved in innate immunity revealed a
similar number of misregulated family members in all
data sets (Fig. 4B). The C-type lectins, CUB-like domain
proteins, lysozyme proteins, and the antimicrobial neuro-
peptide-like proteins (nlp family) have been reported to be
important in the innate immune system of C. elegans
(Mallo et al. 2002; Couillault et al. 2004; Huffman et al.
2004; O’Rourke et al. 2006; Shapira et al. 2006; Troemel
et al. 2006). We also analyzed the infection study data
sets to determine how many misregulated genes had
GO terms relating to hydrolase activity, sugar binding
activity, and oxidoreductase activity, since these were
enriched in our RNAi data sets (Fig. 3). Again, there
were similar numbers of misregulated genes with these
GO terms in the infection study data sets and our data
sets (Fig. 4B).
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Comparison of pathogen response in wild-type
and RNAi mutant strains
Since many genes involved in the C. elegans innate immune
system were up-regulated in RNAi mutants, including the
lysozyme family and C-lectins, we wondered if mutant
animals would exhibit enhanced resistance to infection.
Due to the sick phenotype of dcr-1 mutants, we used rde-4
and rde-1 mutants to test this hypothesis by performing
killing assays with the C. elegans pathogen S. marcescens
strain Db11. In this assay, L4 worms were grown on plates
seeded with Dbl1 and survival was monitored every 8-
12 h. The survival times of two alleles of rde-4(ne299,
ne337), two alleles of rde-1(ne219, ne300), and wild-type
(N2) worms are plotted in Figure 5A. Kaplan—Meier
survival analyses including all data of each 140-h time
course showed no significant difference in pathogen sensi-
tivity between wild-type and RNAi mutants. Since wild-
type animals induce the expression of innate immune
effectors in response to pathogen, it is possible that
this induction is rapid enough to negate any potential
advantage of the constitutive overexpression of innate
immunity effectors in our RNAI mutants (see Discussion).
As a control for the killing assay we also performed
longevity assays on the RNAi mutants under normal
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FIGURE 4. Microarray data sets of RNAi mutants overlap with those
of C. elegans exposed to pathogen or toxin. (A) Overlap is expressed as
number of genes in common/number of genes predicted by random
chance, for comparisons of each RNAi mutant data set and data
sets from animals exposed to M. nematophilum, Cry5B toxin, or
P. aeruginosa. The IID data set combines all three of the infection-
related microarrays (see Materials and Methods). The number of
genes common between data sets is shown in white within each bar.
(B) The number of gene family members that are misregulated in each
of the microarray studies is presented. Lists of genes for each
infection-related data set, as well as lists of family members, are
provided in Supplemental Table S3.

laboratory growth conditions in the absence of pathogen
(Fig. 5B). Interestingly, all alleles of rde-4 and rde-1 animals
had reduced lifespan compared to wild-type (N2) controls
(P = 0.01, one-sided log-rank test). While the molecular
reason for the shorter lifespan is not yet known, it is pos-
sible that the elevated immune system of these animals has
deleterious effects.

DISCUSSION

We describe a microarray analysis of adult C. elegans
containing a homozygote deletion in the Dicer gene. We
observed >8% of the protein-coding genes in these animals
to be misregulated. Only a small subset of the misregulated
genes overlapped with genes misregulated in the RNAi
mutants, rde-4(—/—) and rde-1(—/—), suggesting that the
majority of genes misregulated in dcr-1(—/—) animals
relate to defective miRNA processing. Consistent with this
idea, genes identified as misregulated in dcr-1(—/—) ani-
mals were enriched for predicted and actual targets of

miRNAs. Surprisingly, in dcr-1(—/—) animals, but not rde-
4(—/—) or rde-1(—/—) animals, misregulated genes showed
a strong bias for the X chromosome. All animals showed
increased expression of genes involved in innate immunity.

General trends and limitations of the analysis

Consistent with functions for dcr-1, rde-4, and rde-1 in
gene silencing, the majority of misregulated genes in
mutant animals were up-regulated (see Fig. 1A). How-
ever, some genes were down-regulated, and many of these
may be downstream targets of genes regulated by small
RNAs. Of the three mutant strains, Dicer has the most
down-regulated genes. This may be due to the germline
defects of dcr-1(—/—) animals, and, as mentioned earlier,
38% of these down-regulated genes are germline-enriched
genes.

