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RNA silencing can be initiated by endogenous or exogenously delivered siRNAs. In Caenorhabditis elegans, RNA
silencing guided by primary siRNAs is inefficient and therefore requires an siRNA amplification step involving
RNA-dependent RNA polymerases (RdRPs). Many factors involved in RNA silencing localize to protein- and RNA-
rich nuclear pore-associated P granules in the germline, where they are thought to surveil mRNAs as they exit the
nucleus. Mutator class genes are required for siRNA-mediated RNA silencing in both germline and somatic cells,
but their specific roles and relationship to other siRNA factors are unclear. Here we show that each of the six
mutator proteins localizes to punctate foci at the periphery of germline nuclei. The Mutator foci are adjacent to
P granules but are not dependent on core P-granule components or other RNAi pathway factors for their formation
or stability. The glutamine/asparagine (Q/N)-rich protein MUT-16 is specifically required for the formation of
a protein complex containing the mutator proteins, and in its absence, Mutator foci fail to form at the nuclear
periphery. The RdRP RRF-1 colocalizes with MUT-16 at Mutator foci, suggesting a role for Mutator foci in siRNA
amplification. Furthermore, we demonstrate that genes that yield high levels of siRNAs, indicative of multiple
rounds of siRNA amplification, are disproportionally affected in mut-16 mutants compared with genes that yield
low levels of siRNAs. We propose that the mutator proteins and RRF-1 constitute an RNA processing
compartment required for siRNA amplification and RNA silencing.
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Small RNA pathways protect the genome against foreign
elements, such as viruses and transposons, and have im-
portant roles in development, chromosome segregation,
and gamete production. There are three major classes of
small RNAs: microRNAs (miRNAs), piwi-interacting
RNAs (piRNAs), and siRNAs. siRNAs can be grouped into
either exogenous siRNAs (exo-siRNAs), derived from
dsRNA taken up from the environment, or endogenous
siRNAs (endo-siRNAs), which are derived from coding
genes, transposons, and aberrant transcripts. One mecha-
nism of siRNA biogenesis involves cleavage of a longer
dsRNA by the RNase III enzyme Dicer (Bernstein et al.
2001; Ketting et al. 2001). siRNAs are loaded into an
effector complex containing an Argonaute protein and
accessory factors, where they guide silencing of comple-
mentary RNAs by transcriptional and post-transcriptional
gene repression (Hutvagner and Simard 2008; Guang et al.

2010). In some organisms, such as Caenorhabditis elegans,
plants, and many fungi, RNA silencing is enhanced or
maintained through the activity of RNA-dependent RNA
polymerases (RdRPs), which synthesize antisense RNAs
that are processed into additional siRNAs (Gu et al. 2009;
Gent et al. 2010; Vasale et al. 2010).

The endo-siRNA pathways in C. elegans involve
several expanded gene families, including RdRPs and
Argonautes, which mediate an elaborate siRNA ampli-
fication and gene silencing circuit. Deep sequencing of
small RNAs has revealed distinct types of siRNAs that
can be broadly classified as either 26G (26 nucleotides
[nt] long, 59 monophosphorylated G) or 22G (22 nt long,
59 triphosphorylated G) siRNAs. They can be further
classified according to the Argonaute they associate
with: ERGO-1 and ALG-3/4 class 26G siRNAs and
WAGO and CSR-1 class 22G siRNAs (Ruby et al. 2006;
Claycomb et al. 2009; Gu et al. 2009; Han et al. 2009;
Conine et al. 2010; Vasale et al. 2010). 26G siRNAs are
primary siRNAs that are Dicer dependent and require
enhancer of RNAi (eri) class genes for their production
(Han et al. 2009; Conine et al. 2010; Gent et al. 2010;
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Vasale et al. 2010; Fischer et al. 2011). They predominantly
target spermatogenesis-enriched genes (ALG-3/4 class) and
duplicated gene families (ERGO-1 class) (Conine et al.
2010; Vasale et al. 2010; Fischer et al. 2011). 26G siRNAs
trigger formation of WAGO class 22G siRNAs via the
RdRP RRF-1 (Gent et al. 2010). The majority of WAGO
class 22G siRNAs, however, do not require a 26G siRNA
trigger and target thousands of genes, including protein-
coding genes, transposons, and pseudogenes (Gu et al.
2009; Zhang et al. 2011). The CSR-1 class 22G siRNA
pathway targets a large proportion of coding genes; how-
ever, rather than directing RNA silencing, low levels of
CSR-1 class 22G siRNAs are required for centromere
formation and chromosome segregation (Claycomb et al.
2009). The mechanism by which genes are routed into
each of these siRNA pathways remains a mystery.

