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The centrosome is the microtubule-organizing center and a crucial part of cell division. Centrosomal RNAs (cnRNAs) have been reported to
enable precise spatiotemporal control of gene expression during cell division in many species. Whether and how cnRNAs exist in C. elegans
are unclear. Here, using the nuclear RNAi Argonaute protein NRDE-3 as a reporter, we observed potential peri-centrosome localized small
interfering (si)RNAs in C. elegans. NRDE-3 was previously shown to associate with pre-mRNAs and pre-rRNAs via a process involving the
presence of complementary siRNAs. We generated a GFP-NRDE-3 knock-in transgene through CRISPR/Cas9 technology and observed that
NRDE-3 formed peri-centrosomal foci neighboring the tubulin protein TBB-2, other centriole proteins and pericentriolar material (PCM)
components in C. elegans embryos. The peri-centrosomal accumulation of NRDE-3 depends on RNA-dependent RNA polymerase (RdRP)-
synthesized 22G siRNAs and the PAZ domain of NRDE-3, which is essential for siRNA binding. Mutation of eri-1, ergo-1, or drh-3 sig-
nificantly increased the percentage of pericentrosome-enriched NRDE-3. At the metaphase of the cell cycle, NRDE-3 was enriched in both
the peri-centrosomal region and the spindle. Moreover, the integrity of centriole proteins and pericentriolar material (PCM) components is
also required for the peri-centrosomal accumulation of NRDE-3. Therefore, we concluded that siRNAs could accumulate in the peri-
centrosomal region in C. elegans and suggested that the peri-centrosomal region may also be a platform for RNAi-mediated gene regulation.
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INTRODUCTION

Centrosomes are nonmembrane organelles. The core of the
centrosome consists of a pair of orthogonally oriented centrioles
surrounded by a dynamic assembly of proteins known as the
pericentriolar material (PCM). Centrosomes are responsible for
microtubule nucleation and organization, spindle assembly, cell
division, and cell polarity (Pintard and Bowerman, 2019).
Centrosomal RNAs (cnRNAs) were identified by studying the

oocytes of the surf clam (Spisula solidissima) as early as 2006
(Alliegro et al., 2006). Scientists have used purification methods
and labeling approaches to discover cnRNAs. With the develop-
ment of new technologies, localization-based approaches such as
single molecular FISH (smFISH) and transcriptomic approaches
such as single-cell sequencing have accelerated the characteriza-
tion of cnRNAs (Zein-Sabatto and Lerit, 2021). Centrosomal
RNAs have since been identified in diverse model systems,
including Ilyanassa, Spisula, Drosophila, Xenopus, zebrafish,
mollusk, and mammalian cell lines (Alliegro and Alliegro,
2008; Alliegro et al., 2006; Bergalet et al., 2020; Blower et al.,

2007; Lambert and Nagy, 2002; Lécuyer et al., 2007; Raff et al.,
1990; Sepulveda et al., 2018), suggesting that the localization of
mRNAs to the centrosome is an evolutionarily conserved
phenomenon. However, it is unclear whether and how cnRNAs
exist in C. elegans.
Centrosomal RNAs are proposed to have three main functions.

