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RNA interference (RNAi) is a mechanism that
degrades mRNAs in a sequence-specific manner (Fire et al.
1998). Since its discovery in C. elegans, identical mech-
anisms have been discovered in fungi, plants, flies, and
mammals. One of the functions of this mechanism is to
protect the genome from selfish nucleic acids, such as
viruses and transposons (for review, see Plasterk 2002).
Besides this posttranscriptional gene-silencing mecha-
nism that functions by degrading the mRNAs, similar
mechanisms exist that function through translational
repression of mRNAs or by regulating gene silencing at the
transcriptional level by heterochromatin modifications. All
of these posttranscriptional and transcriptional silencing
mechanisms are identical in that they require (1) small
RNAs to provide the necessary sequence specificity and
(2) effector molecules: Argonaute proteins that bind the
small RNAs.

Depending on the type of silencing pathway, different
small RNAs are distinguished. Small RNAs functioning in
the RNAi pathway and directing mRNA degradation are
termed small interfering RNAs (siRNAs) (Hamilton and
Baulcombe 1999; Zamore et al. 2000), and small RNAs
derived from RNA hairpins encoded by the genome and
directing mRNA translational repression, and/or degrada-
tion, are named microRNAs (Lau et al. 2001; Ambros et al.
2003). siRNAs and miRNAs are both single-stranded RNA
(ssRNA) molecules of approximately 21–23 nucleotides
(depending on the organism) that are generated from longer
double-stranded RNAs (dsRNAs) by the Dicer enzyme
(Bernstein et al. 2001; Grishok et al. 2001; Hutvagner et al.
2001; Ketting et al. 2001). The source of the dsRNA differs
for each of the silencing pathways, including viral RNA,
readthrough transcripts from transposons or genome-
encoded snap-back structures. In addition to these two well-
studied small RNAs, further small RNA species have
recently been identified: repeat-associated siRNAs (rasi’s)
(Aravin et al. 2003) and Piwi-associated RNAs (piRNAs)
(Aravin et al. 2006; Girard et al. 2006). Neither the biogen-
esis nor function of these small RNAs is known.

The Argonaute proteins are the effector molecules in
the different silencing pathways and are characterized by
a PAZ and PIWI domain. The first is involved in binding
of the small RNAs (Lingel et al. 2003; Song et al. 2003;
Yan et al. 2003) and the latter resembles an RNase H
motif that also binds the 5′ phosphate of the small RNAs
and is required for cutting the targeted mRNA (Parker et al.
2004; Rand et al. 2004; Song et al. 2004). However, not
all Argonaute proteins contain the conserved DDH motif
required for this nuclease activity, so presumably not all
Argonautes are cleaving mRNAs.

One of the silencing pathways is the miRNA pathway.
Here we focus on miRNA function in animal systems. Long
RNA transcripts are transcribed from the genome that can
snap back on themselves (primary miRNA or pri-miRNA)
and are processed into approximately 70-nucleotide stem-
loop structures (precursors miRNA or pre-miRNA) by
Drosha in the nucleus (Lee et al. 2003). The pre-miRNA
serves as a template for Dicer which processes the pre-
miRNA into the double-stranded miRNA of about
21 nucleotides (Bernstein et al. 2001; Grishok et al.
2001; Hutvagner et al. 2001; Ketting et al. 2001). This
miRNA is subsequently unwound, and the single-stranded
mature miRNA, bound by an Argonaute, can hybridize to
the 3′UTR (untranslated region) of a cognate mRNA. In
general, this will lead to translational inhibition without
direct degradation of the messenger by the Argonaute.

One of the questions that remain is how a small RNA is
directed to a specific silencing pathway (e.g., transcrip-
tional silencing, mRNA degradation, or blocking transla-
tion). Since the small RNAs for the different silencing
pathways are generated by the same proteins, the most
obvious solution would be to have different effector mol-
ecules (Argonautes) for different silencing pathways,
depending on the source of the dsRNA; for example, a
short RNA hairpin in the case of miRNAs or a larger inter-
molecular dsRNA in the case of viral siRNAs.