A conserved function of endogenous small RNAs is to
silence transposons in the germline. The most well-
characterized DNA transposon family in C. elegans is
Tc1, of which there are ;32 intact copies present in the
genome (Fischer et al. 2003). Mutations that cause activa-
tion of Tc1 in the germline were identified from genetic
screens for germline mobilization of transposons and are
referred to as mutator (mut) class genes (Ketting et al.
1999). A screen for mutations that cause defects in RNAi
identified a largely overlapping panel of genes, demon-
strating that the silencing of transposons is an endogenous
function of the RNAi pathway (Tabara et al. 1999). Many
of the mutator class genes have been identified as compo-
nents of endogenous and exogenous small RNA-mediated
gene silencing pathways and act in the same pathway as
the better-known Dicer and Argonaute proteins, but at
unknown steps in the trajectory of siRNA production and
target mRNA encounter. The mutator proteins include
the nucleotidyl transferase MUT-2/RDE-3, the 39–59 exo-
nuclease MUT-7, the DEAD-box RNA helicase MUT-14,
the glutamine/asparagine (Q/N) motif-rich protein MUT-
16/RDE-6, and two proteins of unknown function,
RDE-2/MUT-8 and MUT-15/RDE-5 (Ketting et al. 1999;
Tijsterman et al. 2002; Vastenhouw et al. 2003; Chen et al.
2005; Tops et al. 2005). C. elegans with mutations in any of
these genes have active transposons, defects in exogenous
RNAi, temperature-sensitive sterility, and elevated male
production indicative of chromosome segregation defects.
mut-2, mut-7, and mut-16 mutants have been analyzed by
deep sequencing and show defects in WAGO class 22G
siRNA production or stability (Gu et al. 2009; Zhang et al.
2011). Additionally, several of the mutator genes are re-
quired for ERGO-1 class 26G siRNA formation or stability
(Zhang et al. 2011). Other components of the WAGO class
22G siRNA pathway form a complex containing the Tudor
domain protein EKL-1, the DEAD-box RNA helicase
DRH-3, and one of two partially redundant RdRPs,
EGO-1 and RRF-1 (Gu et al. 2009; Thivierge et al. 2011).
Unlike the mutator genes and rrf-1, ekl-1, drh-3, and ego-1
are also required for the CSR-1 class 22G siRNA pathway
(Claycomb et al. 2009).

In many organisms, including insects and mammals,
components of the transposon silencing pathway are
localized to perinuclear germline granules (Lim and Kai

2007; Aravin et al. 2009; Lim et al. 2009; Olivieri et al.
2010). In C. elegans, germ granules are referred to as P
granules and contain many proteins associated with
RNA metabolism. Functionally, P granules are similar to
P bodies and stress granules (Gallo et al. 2008). P granules
are found on the cytoplasmic surface of the nuclear
envelope and associate with clusters of nuclear pores (Pitt
et al. 2000). In fact, ;75% of all nuclear pores are found in
these clusters, and most, if not all, mRNAs likely pass
from the nucleus through P granules to the cytoplasm
(Schisa et al. 2001; Sheth et al. 2010). Several endo-siRNA
pathway components localize to P granules, including
DRH-3, EGO-1, and the Argonautes ALG-3, CSR-1, and
WAGO-1 (Claycomb et al. 2009; Gu et al. 2009; Conine
et al. 2010; Vasale et al. 2010). However, the subcellular
localization of most endo-siRNA and exo-siRNA path-
way components is unknown. Here we show that mutator
proteins localize, along with the RdRP RRF-1, to perinu-
clear germline foci adjacent to P granules, but are not
dependent on P granule components for their stability. We
also show that MUT-16 is uniquely required for formation
and proper localization of the core protein complex that
constitutes Mutator foci. Small RNA profiling in mut-
16 mutants suggests that the mutator complex is re-
quired for siRNA amplification. Thus, we propose that
Mutator foci are RNA processing compartments where
siRNA amplification and RNA silencing occurs.

Results

Mutator proteins localize to perinuclear germline foci

Mutator genes are essential factors in RNA silencing, yet
their specific roles in small RNA pathways are poorly
understood. We generated C-terminal GFP or mCherry
fusions to each mutator gene so that we could character-
ize their roles in small RNA formation and activity. The
genomic region surrounding each mutator gene, includ-
ing 59 and 39 regulatory sequences, was PCR-amplified
and fused to GFP (mut-16, mut-7, rde-2, and mut-2) and/
or mCherry (mut-7, rde-2, mut-2, mut-15, and mut-14).
Mutations in mutator genes for which the global levels
of siRNAs have been determined (mut-2, mut-7, and
mut-16) have reduced levels of most WAGO class 22G
siRNAs, including those targeting the well-characterized
X-cluster locus (Gu et al. 2009; Zhang et al. 2011). Thus,
we tested each transgene for its ability to rescue small
RNA defects in the corresponding mutant strain. We used
TaqMan quantitative RT–PCR to examine levels of the
most abundant X-cluster siRNA, 22G siR-1 (Montgomery
et al. 2012), in each of the mutator mutants in the presence
and absence of the putative rescuing transgene. mut-
2(ne298), mut-7(pk720), rde-2(pk1657), mut-15(tm1358),
and mut-16(pk710) mutants each displayed substantially
reduced levels of 22G siR-1 relative to wild type (P < 0.05)
(Fig. 1A). Introduction of the respective GFP or mCherry
fusion construct to each mutant strain rescued 22G siR-1
to near wild-type levels (P < 0.02 for all constructs except
rde-2TmCherry) (Fig. 1A). In addition to deficiencies in en-
dogenous siRNA production, mut-2, mut-7, rde-2, mut-15,
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and mut-16 mutants are defective in exogenous RNAi
(Fig. 1B; Tabara et al. 1999; Zhang et al. 2011). Introduc-
tion of the respective GFP or mCherry mutator fusion
construct into each of these mutants restored the normal
silencing response to dsRNAs targeting the germline gene
pos-1, which causes embryonic lethality, and the somatic
genes nhr-23 and lin-29, which cause adult lethality in
wild-type animals (Fig. 1B).

mut-14(pk738) is the only mutator gene that did not
affect 22G siR-1 levels (Fig. 1A). X-cluster siRNAs are
enriched approximately fivefold in worms without a
germline, suggesting that these siRNAs are predominantly
expressed in somatic tissue (Vasale et al. 2010). It is

possible that mut-14 is specifically required for endog-
enous siRNA produced in the germline. Thus, we per-
formed TaqMan quantitative RT–PCR of an abundant
siRNA targeting a germline gene (B0250.8). The B0250.8
siRNA is reduced by >90% in mut-14(pk738) (P < 0.0001)
(Fig. 1C). Introduction of the mut-14TmCherry transgene
significantly, although not completely, restored B0250.8
siRNA levels in mut-14(pk738) (P = 0.0002) (Fig. 1C). mut-
14 mutants are defective in RNAi targeting germline genes
(Tijsterman et al. 2002). RNAi against the germline gene
pos-1 caused embryonic lethality in wild-type animals but
not in mut-14 mutants (Fig. 1C). Introduction of the mut-
14TmCherry transgene into mut-14(pk738) partially re-