First, RNAs localize to the centrosome to regulate centrosome
function and mitotic integrity via co-translational mechanisms.
Since cell division is a highly dynamic process, cnRNAs and co-
translational centrosome proteins may effectively respond to cell
cycle demands (Lerit, 2022). Mislocalized cnRNAs have been
shown to disrupt microtubule organization and induce mitotic
errors (Fang and Lerit, 2022; Ryder et al., 2020). Second,
asymmetrically localized cnRNAs may contribute to asymmetric
cell division and lead to embryonic patterning and selective
inheritance of specific transcripts (Bergalet et al., 2020; Lambert
and Nagy, 2002; Safieddine et al., 2021; Sepulveda et al., 2018).
Third, cnRNAs may support the structural integrity of centro-
somes and promote phase separation within the centrosome
(Ryder and Lerit, 2018).
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RNA interference (RNAi) is a conserved mechanism that
silences complementary mRNAs via Argonaute/siRNA com-
plexes at the posttranscriptional level (Fire et al., 1998). siRNAs
are generated by the conserved ribonuclease Dicer and bound by
Argonaute (Ago) proteins to degrade targeted RNA or inhibit its
translation (Bernstein et al., 2001; Billi et al., 2014; Castel and
Martienssen, 2013). In addition, in many organisms, RNA-
dependent RNA polymerases (RdRPs) can synthesize secondary
siRNAs to amplify silencing signals (Cogoni and Macino, 1999;
Pak and Fire, 2007). In C. elegans, siRNAs silence nucleus-
localized RNAs via the nuclear RNAi defective (Nrde) pathway
(Guang et al., 2010; Guang et al., 2008). The somatic nuclear
Argonaute NRDE-3, or HRDE-1 in the germline, transports 22G
siRNAs from the cytoplasm to the nucleus, where they bind to
nascent transcripts and recruit other NRDE factors to inhibit
RNA polymerase I/II elongation and induce H3K9 and H3K27
trimethylation (Fischer and Ruvkun, 2020; Guang et al., 2010;
Mao et al., 2015; Padeken et al., 2021). NRDE-3 has been used to
reveal tissue-specific gene expression (Guang et al., 2008),
antisense ribosomal siRNAs (risiRNAs) (Liao et al., 2021; Zhou et
al., 2017), and transcriptional dynamics in vivo (Barrière and
Bertrand, 2022; Toudji-Zouaz et al., 2021).
Small RNAs have been shown to localize to many special

subcellular organelles, including membrane compartments
(mitochondria, secreted exosomes and the endoplasmic reticu-
lum) and membraneless compartments (stress granules, proces-
sing bodies and germ granules) (Jie et al., 2021; Liao et al., 2021;
Phillips and Updike, 2022; Saikia et al., 2023; Zhou et al., 2017).
Small RNAs play vital roles in the maintenance of organelle
homeostasis. Dysfunction of small RNAs leads to various
diseases, such as neurodegenerative diseases and cancer
(Barrière and Bertrand, 2022; Hombach and Kretz, 2016).
Here, using CRISPR/Cas9 technology, we generated a GFP-

tagged NRDE-3 knock-in transgene. NRDE-3 was expressed in
oocytes, early and late embryos, and somatic cells and was
enriched in the nucleus. Strikingly, we observed that NRDE-3
could also accumulate in the peri-centrosomal foci in a manner
dependent on its PAZ domain and RdRPs. Therefore, our findings
suggest that the peri-centrosomal region may also be a platform
for RNAi-mediated gene regulation.

RESULTS

NRDE-3 is widely expressed in germlines, oocytes, early
and late embryos and soma

NRDE-3 is a nuclear Argonaute protein and is required for the
nuclear RNAi pathway. Previous work constructed a low-copy
green fluorescent protein (GFP) and full-length NRDE-3 fusion
transgene driven by the nrde-3 promoter through a microparti-
cle-mediated bombardment method (Figure 1A) (Guang et al.,
2008), which contained approximately 11 copies of the
3xFLAG::GFP::NRDE-3 fusion gene in the genome (Figure
S1A). The multi-copy NRDE-3 transgene caused the Eri
phenotype and enhanced feeding RNAi response (Zhuang et al.,
2013). Here, we used CRISPR/Cas9 gene editing technology to
knock in a 3xFLAG::GFP tag onto the N-terminus of the
endogenous gene locus of NRDE-3 (Figure 1A) and confirmed
its copy number via real-time PCR (Figure S1A).
To confirm the function of the in situ tagged NRDE-3, we tested