Our data sets are unlikely to represent all transcripts
regulated by DCR-1, RDE-4, and RDE-1. For example,
many small RNAs act in a stage-specific manner and would
be missed in our analysis of adult worms. Of course,
analyses of earlier developmental stages in der-1(—/—)
animals are complicated by the presence of significant
amounts of maternal DCR-1, and we analyzed adult worms
to minimize this effect.

The dcr-1(—/—) animals used in our studies were in the
background of unc-32(—/—) to facilitate isolation. Since
unc-32(—/—) animals were used for comparison in our
dcr-1(—/—) microarray analyses, we expect the majority of
misregulated genes are true targets of DCR-1 and also
misregulated in dcr-1(—/—) animals containing a wild-type
unc-32 gene. Still, we cannot rule out the possibility that in
some cases dcr-1 and wunc-32 act synergistically to mis-
regulate gene expression. unc-32 encodes the o subunit of
a vacuolar ATPase that is expressed as six isoforms in
C. elegans. The unc-32(e189) allele used in our study affects
only two of the six isoforms and, furthermore, these
two isoforms are only expressed in neurons (Pujol et al.
2001a). Thus, we expect synergistic effects to be minimal.
Using qRT-PCR we compared expression of several mem-
bers of the lysozyme gene family found in our microarray
data set, using wild-type N2 animals and homozygote
dcr-1 animals not in the unc-32 background (data not
shown). These data are limited, but indicate induction of
the lysozyme gene family in dcr-1(—/—) mutants is not
dependent upon the wunc-32 mutation. Regardless, this
caveat suggests that researchers interested in long-term
studies of specific genes in our data set should perform the
relevant controls.

dcr-1(—/—) up-regulated genes are enriched
for miRNA, but not siRNA, targets

We observed that 28% of the up-regulated genes in the dcr-

1(—/—) microarray data set were miRNA targets as predicted
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FIGURE 5. Analysis of pathogen response and longevity of RNAi mutants. (A) Kaplan—Meier survival analysis (Kaplan and Meier 1958) of
animals fed S. marcescens (Db11). Left panel, rde-1(ne219) (open circles) and rde-1(ne300) (open triangles) compared to wild-type N2 (x). Right
panel, rde-4(ne299) (open circles) and rde-4(ne337) (open triangles) compared to wild-type N2 (x). Curves represent combined results of three
independent experiments (n = 226 for each strain). (B) Longevity analysis for mutants as in A, during feeding with nonpathogenic OP50. Left
panel, dashed lines represent rde-1(ne219) (gray) and rde-1(ne300) (black) compared to wild-type N2 (solid black line). Right panel, dashed lines
represent rde-4(ne299) (gray) and rde-4(ne337) (black) compared to wild-type N2 (solid black line). Data are the combined results of three
independent assays (n = 149 for each strain). The decrease in survival of rde-4 and rde-1 compared to wild-type N2 is significant (P = 0.01 one-

sided log-rank test).

by PicTar. The enrichment for miRNA targets was specific
to the dcr-1(—/—) up-regulated data set, and neither the
rde-4(—/—), rde-1(—/—), nor dcr-1(—/—) down-regulated
data sets showed an enrichment compared to randomly
generated lists of genes (see Fig. 2). There are several
explanations for why we do not observe greater enrichment
for miRNA targets. First, while some miRNAs down-
regulate message levels, others may inhibit translation
without affecting mRNA levels. The latter would not be
identified by our experimental approach. Second, since our
analyses were done on adult stage worms, miRNAs that act
at earlier developmental stages would be missed. Finally, we
note that our study was performed on whole animals, and
thus miRNAs that act in a small subset of cells may also be
missed, since changes in mRNA levels produced by these
miRNAs may not be apparent in the background of mRNA
derived from all cells.

We did not see a significant enrichment for previously
published endo-siRNA targets within our dcr-1(—/—),
rde-4(—/—), or rde-1(—/—) lists of up-regulated genes
(Lee et al. 2006; Ruby et al. 2006). The endo-siRNAs from
the Ambros and Bartel laboratories were isolated from
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mixed stage populations, while we analyzed adult animals,
and this may explain the lack of overlap. Alternatively, the
presence of a large number of direct and indirect miRNA
targets within the dcr-1(—/—) data set may mask an
enrichment for endo-siRNA targets if they are much less
abundant in the population. However, it is also possible
that most endo-siRNAs are produced in a pathway that
does not require dcr-1, rde-4, or rde-1. In fact, recent work
indicates that most endo-siRNAs are “secondary siRNAs”
whose synthesis is independent of DCR-1 and instead
requires a RNA-directed RNA polymerase, RARP (Pak and
Fire 2007; Sijen et al. 2007). Here we note that EGO-1,
a putative germline RdRP, is responsible for a Dicer-
independent silencing pathway in the meiotic germline of
C. elegans (Maine et al. 2005).