Figure 1. Mutator proteins localize to perinuclear foci in the germline. (A) Fluorescently tagged mutator proteins rescue mutations in
their respective genes as assayed by TaqMan quantitative RT–PCR to detect the X-Cluster siRNA 22G siR-1. The mean is calculated
from two biological replicates for each strain. (B) Susceptibility of mutator mutant worms to germline and somatic RNAi in the
presence and absence of rescuing transgenes. pos-1 RNAi scored as complete embryonic lethality (that is, normal response to pos-1
RNAi) (+++), complete embryonic viability (that is, an RNAi-defective response) (�), or ;50% embryonic viability (++). lin-29 RNAi
scored as 100% vulval bursting (+++), 100% viable adults (�), or adults with morphological defects (i.e., protruding vulva) (+). nhr-23

RNAi scored as 100% larval arrest (+++), 100% viable adults (�), or adults with morphological defects (+). (C) mCherry-tagged MUT-14
rescues the mut-14(pk738) mutant as assayed by TaqMan quantitative RT–PCR of the germline-expressed B0250.8 siRNA. The mean is
calculated from two biological replicates for each strain. (D) MUT-16 (red) localizes throughout the germline, but is brightest in the
mitotic proliferation and transition zone regions as well as in the diplotene/diakinesis stages of meiosis. The yellow box is magnified in
E. Image depicts entire dissected gonad stained with DAPI (blue) and anti-GFP (recognizing MUT-16TGFP). Image is an assembly of
four three-dimensional (3D) data stacks following deconvolution. Bars, 20 mm. (E–J) Mutator proteins localize to foci in the germlines of
adult hermaphrodites. MUT-16TGFP (E), MUT-7TGFP (F), RDE-2TGFP (G), and MUT-2TGFP (H) associate with the nuclear periphery
as visualized by DAPI staining (blue). MUT-15TmCherry (I) and MUT-14TmCherry (J) mCherry fluorescence images are displayed next
to the corresponding DIC images. All animals were dissected prior to imaging. Bars, 5 mm.
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stored lethality caused by pos-1 RNAi (Fig. 1B), indicating
that mut-14TmCherry can substantially rescue the mut-
14(pk738) mutant phenotype.

To determine where each of the mutator proteins func-
tion, we examined the localization of each of the mutator
transgenes by immunofluorescence and live imaging.
MUT-16TGFP formed punctate foci throughout the germ-
line, as determined by immunofluorescence. The brightest
and most concentrated foci were in the mitotic region and
the transition zone (leptotene/zygotene) regions of the
germline (Fig. 1D,E). The MUT-16TGFP foci were pre-
dominantly perinuclear from the mitotic region through
pachytene, but by the diakinesis stage of meiosis, some of
the foci had detached from the nuclear periphery and
become cytoplasmically localized. MUT-2, MUT-7, and
RDE-2 GFP fusion proteins and MUT-14 and MUT-15
mCherry fusion proteins displayed punctate foci similar
to what was observed for MUT-16TGFP (Fig. 1F–J). The
Mutator foci were present during larval stages through
adult development and were visible in both hermaphrodite
and male germlines (Supplemental Fig. S1).

To determine whether the mutator proteins colocalize
to the same germline foci, we introduced the mut-16TGFP
transgene into individual C. elegans strains containing
each of the other mutator genes fused to mCherry. MUT-2,
MUT-7, RDE-2, MUT-14, and MUT-15 mCherry fusion
proteins each colocalized with MUT-16TGFP (Fig. 2),
suggesting that the mutator proteins share a common
perinuclear space in which they direct RNA silencing.

Mutator foci are distinct from P granules

Several components of endo-siRNA pathways associate
with P granules, including ALG-3, CSR-1, WAGO-1,
DRH-3, and EGO-1 (Claycomb et al. 2009; Gu et al. 2009;
Conine et al. 2010). Given the perinuclear pattern of
Mutator foci and the requirement for mutator proteins
in RNAi, it is possible that they also associate with P
granules, although we observed that Mutator foci tended
to be smaller and more punctate than most P granules.
Similar to P-granule components, the mutator proteins
localize to the nuclear periphery near nuclear pores (Sup-
plemental Fig. S2A). To determine whether mutator
proteins colocalize with known endo-siRNA pathway pro-
teins at P granules, we immunostained the MUT-16TGFP
strain with an antibody that recognizes the helicase DRH-3
(Gu et al. 2009). MUT-16 foci were nearly always adjacent
to DRH-3 foci, but were rarely completely overlapping
(Fig. 3A). Additionally, when introduced into a strain
carrying the fluorescent P-granule marker PGL-1TRFP
(Gu et al. 2009) or immunostained with an anti-PGL-1
antibody, MUT-16TGFP was nearly always adjacent to
but only partially overlapping with PGL-1 foci (Fig. 3B;
Supplemental Fig. S2B). To test whether Mutator foci
depend on P-granule components for proper localiza-
tion to the nuclear periphery, C. elegans containing the
mut-16TGFP and pgl-1TRFP transgenes were treated
with RNAi targeting the well-characterized P-granule
components pgl-1, glh-1, and glh-4 (Gruidl et al. 1996;
Kawasaki et al. 1998; Kuznicki et al. 2000; Spike et al.