its ability to silence nuclear-localized RNAs. lir-1 and lin-26 are

co-transcribed in an operon, and the loss of lir-1 is viable,
whereas the loss of lin-26 results in larval lethality. RNAi
targeting lir-1 also caused larval lethality via nuclear RNAi
machinery-mediated gene silencing of the nucleus-localized lir-
1–lin-26 polycistronic RNA (Bosher et al., 1999; Guang et al.,
2008; Lewis et al., 2020). The response of 3xFLAG::GFP::NRDE-
3(ust574, KI) animals to lir-1 RNAi was similar to that of wild-
type N2 animals (Figure S1B). In addition, dpy-11 RNAi caused
nuclear RNAi-dependent gene silencing in both the P0 and F1
generations (Zhuang et al., 2013). Single-copy 3xFLAG::GFP::
NRDE-3 (ust574, KI) transgenic animals exhibited a similar
response to RNAi to that of wild-type N2 animals upon dpy-11
RNAi (Figure S1C). Therefore, the 3xFLAG::GFP::NRDE-3
(ust574, KI) transgene largely recapitulated the endogenous
functions of NRDE-3 without causing an extra Eri phenotype, as
did the multicopy 3xFLAG::GFP::NRDE-3 (ggIS1, bombardment)
transgene (Figure S1A‒C) (Zhuang et al., 2013). For simplicity,
the 3xFLAG::GFP::NRDE-3 (ust574, KI) transgene is abbreviated
as GFP::NRDE-3 until otherwise specified in the text.
GFP::NRDE-3 was expressed in germline, oocyte, early and late

embryos and larval soma (Figure 1B–D; Figure S1D and E),
which is consistent with recent research from other laboratories
(Liu et al., 2023; Seroussi et al., 2023).
We investigated NRDE-3-associated siRNAs in embryos.

NRDE-3 was immunoprecipitated from the embryo lysates and
the associated small RNAs were subjected to deep sequencing via
a 5ʹ-end phosphate-independent method (Guang et al., 2008;
Zhou et al., 2014). The NRDE-3-associated embryo-specific
siRNAs were 22 nt in length, and the majority of them started
with G at their 5ʹ ends, which is consistent with the properties of
22G RNAs (Figure S2A). Approximately 79% of NRDE-3-
associated 22G RNAs target protein-coding genes. We selected
potential NRDE-3-specific targets that had more than 25 reads
per million small RNAs and identified 602 NRDE-3 target genes.
The ectopically expressed 3xFLAG::GFP::NRDE-3 (ggIS1, bom-
bardment)-associated siRNA targets were largely a subset of the
3xFLAG::GFP::NRDE-3 (ust574, KI) targets (Figure S2B), which
is consistent with the expression stage of both GFP::NRDE-3
strains in embryos.
The embryo-specific NRDE-3 targets exhibited extensive over-

lap with those of HRDE-1 (Figure S2C), the other germline-
expressed nuclear Argonaute protein (Xu et al., 2018). The
NRDE-3 embryo-specific targets also showed strong overlap with
glp-4-dependent genes (Figure S2D) (Xu et al., 2018), suggesting
that NRDE-3-associated siRNAs may target germline-enriched
genes. The WAGO-1 and WAGO-4 targets exhibited modest
overlap with the NRDE-3 targets (Figure S2E and F). However,
CSR-1 targets exhibited only a slight overlap with NRDE-3
targets (Xu et al., 2018) (Figure S2G).
Overall, NRDE-3 was expressed in the germline, oocytes, early

and late embryos, and larval somatic cells.

The nuclear localization of NRDE-3 depends on RNA-
dependent RNA polymerases

Previous work has shown that NRDE-3 is localized to the nucleus
or nucleolus in somatic cells, depending on the presence of 22G
RNAs (Guang et al., 2008). Consistent with these findings,
mutations in eri-1 and ergo-1, which are required for the
biogenesis of endogenous siRNAs (Guang et al., 2008), decreased
the nuclear localization of NRDE-3 in the soma, as shown by both
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3xFLAG::GFP::NRDE-3 (ggIS1, bombardment) (Guang et al.,
2008; Lee et al., 2006) and 3xFLAG::GFP::NRDE-3 (ust574, KI)
(Figure 1B).