Indeed, the genomes of most eukaryotic organisms
encode several Argonautes. The C. elegans genome
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encodes 27 Argonaute family members of which some
have indeed been implicated in different silencing
processes. Two of these, ALG-1 and ALG-2, have been
implicated in the miRNA pathway (Grishok et al. 2001).
Although both Argonautes contain the DDH motif in
their PIWI domain and should therefore be capable of
cutting the targeted mRNA, ALG-1 and ALG-2 appear to
be associated with miRNAs that block translation,
although this may be the consequence of the imperfect
matching between miRNA and mRNA (Hutvagner and
Zamore 2002). Interestingly, although the two proteins
share 88% identity at the protein level, the knockout
phenotypes of the two genes differ remarkably. Mutant
alleles of alg-1(gk214 & tm492) and alg-1(RNAi) animals
appear to be viable, but they display a range of pheno-
types resulting in very sick animals (Grishok et al. 2001;
M. Jovanovic, pers. comm.). alg-1(gk214) may be a
hypomorphic allele since it only deletes part of the amino
terminus, but alg-1(tm492) is likely a null, because it
deletes the whole PAZ domain and leads to an early stop.
Additionally, a lacZ reporter under the translational con-
trol of the let-7 miRNA is desilenced in alg-1(RNAi) ani-
mals (Caudy et al. 2003). This is in contrast to the
alg-2(ok304) mutant which shows minor phenotypes at
best and does not desilence the lacZ reporter either
(Grishok et al. 2001; results not shown). alg-1/2 double
mutants are lethal (Grishok et al. 2001; this paper), indi-
cating that these genes may act in a redundant way.
However, here we describe genetic and biochemical stud-
ies which suggest that ALG-1 and ALG-2 may well carry
out specific, nonredundant tasks.

MATERIALS AND METHODS

General methods. The Bristol N2 strain was used as
standard wild-type strain. NL4511 and NL4517 (alg-
1::HA and alg-2::HA, respectively) were generated using
standard microinjection and integration techniques.
VC446 and WM53 were obtained from the Caenorhabditis
Genetics Center. Dicer assays (Ketting et al. 2001),
extract preparation, western blotting (αHA, clone 12CA5
from Sigma), immunoprecipitations (αHA-matrix, clone
3F10 from Roche Applied Sciences), and size-fractiona-
tion experiments were carried out as described previously
(Tops et al. 2005).

Gel-shift assay. Gel-shift assays were performed
using a radioactive 5′-phosphate-labeled synthetic pre-let-7
(C. elegans and human sequence) (Proligo). Gel shifts were
performed for 5 minutes on ice in 10 mM Tris at pH 7.0,
10 mM MgCl2, 1 mM dithiothreitol (DTT), 125 ng/μl yeast
tRNA, 1 mM ATP, and 6% PEG-8000 using C. elegans
embryonic extracts. Reactions were run on a 5% nonde-
naturing gel at 4°C.

GENETICS

We performed a genome-wide synthetic lethal screen
for both the alg-1(gk214) and alg-2(ok304) mutant strains
by RNAi, using the Ahringer RNAi library (Kamath et al.
2003; van Haaften et al. 2004), hoping to identify genes

involved in miRNA biogenesis or genes involved in
essential pathways regulated by miRNAs. If both proteins
have similar functions and are indeed functionally redun-
dant, we expected to find similar results for the two
mutants. This is, however, not what we find. There is no
overlap in the genes that cause lethality when knocked
down in the alg-1(gk214) background and those causing
lethality in the alg-2(ok304) background (Table 1). The
genes found to be synthetic lethal with alg-1(gk214) must
be interpreted with caution since alg-1(gk214) animals are
already very sick. However, the genes reproducibly caus-
ing lethality in an alg-2(ok304) background certainly do
not cause synthetic lethality in an alg-1(gk214) back-
ground when specifically retested. Interestingly, two of
the genes identified are involved in the dosage compensa-
tion/sex determination pathway in C. elegans and suggest
an involvement of miRNAs in the dosage compensation
pathway (B.B. Tops et al., in prep.). The observation that
there is no overlap between the genes causing synthetic
lethality in alg-1(gk214) and alg-2(ok304) animals sug-
gests that despite their high level of amino acid sequence
identity, there are specific nonredundant functions for the
two Argonaute proteins.