2008). These RNAi treatments disrupted P granules—pgl-1
RNAi silenced PGL-1TRFP expression, while glh-1 and
glh-1/glh-4 RNAi caused PGL-1TRFP expression to be-
come diffuse throughout the cytoplasm (Fig. 3B; Supple-
mental Fig. S2C). In contrast, pgl-1, glh-1, or glh-1/glh-4
RNAi failed to disrupt MUT-16TGFP localization (Fig. 3B;
Supplemental Fig. S2C).

To determine whether the mutator proteins are required
for localization of other P-granule components, we per-
formed PGL-1 immunostaining in the C. elegans mutant
for either mut-16, rde-2, mut-2, mut-7, mut-14, or mut-15.
In each mutant, PGL-1 localization was indistinguishable
from wild type (Supplemental Fig. S2D), indicating that
the mutator proteins are not required for the localization
of P granules. These results suggest that the mutator
proteins form RNA silencing bodies that are at least
partially distinct from P granules, as well as other endo-
siRNA factors that associate with P granules.

MUT-16 is uniquely required for formation
of Mutator foci

To determine the genetic requirements for proper local-
ization of the mutator proteins, we introduced each of the

Figure 2. MUT-16 colocalizes with other mutator proteins at
germline foci. MUT-2TmCherry (A), RDE-2TmCherry (B),
MUT-7TmCherry (C), MUT-15TmCherry (D), and MUT-14T

mCherry (E) colocalize with MUT-16TGFP. All animals were
dissected prior to imaging. Bars, 5 mm.
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GFP and mCherry mutator fusion transgenes into strains
carrying mutations in each of the other mutator genes.
Each of the mutator proteins localized independently of
one another, with two exceptions: rde-2 was required for
the localization of MUT-7TGFP, and mut-16 was re-
quired for the localization of each of the other mutator
proteins to the perinuclear foci (Fig. 4). RDE-2 and MUT-7
interact in yeast two-hybrid and coimmunoprecipitation
assays (Tops et al. 2005); thus, RDE-2, which has no
known domains, may simply be required to recruit MUT-
7 to Mutator foci. These data suggest that MUT-16 is the
only mutator protein essential for the formation of
Mutator foci and is therefore likely the primary compo-
nent of Mutator foci.

ego-1, drh-3, and ekl-1 are required for the production
of both CSR-1 and WAGO class 22G siRNAs and localize
to P granules (Claycomb et al. 2009; Gu et al. 2009). We
examined MUT-16TGFP localization in drh-3, ekl-1, and
the RdRP double mutant ego-1 rrf-1. We also examined
MUT-7TGFP localization in the ego-1 rrf-1 mutant.
MUT-16 and MUT-7 were still localized primarily to
the nuclear periphery in the drh-3, ekl-1, and rrf-1 ego-1
mutants (Supplemental Fig. S3). These results suggest
that drh-3, ekl-1, ego-1, and rrf-1 are not directly involved
in assembly of the Mutator foci.

To determine whether other small RNA factors are
required for the formation or stability of Mutator foci, we
screened, by RNAi, a panel of genes implicated in siRNA
pathways for disruption of MUT-7TGFP localization (in-
cluding ergo-1, dcr-1, rde-4, csr-1, cde-1, rde-1, drh-1, rsd-
2, ppw-2, and sago-1). The panel included factors required
for WAGO class 22G, CSR-1 class 22G, and ERGO-1 and
ALG-3/4 class 26G endo-siRNA pathways, as well as fac-
tors involved in exo-RNAi pathways (for review, see
Fischer 2010; Ketting 2011). Of all of the factors tested,
only mut-16 and mut-7 RNAi disrupted MUT-7TGFP
localization (Supplemental Table S1). These results sug-
gest that Mutator foci form independent of many, if not
all, other factors involved in siRNA formation or activity.

MUT-16 is a Q/N-rich protein essential
for mutator complex formation

To determine whether the mutator proteins form a com-
plex with one another, we tested whether MUT-16TGFP
interacts with MUT-14TmCherry, MUT-15TmCherry,
and MUT-7TmCherry by MUT-16TGFP coimmunopre-
cipitation assays. Each of the mutator proteins tested
coimmunoprecipitated with MUT-16TGFP but were un-
detectable in immunoprecipitation assays lacking MUT-
16TGFP (Fig. 5A). Because MUT-16 is required for the
formation of Mutator foci, it is possible that it is specif-
ically required to promote formation of the mutator
complex. To test this possibility, we examined interac-
tions between MUT-7TmCherry and MUT-2TGFP using
immunofluorescence and coimmunoprecipitation assays
following control or mut-16 RNAi. MUT-7TmCherry
and MUT-2TGFP colocalized at germline foci when
treated with control RNAi but failed to form foci when
treated with mut-16 RNAi (Fig. 5B). Furthermore,
MUT-7TmCherry and MUT-2TGFP, which coimmu-
noprecipitated when treated with control RNAi, failed
to coimmunoprecipitate when treated with RNAi tar-
geting mut-16 (Fig. 5C).