Interestingly, mutations in eri-1 and ergo-1 did not signifi-
cantly deplete the nuclear accumulation of NRDE-3 in the
germline, oocytes or early embryos. NRDE-3 remained in the

Figure 1. NRDE-3 is widely expressed in germlines, oocytes, early and late embryos and somatic cells. A, Schematic of NRDE-3 and the 3xFLAG::GFP tag. NLS, nuclear
localization signal. B, Fluorescence microscopy images of 3xFLAG::GFP::NRDE-3(ust574, KI) in L4 stage animals (left) and seam cells (right) of the indicated genotypes. C,
Fluorescence microscopy images of 3xFLAG::GFP::NRDE-3 (ust574, KI) in embryonic stages in the indicated background. For degron::ego-1 animals, synchronized embryos were
grown on NGM plates seeded with OP50 supplemented with 1mmol L–1 IAA. For the rrf-1;rrf-2;degron::ego-1 animals, synchronized animals were grown on OP50 plates and
shifted to NGM plates containing 1 mmol L–1 IAA at the L4 stage. Pictures were taken 48 h after IAA treatment. D, Fluorescence microscopy images of the dissected gravid adult
germline.
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nucleus in the mutants (Figure 1C and D), suggesting that NRDE-
3 may bind alternative cohorts of siRNAs in cells even when eri-
1- and ergo-1-dependent siRNAs are depleted. The C. elegans
genome encodes four RNA-dependent RNA polymerases,
namely, RRF-1, RRF-2, RRF-3 and EGO-1 (Sijen et al., 2001;
Smardon et al., 2000). Among them, RRF-1 localizes to Mutator
foci, where it synthesizes WAGO class 22G RNAs using
pUGylated RNA fragments as templates (Phillips et al., 2012).
EGO-1 is a germline-specific RdRP that is essential for viability
and synthesizes CSR-1 class 22G RNAs in E granules (Billi et al.,
2014; Shukla et al., 2020). We generated a degron::ego-1 strain
by the CRISPR/Cas9 method to degrade EGO-1 proteins upon
treatment with IAA (Zhang et al., 2015). The function of RRF-2
remains unclear.
In both the rrf-1;rrf-2 double mutant and the degron::ego-1

(+IAA) mutant, NRDE-3 was enriched in the nucleus in the
germline, oocytes and early embryos (Figure 1C and D).
However, in the rrf-1;rrf-2;degron::ego-1 (+IAA) triple mutant,
NRDE-3 accumulated in the cytoplasm in the germline, oocytes
and early embryos at 20°C (Figure 1C and D). DRH-3 interacts
with EGO-1, is enriched in both the E-granule and mutator foci
and is required for both RRF-1- and EGO-1-dependent 22G RNA
biogenesis (Chen et al., 2024). In the drh-3 mutant, NRDE-3
accumulates in the cytoplasm. The depletion of NRDE-3 from the
nucleus in the rrf-1;rrf-2;degron::ego-1 (+IAA) triple mutant and
in the drh-3 mutant suggested that NRDE-3 associated with 22G
RNAs generated by both RRF-1- and EGO-1-dependent produc-
tion machineries.