Why does DCR-1 regulate so many genes
on the X chromosome?

On average, 5% of the genes on each autosome were
up-regulated in dcr-1(—/—) animals, while this number
increased to 11% for the X chromosome (Table 3). Possibly
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DCR-1 has a role in an X chromosome regulatory process,
such as dosage compensation. Dosage compensation in
C. elegans occurs by down-regulating the expression of each
X in an XX hermaphrodite by roughly half, to equal the
expression of X-linked genes in the XO male (Meyer 2005).
In support of the idea that DCR-1 is involved in dosage
compensation, the enrichment for X chromosome genes in
our dcr-1(—/—) data set most strongly correlated with gene
expression changes around twofold (2.5-fold greater than
average autosome); enrichment diminished outside of this
range (1.3-fold greater than average autosome for genes
up-regulated more than fivefold).

There are several mechanisms by which Dicer could
affect dosage compensation. If a gene with an important
role in dosage compensation was regulated by a miRNA, its
expression might be altered in dcr-1(—/—) animals, thus
affecting expression of all genes on the hermaphrodite
X chromosome. Of 10 genes known to be important for
dosage compensation in C. elegans (sdc-1, sdc-2, sdc-3, dpy-
21, dpy-26, dpy-27, dpy-28, dpy-30, mix-1, and xol-1)
(Meyer 2005), only sdc-3 was on the list of genes misregu-
lated in der-1(—/—) animals. sdc-3 was up-regulated 1.9-
fold in dcr-1(—/—) animals; it is unclear if this level of
misregulation would cause the effects we observe. Alterna-
tively, X chromosome genes subject to dosage compensa-
tion could be regulated directly by an miRNA or family of
miRNAs.

Not only did we observe an enrichment of genes
regulated by DCR-1 on the X chromosome, but there were
more predicted miRNA targets on the X chromosome.
Greater than 40% of the up-regulated genes on the
X chromosome were predicted miRNA targets compared
with 23% for the autosomal genes. Consistent with this
observation, there is also an enrichment for miRNA targets
residing on the X chromosome within the cePicTar data set
(1.6-fold higher on X than the average autosome).

All of these observations indicate DCR-1 plays a special
role in regulating expression of the X chromosome.
Although our data are consistent with a role for DCR-1
in dosage compensation, we cannot rule out the possibility
that miRNA binding sites are just easier to identify on the
X chromosome, possibly because this chromosome is more
conserved (e.g., see Lu and Wu 2005). Alternatively,
miRNA-regulated genes may just be more abundant on
the X chromosome. Of course, this raises the question as to
why miRNA targets might be more abundant on the
X chromosome. Perhaps the evolution of miRNA-mediated
silencing coincided with the need to silence the X chro-
mosome?

Finally, we note that it is possible that the observed
X chromosome silencing involves some other RNA, for
example, sense and antisense transcripts. However, while
such noncoding RNAs participate in dosage compensation
in other organisms, they have not been implicated in
dosage compensation in C. elegans.

Does RNAi play a role in innate immunity?

Several signaling pathways have been identified in
C. elegans that lead to the induction of innate immune
effectors, including the TGF-B-like pathway, p38 MAPK
pathway, DAF-2/DAF-16 insulin-like receptor pathway,
and programmed cell death pathway (for review, see
Schulenburg et al. 2004). We find that numerous
immune effectors are up-regulated in der-1(—/—),
rde-4(—/—), and rde-1(—/—) animals, and in future
studies it will be of interest to determine which signaling
pathways are involved in this induction. While molecules
previously identified as effectors are enriched in our data
sets, we also expect our lists to contain unrecognized
effectors, as well as genes misregulated as a secondary
consequence.

We did not see altered resistance to S. marcescens in rde-4
or rde-1 mutant animals and, thus, the biological signifi-
cance of our microarray data awaits further experimenta-
tion. C. elegans responds to pathogen by inducing innate
immunity genes (Mallo et al. 2002; Huffman et al. 2004;
Kerry et al. 2006; O’Rourke et al. 2006; Shapira et al. 2006),
and possibly the levels of immune effectors induced by
infection of wild-type animals are too similar to those
existing in RNAi mutants to show differences in the time
frame of our assay. Further, while several studies have
focused on the pathogen susceptibility of C. elegans lacking
certain immune effectors (Mallo et al. 2002; Huffman et al.
2004; Kerry et al. 2006; O’Rourke et al. 2006; Shapira et al.
2006), effects of overexpression of multiple immune effec-
tors, as we observe in the RNAi mutants, have not been
studied. Some studies have monitored effects of over-
expression of a single effector and observed little or
no benefit in survival on pathogen (Mallo et al. 2002;
Couillault et al. 2004).