MUT-16 is a Q/N-rich protein—Q/N domains have been
implicated in protein–protein interactions (Michelitsch
and Weissman 2000), suggesting that MUT-16 may pro-
mote the assembly of the mutator complex. To determine
whether the Q/N-rich nature of MUT-16 is conserved, we
identified MUT-16 orthologs in several closely related
nematode species, including Caenorhabditis briggsae
(Cbr-mut-16/CBG03869), Caenorhabditis remanei (Cre-
mut-16/CRE08100), Caenorhabditis brenneri (CBN32703),
and Caenorhabditis japonica (Cjp-mut-16/CJA22296)

Figure 3. Mutator proteins localize independently of P-granule
components. (A) MUT-16 (red) and DRH-3 (green) form distinct
foci adjacent to germline nuclei. Staining was performed using
antibodies against GFP (MUT-16 in red), DRH-3 (green), and
DAPI (blue). (B) MUT-16 and PGL-1 foci partially overlap in adult
C. elegans feeding on Escherichia coli expressing control (empty
vector) dsRNA. Upon treatment with glh-1/glh-4 dsRNA, PGL-1
becomes diffuse, but MUT-16 is unchanged. Proteins were vis-
ualized using anti-GFP (MUT-16 in red) and anti-dsRed (PGL-1 in
green). DNA was stained by DAPI (blue). Bars, 5 mm.
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(Supplemental Fig. S4). Conservation between MUT-16
orthologs is limited to the N-terminal half of the proteins;
thus, we performed BLAST alignments with either the
N-terminal region of C. elegans MUT-16 (amino acids
1–530) or the C-terminal region (amino acids 531–1050).
BLASTwith the N-terminal region of the protein identified
each of the orthologs with 38%–42% identity, whereas
BLAST with the C-terminal region of the protein failed to
identify significant similarity to any other proteins (Sup-
plemental Table S2). Importantly, while amino acid
conservation was greatest in the N-terminal region of
MUT-16, each ortholog had enrichment of glutamine and
asparagine residues in the C-terminal region. In C. elegans
MUT-16, 28.5% of amino acids between positions 707 and
959 are glutamine or asparagine, and an additional 17%
are proline. Similarly, in C. briggsae, C. remanei, and C.
japonica, 45%–50% of the amino acids across the same
region are glutamine, asparagine, or proline (Supplemen-
tal Table S2). These results suggest that although there
are likely conserved functional domains within the
N-terminal region of MUT-16, the Q/N-rich nature of
the C-terminal region is also important for its function. We

conclude that MUT-16 is the core subunit of the mutator
complex, and our data suggest that it is involved in
tethering the complex together at Mutator foci by medi-
ating interactions between the mutator proteins.

Mutator foci are sites of siRNA amplification

To determine the role of the mutator complex in RNA
silencing, we analyzed small RNA defects in a presum-
ably null allele of mut-16 (pk710) using small RNA high-
throughput sequencing data (Zhang et al. 2011). From
a wild-type small RNA library (Zhang et al. 2011), we
classified genes as either low siRNA yielding (either 1–10
reads per million total reads [RPM] or 10–100 RPM) or
high siRNA yielding (>100 RPM) and asked whether
genes that produce high levels of siRNAs had a greater
tendency to be depleted of siRNAs in mut-16. When
plotted as a function of the number of siRNA reads in
wild type versus mut-16 mutants, siRNAs from high
siRNA yielding genes were almost entirely mut-16-
dependent (Fig. 6A). Of the 546 genes classified as high
siRNA yielding, ;90% were depleted of siRNA by more

Figure 4. Genetic requirements for mutator protein localization. (A) MUT-16TGFP, RDE-2TGFP, MUT-7TGFP, and MUT-2TGFP
expression in each of the mutator mutants. Images highlighted by red boxes display expression from a transgene in the corresponding
mutant. All animals were dissected and stained with anti-GFP. Bars, 5 mm. (B) MUT-15TmCherry or MUT-14TmCherry were intro-
duced into each of the six mutator mutants. Images highlighted by red boxes display expression from a transgene in the corresponding
mutant. Bars, 5 mm.
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than threefold in mut-16 mutants (Supplemental Table
S3). In contrast, of the 9625 low siRNA yielding genes, only
;55% were depleted of siRNAs by more than threefold in
mut-16 (Supplemental Table S3). The proportion of genes
that were depleted of siRNAs in mut-16 was similar be-
tween the 5158 that yield 1–10 RPM and the 4467 that
yield 10–100 RPM (;58% and ;52%, respectively) (Sup-
plemental Table S3). The median number of siRNA reads
from high siRNA yielding genes was ;70-fold lower in
mut-16 relative to wild type, whereas the median number
of siRNA reads from low siRNA yielding genes (1–10 RPM
and 10–100 RPM) was only approximately fourfold lower
in mut-16 (Fig. 6B). Thus, high siRNA yielding genes were
depleted of siRNAs by ;18-fold more than low siRNA
yielding genes in mut-16 mutants. Mutations in other
mutator class genes, including mut-2 and mut-7, also tend
to have a greater effect on high siRNA yielding genes
compared with low siRNA yielding genes (Gu et al. 2009).
The median number of residual siRNA reads per gene was
similar between low and high siRNA yielding genes in
mut-16 mutants (;0.7, ;7, and ;3 RPM for 1–10, 10–100,
and >100, respectively), indicating that regardless of the
total number of siRNAs produced from mut-16 targeted
genes, they tend to be depleted to a similar level in mut-16
mutants (Fig. 6C). A major role of the mutator proteins is
to silence transposons, and thus they tend to be hypersus-
ceptible to mut-16-dependent silencing (Zhang et al. 2011).
Of the 49 transposons that yield >100 RPM, all but three
are depleted of siRNAs by >98% (Supplemental Table S4).

Individual genes that fall into either the low or high
siRNA classes displayed a similar trend in siRNA deple-
tion: Low-abundance siRNAs were only modestly af-
fected, while high-abundance siRNAs were uniformly
depleted, although the high siRNA yielding genes tended
to be more heavily depleted of siRNAs (Fig. 6D). Many
if not all genes in C. elegans are targeted by the low-
abundance CSR-1 class 22G siRNAs (Claycomb et al.
2009), which are not mut-16-dependent (Zhang et al.
2011). Therefore, it is likely that the low-level residual
siRNAs produced from mut-16 targets belong to one or
more distinct classes of small RNAs. These results suggest
that high-abundance siRNAs—those that are produced
through successive rounds of amplification—are entirely
mut-16-dependent, and we propose that Mutator foci are
the sites at which siRNA amplification occurs.