BIOCHEMISTRY

To test whether the differences between the alg-1 and
alg-2 synthetic lethal screens could be explained by a dif-
ference in temporal or differential expression between the
two Argonautes, we generated transgenic ALG-1::HA and
ALG-2::HA expressing lines driven by an alg-1 and alg-2
promoter, respectively, and performed immunostaining
on these animals. ALG-1 (result not shown) and ALG-2
are expressed in the cytoplasm from early embryogenesis
(Fig. 1) to adulthood (result not shown) in most, if not all,
cells in C. elegans, and there is no clear difference in the
expression patterns of the two proteins. This appears to
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Table 1. Genes Causing Synthetic Lethality when Knocked
Down by RNAi in an alg-1(gk214) or alg-2(ok304)

Genetic Background

Cosmid Gene Description

Synthetic lethal with alg-1(gk214)

T07D3.7 alg-2 Argonaute involved in miRNA 
pathway in C. elegans

C25A1.5 cytochrome b5 domain
C25A1.6 H/ACA snoRNP complex
T04D3.2 sdz-30 unknown
Y47G6A.19 zinc carboxypeptidase domain
F52C6.3 phi-32 ubiquitin-like protein
B0286.4 ntl-2 CCR4/NOT complex component
F44B9.7 pqn-38 replication factor C domain
F29B9.6 ubc-9 E2 ubiquitin-conjugating enzyme

Synthetic lethal with alg-2(ok304)

C35C5.1 sdc-2 involved in C. elegans dosage 
compensation

F44A6.2 sex-1 involved in C. elegans dosage 
compensation

F48F7.1 alg-1 Argonaute involved in miRNA
pathway in C. elegans

ZK262.8 C. elegans-specific
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exclude the possibility that the observed genetic differ-
ences stem from a difference in expression pattern.

A second explanation for nonredundant functions for
ALG-1 and ALG-2 could be that both Argonautes bind
different subsets of miRNAs. Analysis of the miRNAs
associated with ALG-1 and ALG-2 by immunoprecipita-
tion of the HA-tagged proteins and subsequent analysis of
the associated RNAs on microarrays show that there is no
difference in miRNAs pulled down with ALG-1 or ALG-
2 (B.B. Tops et al., in prep.), suggesting that this also is
not likely to be the explanation for ALG-1- and ALG-2-
specific functions.

A third explanation is that the two Argonautes associ-
ate with different proteins, resulting in different com-
plexes with specialized functions. To test this, we
size-fractionated the ALG-1- and ALG-2-containing
complexes. As shown in Figure 2, in embryonic cytosolic
extracts ALG-2 resides in two distinct complexes of
approximately 250 and 500 kD. This is in contrast to
ALG-1, which migrates in a single complex larger than
about 650 kD. When analyzed for mir-40 (Fig. 2) or mir-
52 (result not shown), most of these miRNAs reside in the
low-molecular-weight complex of ALG-2, and only a
small fraction is comigrating with ALG-1. These data
demonstrate that both Argonautes indeed reside in differ-
ent complexes.

Both ALG-1 and ALG-2 have been implicated in the
processing of pre-miRNAs to mature miRNAs. In the
absence of one or both of the Argonaute proteins, less of
the mature lin-4 miRNA is detected in vivo, and the pre-

miRNA accumulates as it does in dcr-1(RNAi) animals
(Grishok et al. 2001). The same is true for the let-7
miRNA, although accumulation of the pre-miRNA is less
distinct. Purified recombinant Dicer enzyme is capable of
processing pre-miRNA, so biochemically, it is unlikely
that ALG-1 or ALG-2 is directly involved in generating
miRNAs. So why do these mutants accumulate pre-
miRNAs? A possible explanation is based on experiments
performed using human cell lines (Chendrimada et al.
2005; Gregory et al. 2005). From these experiments, it
was concluded that the processing of pre-miRNAs into
miRNAs and the loading of the miRNAs into the RNA-
induced silencing complex (RISC), containing AGO2, is a
coupled process. Thus, an alternative explanation for the
observed accumulation of pre-miRNAs in alg-1 and alg-2
mutant animals is not that these animals are not capable of
processing the pre-miRNA, but that they are unable to
load the processed miRNA into the silencing complex and
thereby unable to release the Dicer enzyme for a new
round of pri-miRNA processing. 