It is important to note that since DCR-1 and RDE-4 act
together to cleave dsRNA to siRNAs animals lacking these
enzymes may have higher levels of uncleaved dsRNA. Thus,
conceivably, dsRNA itself could lead to induction of innate
immunity genes in RNAi mutant strains. However, while
dsRNA clearly elicits an immune response in mammals
(e.g., Kato et al. 2006), it is not thought to trigger such a
response in C. elegans. Consistent with this, we assayed a
subset of innate immunity genes after feeding C. elegans
with bacteria expressing dsRNA and saw no changes in
expression (unpublished data).

Several studies suggest roles for RNAi during viral
infection (Schott et al. 2005; Wilkins et al. 2005; Galiana-
Arnoux et al. 2006; van Rij et al. 2006; Wang et al. 2006).
These studies indicate that during infection by RNA viruses
Dicer actively participates in the antiviral response by
cleaving viral dsRNA to produce siRNAs that target viral
mRNA. So far, there is only one report implicating Dicer in
the immune response to bacteria. In this case, a flagellin
peptide of Pseudomonas syringae induces an Arabidopsis
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miRNA that down-regulates auxin signaling to promote
resistance (Navarro et al. 2006).

We speculate that our data hint at a broader role for
Dicer in innate immunity than previously recognized.
Rather than simply promoting the degradation of the
pathogenic agent (i.e., viral RNA), or processing a single
miRNA that affects pathogen resistance, our studies raise
the possibility that RNAi components act constitutively to
silence the innate immune response, presumably until a
pathogen is encountered. While it is possible that this
function is mediated entirely through small RNAs, we offer
an alternative model that is based on comparisons with
innate immunity in vertebrates.

As mentioned, the innate immune system in all metazoa
is based on the recognition of pattern-associated molecular
patterns (often nucleic acid of the pathogen) by pathogen
recognition receptors (PRRs). Two types of PRRs have been
described: the Toll-like receptors that function at the
membrane to intercept a pathogen before it enters the
cytoplasm, and soluble cytoplasmic proteins that detect
pathogens once they enter the cytoplasm (for review, see
Decker et al. 2005; Kawai and Akira 2006; Meylan et al.
2006). All of these PRRs respond to pathogens by triggering
a signaling pathway that ultimately leads to increased
transcription of innate immunity genes, such as the Type-I
interferons of vertebrates.

The cytoplasmic PRRs were more recently discovered,
and thus less is known about these factors than the mem-
brane bound Toll-like receptors. However, the RIG-1 and
MDAS5 cytoplasmic PRRs are characterized by a helicase
domain with significant sequence similarity to the helicase
domain of Dicer, as well as the C. elegans dicer-related
helicases (DRH-1, DRH-2, DRH-3) found in a complex
with DCR-1, RDE-1, and RDE-4 (Tabara et al. 2002;
Duchaine et al. 2006). In fact, among all helicases in the
nucleotide databases currently queried by BLAST, this
group of helicases shows the highest scoring similarities
(data not shown). Thus, while somewhat heretical, we
are currently exploring the idea that the helicase domains
of these RNAI factors play an active role in the induction of
genes required for the immune response to a pathogen.

MATERIALS AND METHODS

Strains and maintenance

The following strains were maintained under standard laboratory
conditions (Brenner 1974): Bristol strain N2, BB1 dcr-1(0k247)
unc-32(el189)/++ III, CB189 unc-32(el89) III, BB9 rde-1(ne219) V,
BB10 rde-1(ne300) V, BB11 rde-4(ne299) III, and BB12 rde-
4(ne337) III.

RNA isolation

unc-32(—/—) and dcr-1(—/—) samples were harvested by picking
adult worms based on the coiler phenotype. Other strains were

1100 RNA, Vol. 13, No. 7

synchronized by hypochlorite treatment (Emmons et al. 1979).
Synchronized L1 worms were grown on NGM/OP50 plates and
harvested at adulthood. Total RNA was isolated using Trizol
(Invitrogen) as per manufacturer’s protocol, treated with Turbo
DNase (Ambion) followed by RNA cleanup using the RNeasy
Mini Kit (Qiagen).