RRF-1 localizes to Mutator foci

If Mutator foci are siRNA amplification compartments,
then presumably they contain an RdRP. To determine
whether either of the partially redundant RdRPs—EGO-1
and RRF-1—associates with Mutator foci, we generated
a construct containing the ego-1 rrf-1 operon with an HA
epitope sequence fused to ego-1 and a Flag epitope se-
quence fused to rrf-1. To demonstrate the functionality of
this construct, we introduced it into the ego-1 rrf-1 double
mutant. Mutations in ego-1 cause sterility, while muta-
tions in rrf-1 result in defects in somatic RNAi. The

Figure 5. MUT-16 is essential for mutator complex formation. (A) GFP and mCherry proteins from total lysate (input, left panels) and
GFP-IP (right panels) from the indicated transgenic strains as assayed by Western blot. MUT-14TmCherry (93.1 kDa), MUT-15T

mCherry (96.1 kDa), and MUT-7TmCherry (139.5 kDa) coimmunoprecipitate with MUT-16TGFP (154.4 kDa). Asterisks mark bands
resulting from cross-reactivity of anti-mCherry with non-mutator proteins. (B) MUT-7TmCherry (red) and MUT-2TGFP (green)
expression in C. elegans treated with control or mut-16 RNAi. (C) GFP and mCherry proteins from total lysate (input, left panels) and
GFP-IP (right panels) from the transgenic strain containing MUT-2TGFP (86.6 kDa) and MUT-7TmCherry (139.5 kDa) treated with
control or mut-16 RNAi and assayed by Western blot.
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HATego-1 FlagTrrf-1 construct rescued both the fertil-
ity and somatic RNAi defects caused by the ego-1 and
rrf-1 mutations (Supplemental Fig. S5A). We introduced
mut-16TGFP into the HATego-1 FlagTrrf-1 strain and
examined the localization of HATEGO-1 and FlagTRRF-1
with respect to MUT-16TGFP and the Mutator foci. Con-
sistent with previous reports of EGO-1 localization
(Claycomb et al. 2009), HATEGO-1 localized primarily
to P granules, although we also observed occasional partial
overlap with MUT-16TGFP (Fig. 6E; Supplemental S5B,
top panels). In contrast, FlagTRRF-1 did not associate with
P granules; rather, its germline localization completely
overlapped with that of MUT-16TGFP (Fig. 6E; Supple-

mental S5B, bottom panels). These data suggest that RRF-1
is the primary RdRP at Mutator foci and functions in
siRNA amplification and that EGO-1 is the primary RdRP
at P granules, where it functions in the formation of the
low-abundance CSR-1 class siRNAs.

Discussion

We developed fluorescently tagged transgene constructs
for each of the mutator class genes. Using these con-
structs, we showed that the mutator proteins and the
RdRP RRF-1 associate with germline-specific perinuclear
puncta we termed Mutator foci. Formation of Mutator

Figure 6. MUT-16 is required for siRNA amplification. (A) Scatter plots display small RNA RPM on a log2 scale for each annotated
coding gene in wild-type (bottom axis) and mut-16 mutants (left axis). The fold reduction of siRNA reads in mut-16 mutants relative to
wild type is indicated by the diagonal lines on the right axis. (B) Box plots display ratio of siRNA reads on a log2 scale in mut-16 relative
to wild type for low siRNA yielding genes (1–10 RPM or 10–100 RPM) and high siRNA yielding genes (>100 RPM). (C) Median siRNA
reads per gene for low siRNA yielding genes (1–10 RPM or 10–100 RPM) or high siRNA yielding genes (>100 RPM) in wild-type and
mut-16 mutants. (D) Small RNA distribution across the low siRNA yielding gene aagr-3 and the high siRNA yielding gene B0250.8 in
wild-type and mut-16 mutants. (E) Localization of HATEGO-1 and FlagTRRF-1 relative to MUT-16TGFP in dissected germlines im-
munostained with anti-GFP and either anti-HA or anti-Flag antibodies. Bars, 5 mm. (F) Model depicting the composition and locali-
zation of Mutator foci and P granules adjacent to nuclear pores.
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foci was dependent on the Q/N-rich protein MUT-16. In
the absence of mut-16, each of the other mutator proteins
was mislocalized, and protein interactions within the
mutator complex were disrupted. We also demonstrated
that high-abundance siRNAs, which are produced through
multiple rounds of siRNA amplification, are mut-16-
dependent, suggesting a role for Mutator foci in siRNA
amplification.

The perinuclear structures to which MUT-16 and the
other mutator proteins localize are highly reminiscent
of P granules, and yet in the absence of many P granule
components, Mutator foci are still present. It is important
to note that while knockdown of GLH-1 causes the dis-
persal of several P-granule components, including PGL-1
and PGL-3, as well as loss of P-granule-associated mRNAs,
small abnormal electron-dense structures still associate
with nuclear pores at sites normally occupied by P
granules (Schisa et al. 2001; Sheth et al. 2010). These
structures lack the granular matrix seen in wild-type
P granules, but it is possible that they retain certain
P-granule components required to recruit mutator pro-
teins. Alternatively, the Mutator foci may interact directly
with components of the nuclear pore and could be the
electron-dense structures still present in the glh-1 mutant
animals. In support of this idea, several genome-wide
screens have identified members of the nuclear pore com-
plex as being required for RNA silencing (Vastenhouw
et al. 2003; Kim et al. 2005; Zhou et al. 2008).