To study the processing of pre-miRNAs to miRNAs in
C. elegans and the involvement of ALG-1 and ALG-2,
we generated cytosolic extracts from alg-1(gk214),
alg-2(ok304), and wild-type animals and tested these
for in vitro pre-let-7 processing. Wild-type extract
nicely processes a synthetic pre-let-7 into its mature
form. Although we have looked carefully, we have
never seen any association of in vitro processed
miRNAs with proteins, either by gel-shift analysis or by
size fractionation (results not shown). These experi-
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Figure 1. Subcellular localization of ALG-2.
alg-2::HA transgenic embryos were stained with
DAPI and monoclonal αHA antibodies. Only
cytoplasmic staining is observed.

Figure 2. Size fractionation of ALG-1- and ALG-2-containing complexes. Extracts from alg-1::HA and alg-2::HA transgenic
embryos were size-fractionated on a superdex200HR 10/30 column, and fractions were analyzed by western blotting using monoclonal
αHA antibodies and northern blotting using mir-40 and mir-52 probes.
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ments indicate that processed miRNAs are released
from the Dicer complex, indicating that this in vitro sys-
tem only measures pre-miRNA processing and miRNA
release but not RISC loading.

Next, we analyzed the activity of our mutant extracts.
Extract prepared from alg-2(ok304) animals is com-
pletely deficient in pre-let-7 processing, recapitulating
the observed in vivo data, although the in vitro effect is
more pronounced. This is in contrast to the alg-1(gk214)
extract that processes the pre-let-7 normally (Fig. 3, left).
We then tested if we could reconstitute the processing
activity in alg-2(ok304) extract by mixing in wild-type

extract. To our surprise, we could not: The alg-2 extract
has a dominant-negative effect on the processing activity
in wild-type extracts (Fig. 3, middle). We could eliminate
this inhibitory effect by boiling the alg-2 extract, sug-
gesting that the inhibitor(s) is probably proteins and not
nucleic acids (Fig. 3, middle). 

This dominant-negative effect may be explained by
recent data suggesting that different silencing pathways
compete for similar limiting (co)factors. Dicer was shown
to interact with proteins acting in the endogenous RNAi
pathway (dsRNAs generated by the host), exogenous RNAi
pathway (dsRNA from the environment, e.g., viruses), and
miRNA pathway. Inactivation of one pathway leads to
hyperactivation of the other, suggesting that the limiting
factor for these pathways is probably Dicer itself (Simmer
et al. 2002; Kennedy et al. 2004; Duchaine et al. 2006; Lee
et al. 2006). In extracts lacking ALG-2, cofactors normally
associated with this Argonaute to generate miRNAs may
still be present and bind to Dicer, somehow blocking its
activity (Fig. 4). As Dicer is the limiting factor, ALG-2
mutant extract will harbor enough inhibitor to also block
Dicer protein molecules from a wild-type extract. In sup-
port of this model, not only pre-miRNA processing is
blocked in alg-2 mutant extract, but also the processing of
long dsRNAs (~300 nucleotides) that are typically used in
RNAi is impaired (results not shown).

The observed differences between alg-1 and alg-2
extracts regarding pre-let-7 processing activity may
well reflect a functional difference between the two
Argonaute proteins. ALG-2 may be involved in the bio-
genesis of miRNAs by loading the pre-miRNA in the
Dicer complex and/or by facilitating the release of the
processed miRNA. To test this, we performed a gel-shift
assay with the synthetic pre-let-7. Both wild-type
extract (Fig. 3, right) and alg-1(gk214) (result not
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Figure 3. In vitro processing of pre-let-7 RNA. In vitro pro-
cessing of pre-let-7 in buffer and embryonic extracts of wild-
type, alg-1(gk214), or alg-2(ok304) animals (left). Mixing of
wild-type and alg-2(ok304) embryonic extracts with and with-
out boiling of the alg-2(ok304) extract. Wild-type:alg-2(ok304)
mixing ratios are indicated (middle). Gel-shift assay of the syn-
thetic pre-let-7 with wild-type and alg-2(ok304) extract. Arrow
indicates the shifted pre-let-7 (shifted band only contains pre-
let-7 as analyzed by denaturing urea gel) (right).