Affymetrix microarray analysis

Analyses were performed using Affymetrix Genechip Arrays for
C. elegans as per manufacturer’s protocol. Biological replicates
were analyzed in triplicate for dcr-1(0k247); unc-32(el189) and
unc-32(el89), and in quadruplicate for Bristol N2, rde-1(—/—),
and rde-4(—/—). For rde-1(—/—), two samples derived from
rde-1(ne219) and two from rde-1(ne300). Similarly, two samples
were obtained using rde-4(ne299) and two from rde-4(ne337).
Microarray analyses were performed with GeneSifter software
(VizX Labs) using the GCRMA algorithm (Wu et al. 2003) and
analyzed by applying a statistical t-test: P < 0.05 for rde-4(—/—)
and rde-1(—/—) analyses; P < 0.01 for dcr-1(—/—) analysis with a
threshold of 1.5-fold misregulation. The Benjamini and Hochberg
FDR correction was applied for the dcr-1(—/—) analysis (Benjamini
and Hochberg 1995). Gene lists were curated by cross-referencing
with  WormBase (http://www.wormbase.org, release WS157).
When annotation indicated a single probe correlated with multi-
ple genes, all such genes were excluded from our final lists. Finally,
gene lists were curated to remove duplicate entries. Curated gene
lists and raw GeneSifter output are included in Supplemental
Table S1.

Determining expected overlap of different
microarray data sets

Expected overlap was determined by multiplying the number of
genes misregulated in data set 1 by the number misregulated in
data set 2 and then dividing by the total number of genes
represented on the microarray chips (18,020 genes).

Quantitative real-time PCR

c¢DNA was synthesized with 5 g of total RNA per 20 pL reaction
using random decamers (Ambion) and Superscript II (Invitrogen)
according to the manufacturer’s protocol. qRT-PCR was per-
formed using a Lightcycler 2.0 instrument and Master™* Sybr
Green I kit (Roche). qRT-PCR primers spanned at least one exon
boundary where possible. The quality of qRT-PCR products was
assessed using melting curve analysis and gel electrophoresis.
gpd-3 RNA levels were used to normalize.

miRNA and endo-siRNA analysis

A list of all PicTar miRNA targets was obtained by querying the
PicTar website (http://pictar.bio.nyu.edu/cgi-bin/new_PicTar_
nematode.cgi?species=nematode) with each available C. elegans
miRNA (miRNA ID). Predicted targets were combined into a single
file, duplicate entries removed, and isoforms treated as a single
gene. The final data set included 2716 genes (see Supplemental
Table S2). The endo-siRNA target data set was extracted from
published supplemental data and included 1229 genes (Lee et al.
2006). Ten random lists of genes were used as control data sets, and
the average of 10 independent comparisons is presented. These data
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sets were compared with lists of misregulated genes from micro-
array analyses to determine the number of overlapping genes.

GO analysis

Curated gene lists were used as input for FatiGO+ (http:/
www.babelomics.org) (Al-Shahrour et al. 2005). FatiGO+ version
2.0 was used, which relies on WormBase annotations of 1/28/2006
and Gene Ontology of 01/2006. Misregulated genes were com-
pared to the remaining genes on the array (Supplemental Tables
S$4, S5). FatiGO software reports an unadjusted P-value based on a
Fisher’s exact text and an adjusted P-value calculated using the
FDR procedure of Benjamini and Hochberg (Benjamini and
Hochberg 1995).

Killing/longevity assays

Survival assays using S. marcescens (Dbll) were as described
(Pujol et al. 2001b). L4 stage worms were transferred to NGM
plates seeded with S. marcescens (10-20 worms/plate) and culti-
vated at 23°C. Worms were moved daily to freshly seeded plates
and assayed for viability every 8-12 h by response to touch.
Kaplan—Meier survival analyses and one-sided log-rank tests were
used to compare survival curves. Longevity assays were carried out
similarly by growing worms at 20°C on OP50, and scoring
viability every 8-12 h.

Accession numbers

Microarray data were deposited at ArrayExpress (http://www.ebi.
ac.uk/arrayexpress/) under the accession numbers E-MEXP-956
(rde-1, rde-4) and E-MEXP-957 (dcr-1).

SUPPLEMENTAL DATA

Supplemental Data include three figures and five tables availa-
ble at: http://www.biochem.utah.edu/bass/Publications/NWJHBB-
RNA2007supp.htm.
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