In P granules, mRNAs are surveilled as they exit the
nuclear pore and enter the cytoplasm. It has been pro-
posed that P granules act as hydrophobic barriers to slow
diffusion of nascent mRNAs, extending the period in
which appropriate regulatory molecules can find their
targets (Sheth et al. 2010). The small RNA factors residing
in P granules are mainly associated with primary and
nonprocessive modes of siRNA production, including the
26G siRNA-associated Argonaute ALG-3 and the piRNA
(21U)-associated Argonaute PRG-1 (Batista et al. 2008;
Wang and Reinke 2008; Conine et al. 2010). Primary
siRNAs are generally produced at levels too low to ef-
ficiently silence their targets; thus, RNA silencing requires
siRNA amplification (Yigit et al. 2006; Pak and Fire 2007;
Sijen et al. 2007). Both the piRNA and 26G siRNA path-
ways engage secondary 22G siRNAs to direct RNA silenc-
ing (Das et al. 2008; Conine et al. 2010). The CSR-1 siRNA
pathway components CSR-1, EGO-1, and DRH-3 are also
found in P granules. CSR-1 class siRNAs are produced
at low levels and are not involved in RNA silencing
(Claycomb et al. 2009).

We propose that mRNAs marked for siRNA-mediated
RNA silencing are routed from P granules into Mutator
foci, where, in conjunction with the RdRP RRF-1, the
mutator complex acts as an amplification module to
churn out sufficiently high levels of siRNAs to affect gene
silencing (Fig. 6F). Although our results indicate that
RRF-1 localizes primarily to Mutator foci, while EGO-1
associates primarily with P granules, EGO-1 is redundant
with RRF-1 in the production of mutator-dependent germ-
line 22G siRNAs (Gu et al. 2009), suggesting that it may
substitute for RRF-1 in the mutator complex when RRF-1

is absent. Neither of the two other C. elegans RdRP
proteins—RRF-3, required for 26G siRNAs, or RRF-2,
which has no clearly described function—can substi-
tute for RRF-1 or EGO-1 in 22G siRNA production (Gu
et al. 2009; Gent et al. 2010; Vasale et al. 2010).

It is surprising that we do not see analogous perinuclear
localization of the mutator proteins in somatic cells,
despite a clear role for most of these proteins in somatic
endo-siRNA and exo-siRNA pathways. The germline and
soma produce different classes of endo-siRNAs, which
have distinct genetic requirements (Gu et al. 2009; Han
et al. 2009; Gent et al. 2010; Vasale et al. 2010; Fischer
et al. 2011; Maniar and Fire 2011). In the germline, siRNA
pathways have essential roles in silencing transposons.
Thus, mutator proteins may be expressed at higher levels
or associate with different complexes in the germline
compared with in the cytoplasm. It is also possible that
the mutator proteins reside in a similar complex in the
soma, but that this complex is diffuse in the cytoplasm,
rather than localized at the nuclear periphery, making it
difficult to distinguish localization from background
autofluorescence or nonspecific antibody staining. rrf-1
is also essential for 22G siRNA formation in somatic
tissues (Gent et al. 2010; Vasale et al. 2010), suggesting
that RRF-1 functions with the mutator complex in siRNA
formation throughout development.

The Q/N- and proline-rich domains of MUT-16 may
serve as a protein–protein interaction domain for multi-
merization. Q/N-rich motifs are common among eukary-
otic organisms (107–472 per proteome) and are associated
with prions in yeast and aggregation of proteins involved
in neurodegenerative diseases. These proteins are thought
to have a propensity toward self-aggregation and protein–
protein interaction (Michelitsch and Weissman 2000).
This region of MUT-16 is also enriched for prolines, which
also play a role in protein–protein interaction (Williamson
1994). Q/N-rich motifs have also been found in several
P-body components—these proteins are prone to aggrega-
tion, and this tendency to aggregate may aid in efficient
accumulation of these proteins in P bodies (Reijns et al.
2008).

The Q/N-rich region of MUT-16 is primarily in the
nonconserved, C-terminal region of the protein, whereas
the more conserved, N-terminal region, although not
bearing any obvious domains, contains numerous candi-
date phosphorylation motifs as well as other potential
modification sites. Perhaps the N-terminal region of the
protein provides the specificity for recruitment of
specific proteins, whereas the C-terminal region is primar-
ily used for self-interaction. Since MUT-16 is so essential
to endo-siRNA and exo-siRNA pathways in C. elegans,
it is surprising that it is not conserved outside of nema-
todes. However, it is plausible that unrelated proteins
with Q/N-rich regions or other aggregation-prone domains
may act as functional orthologs to generate hubs of RNAi
machinery.

Although MUT-16 is not conserved outside of nema-
todes, other mutator class genes do have clear orthologs
known to play roles in small RNA pathways. For exam-
ple, the DEAD-box RNA helicase MUT-14 is orthologous
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to Vasa in Drosophila, MVH/DDX4 in mice, and DDX4
in humans, which are required for silencing of retro-
transposons by piRNAs and localize to perinuclear germ-
line structures (Liang et al. 1994; Toyooka et al. 2000; Lim
and Kai 2007; Kuramochi-Miyagawa et al. 2010). The
DEDD family 39–59 exonuclease MUT-7 also has clear
orthologs—EXD3/mut-7 in humans and Nibbler in Dro-
sophila, which trims one-fourth of all miRNAs by 1–3 nt
(Han et al. 2011; Liu et al. 2011). Numerous nucleotidyl
transferases, like MUT-2, modify endo-siRNAs, miRNAs,
or miRNA precursors to affect their processing or sta-
bility (Heo et al. 2009; van Wolfswinkel et al. 2009). The
orthologs of other mutator proteins (MUT-15 and RDE-2)
are less clear, but like MUT-16, once we can address their
role functionally, we may develop a better understanding
of their functional orthologs.