Figure 4. Model explaining the observed in vivo and in vitro data regarding alg-1 and alg-2 in miRNA biogenesis. ALG-2 facilitates
in loading the pre-miRNA in the Dicer complex (1). C. elegans Dicer (DCR-1) processes the pre-miRNA to the double-stranded
mature miRNA and ALG-2 facilitates loading the miRNA to ALG-1 (2). The mature miRNA/ALG-1 complex is released and can
direct translational repression (3). In the absence of ALG-2, Dicer is unable to recognize and process the pre-miRNA. Additionally,
ALG-2/Dicer-specific cofactors may bind to Dicer, preventing Dicer from associating with bona fide protein complexes, resulting in
dominant inhibition of Dicer. In the absence of ALG-1, ALG-2 is unable to release its miRNA, resulting in saturation and eventually
blocking of Dicer activity in vivo. In vitro stable association of ALG-2 and the double-stranded miRNA does not occur, guaranteeing
continued pre-miRNA processing also in the absence of ALG-1.
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shown) are capable of forming a ribonucleoprotein
(RNP) complex with the pre-let-7, in contrast to the alg-
2(ok304) extract that shows no affinity for pre-let-7 at all.
This suggests that ALG-2 functions in pre-miRNA pro-
cessing by loading the pre-miRNA in the Dicer com-
plex. Since ALG-2 also binds processed miRNAs, it
may also facilitate the release of the processed miRNA
by Dicer and/or removing the passenger strand of the
miRNA, analogous to the situation in Drosophila,
where it was shown that RISC loading depends on
AGO2 slicer activity (Matranga et al. 2005; Miyoshi et al.
2005). ALG-1 could act further downstream by accept-
ing the single-stranded miRNAs from an ALG-2 com-
plex and inhibiting translation by binding to target
mRNAs. This hypothesis fits with the observed data in
that alg-1 and alg-2 mutant animals would both accu-
mulate pre-let-7 in vivo, either because Dicer is unable
to form a processing complex with the pre-miRNA or
because Dicer is unable to release the processed miRNA
in the absence of ALG-1. In vitro, this would lead to alg-2
mutant extracts that lack Dicer activity for the same rea-
son as the in vivo situation (Fig. 4), but alg-1 mutant
extracts would still be capable of pre-miRNA process-
ing since our in vitro system does not properly carry out
the transfer of miRNAs from Dicer/ALG-2 to ALG-1
(RISC loading, see above). As the mature miRNAs do
not remain stably associated with ALG-2 either, Dicer
activity will not be inhibited.

Whatever the exact mechanism, it is likely that ALG-1
and ALG-2 have different functions. This does not
exclude the fact that they can partially carry out each
others function, but in a wild-type situation, both proteins
most likely act at their specific step in the miRNA
pathway. The C. elegans genome encodes 27 Argonaute
proteins, and the functions of most are still unknown.
However, specialized functions for different family mem-
bers have been reported. Besides ALG-1 and ALG-2 that
act in the miRNA pathway, RDE-1 is involved in RNAi
in soma and germ line, PPW-1 seems only involved in
RNAi in the germ line, and PPW-2 is involved in silenc-
ing repetitive elements: transposons and high-copy trans-
genic arrays (Tabara et al. 1999; Grishok et al. 2001;
Tijsterman et al. 2002; Vastenhouw et al. 2003; Robert
et al. 2005). Some of these specialized functions are due
to differences in temporal and/or spatial expression of
the different Argonautes, but some of the differences are
likely to be caused by associated proteins. Although
the homology between the different family members is
high, largely due to the high conservation of the PAZ and
PIWI domains, the long amino-terminal tail of the
Argonautes is highly diverged between different proteins
and could serve as a specific site of interaction for addi-
tional proteins. Now that the similarities between the
different small RNA pathways are recognized, it will be
of great interest to investigate these differences.
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