Materials and methods

Genetics and generation of transgenic strains

The C. elegans wild-type strain is N2 Bristol. All worms were
cultured at 20°C according to standard conditions unless stated
otherwise (Brenner 1974). All mutator mutants were outcrossed
four times to the wild-type N2 strain. Strains are listed in Sup-
plemental Table S5. The mut-2, mut-7, rde-2, mut-14, mut-15,
and mut-16 genes, promoter, and 39 untranslated regions (UTRs)
were amplified from N2 genomic DNA using Phusion poly-
merase (Finnzymes) and the primers listed in Supplemental
Table S6. PCR products were cloned into entry vectors using
Gateway BP recombinase (Invitrogen). Destination vectors
pCFJ151 (for integration on Ch. II) and pCFJ178 (for integration
on Ch. IV) were modified to be compatible with the Invitrogen
Multisite Gateway technology, and entry vectors were recom-
bined into these modified vectors using LR recombinase (Invitro-
gen). All constructs were sequence-verified. Each construct was
introduced into C. elegans strain EG4322 (for Ch. II) or EG5003
(for Ch. IV) using Mos1-mediated single-copy insertion (Frøkjaer-
Jensen et al. 2008). Because the ego-1 and rrf-1 genes are coex-
pressed in an operon, the HATego-1 FlagTrrf-1 construct was
generated to maintain the integrity of the operon, while including
the HA and Flag tags. HATego-1 and FlagTrrf-1 were initially
cloned separately using the Gateway technology into pCFJ151.
The region between ego-1 and rrf-1 was included in both con-
structs. FlagTrrf-1 was introduced into the HATego-1 construct
using DraIII and SphI restriction sites.

Antibody staining and imaging

C. elegans were dissected in egg buffer containing 0.1% Tween-20
and fixed in 1% formaldehyde in egg buffer as described (Phillips
et al. 2009). Samples were immunostained with mouse anti-GFP
(Invitrogen, A-11120), rabbit anti-GFP (Invitrogen, A-11122),
rabbit anti-dsRed (Clontech, 632496), mouse anti-mAb414
(nuclear pores; Covance, MMS-120P), rabbit anti-DRH-3 (Gu
et al. 2009), mouse anti-PGL-1 (K76) (Strome and Wood 1983),
rat anti-HA (Roche, 11867423001), or mouse anti-Flag (Sigma,
F1804). Alexa-Fluor secondary antibodies were purchased from
Invitrogen. For live imaging, animals were dissected in egg
buffer and immediately mounted for imaging. All animals
were dissected as 1-d-old adults (;24 h after L4) unless other-
wise stated. Imaging was done on a Zeiss Axio Imager Z1
microscope running Axiovision software. When data stacks
were collected, deconvolution was performed using Axiovision,

and three-dimensional images are presented as maximum in-
tensity projections.

RNA isolation and TaqMan quantitative RT–PCR

RNA was isolated from synchronized 1-d-old adult (66–68 h after
L1 arrest) C. elegans using Trizol, followed by chloroform
extraction and isopropanol precipitation. RNA samples were
normalized to 1.0 mg/mL. TaqMan quantitative RT–PCR assays
of small RNA were performed as described (Han et al. 2009)
using the following sequences for probe set design: X-Cluster/
22G siR-1 (GAATAGATACGCGGTATGAGGT) and B0250.8
(GTTCCAAAATGATTCCAAGGAA). miR-1 (TGGAATGTAAA
GAAGTATGTA) was used for normalization. The 2�DDCt method
was used for comparing relative levels of each siRNA. P-values
were calculated in R using ANOVA and Tukey’s HSD tests.

Immunoprecipitation

Synchronized adult C. elegans (66–68 h at 20°C after L1 arrest)
were harvested for immunoprecipitation. Approximately 30,000
worms were used per immunoprecipitation (100,000 for MUT-
2TGFP; MUT-7TmCherry immunoprecipitations), and all im-
munoprecipitations were performed in duplicate. The worms
were frozen in liquid nitrogen and ground into a powder. After
further dilution into lysis buffer (1:10 packed worms:buffer),
a sample was taken as ‘‘input.’’ MUT-16TGFP or MUT-2TGFP
were immunoprecipitated using Protein A (Bio-Rad, #156-006)
and monoclonal mouse anti-GFP (Invitrogen A-11120). Samples
were subsequently analyzed by Western blot. For Western blots,
proteins were resolved on 5% or 7.5% Tris-HCl polyacryl-
amide gels (Bio-Rad), transferred to nitrocellulose membranes,
and probed with monoclonal rat anti-GFP (Riken, BRC JFP-J5)
(Hayashi and Shirao 1999), monoclonal mouse anti-GFP (Roche,
#11814460001), or polyclonal rabbit anti-mCherry antibodies
(Rizki et al. 2011).

RNAi assays

For RNAi assays, L1 or L2 animals were fed Escherichia coli

expressing dsRNA against pos-1, lin-29, or nhr-23. For pos-1,
animals were scored ;4 d later for hatching of the F2 embryos.
For lin-29 or nhr-23, animals were scored 2–3 d later for vulval
bursting or larval arrest, respectively. For RNAi of P-granule
components and small RNA pathway genes, C. elegans were fed
E. coli expressing dsRNA against target genes beginning at L1
larval stage. F1 progeny were imaged as ;1-d-old adults. For
RNAi of mut-16, C. elegans were fed E. coli expressing dsRNA
against target genes beginning at L1 larval stage. F1 progeny were
harvested for eggs as adults, and synchronized F2 L1s were placed
again on mut-16 RNAi. F2s were grown for 66 h at 20°C prior to
immunoprecipitation or imaging (Kamath et al. 2003; Rual et al.
2004).
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