NRDE-3 accumulated in the perinuclear foci in embryos

Interestingly, although eri-1 and ergo-1mutation did not abolish
the nuclear accumulation of NRDE-3 in the germline and early
embryos, we noticed that GFP::NRDE-3 was able to accumulate
to the distinct perinuclear foci in embryos in eri-1(–) and ergo-1
(–) animals (Figure 2A and B). In drh-3mutant, although NRDE-
3 was depleted from the nucleus and accumulated in the
cytoplasm (Figure 1C and D), we also observed the perinuclear
foci-accumulation of NRDE-3 in embryos (Figure 2A and B).
However, no perinuclear foci accumulation of NRDE-3 were
identified in any of the three mutant background: degron::ego-1
(+IAA), rrf-1;rrf-2 double mutant; rrf-1;rrf-2;degron::ego-1(+IAA)
triple mutant.
To facilitate fluorescence detection of the perinuclear foci-

enriched NRDE-3, we generated a much brighter GFP-NRDE-3
transgene using themex-5 promoter. Themex-5 promoter-driven
single-copy mex-5p::3xFLAG::GFP::NRDE-3 transgene was in-
serted into the ttTi5605 site on chromosome II via CRISPR/Cas9
method. Similarly, the mex-5 promoter-driven GFP::NRDE-3 was
strongly enriched in the perinuclear foci in drh-3 background
(Figure 2C and D).
The nuclear localization of NRDE-3 requires its ability to bind

22G RNAs (Guang et al., 2008). We tested whether the
perinuclear foci-accumulation of NRDE-3 also requires the
presence of siRNA binding. PAZ domain is required for
Arognaute proteins, including NRDE-3, to bind small RNAs
(Guang et al., 2008). We genearated a mex-5p::3xFLAG::GFP::
NRDE-3(*PAZ, Y463A, Y464A) mutant transgene (Figure S3A).
Consistent with previous reports (Guang et al., 2008), NRDE-3
(*PAZ, Y463A, Y464A) protein accumulated in the cytoplasm as
well. Notably, we did not observe the perinuclear foci accumula-

tion of GFP::NRDE-3(*PAZ) in drh-3 mutant, suggesting that
small RNA binding is essential for NRDE-3 to enrich in the
perinuclear foci (Figure 2C and D).

The nuclear localization signal (NLS) sequence is important for
NRDE-3 to translocate to the nucleus upon binding to siRNAs
(Guang et al., 2008). The mutation in NLS(K80A, R81A, K82A)
in NRDE-3 abrogated the nuclear accumulation of NRDE-3 and
prohibited its ability to rescue nuclear RNAi defects in nrde-3
animals (Guang et al., 2008). We generated mex-5p::GFP::
NRDE-3(*NLS, K80A, R81A, K82A, KI) transgenic animals
(Figure S3A) and observed the depletion from the nucleus in
both wild-type N2 background and drh-3 mutant embryos.
Strikingly, in wild-type N2 background, approximately 11%
early embryos revealed the perinuclear foci accumulation of
NRDE-3(*NLS). In addition, the percentage increased to approxi-
mately 100% in drh-3 mutants (Figure 2C and D).
In the nucleus, siRNAs guide NRDE-3 to targeted pre-mRNAs

and further recruit NRDE-2 to induce epigenetic modifications
and gene silencing (Guang et al., 2010). However, we did not
observe the perinuclear foci accumulation of NRDE-2 in both
wild-type N2 background and drh-3 mutant animals (Figure
S3B), suggesting that NRDE-3 may target the nucleic acids in the
perinuclear foci independent of other downstream NRDE factors.
We also tested whether other germline Argonaute proteins

could accumulate in the perinuclear foci in embryos. However,
neither HRDE-1 nor WAGO-4 showed the perinuclear foci
accumulation in both wild-type N2 background and drh-3
mutant animals (Figure S3C).
We tested various environmental conditions including cultur-

ing at 4°C, 15°C, 25°C or 37°C, starvation, and treatment with
actinomycin D, yet did not observe perinuclear focus formation in
3xFLAG::GFP::NRDE-3 (ust574, KI) and mex-5p::GFP::NRDE-3
animals (Figure S4A‒D).
To further confirm that the presence of 22G siRNAs

contributes to the perinuclear foci accumulation of NRDE-3, we
investigated the NRDE-3 foci in RdRP mutant animals. We
introduced rrf-1;rrf-2;degron::ego-1(+IAA) into eri-1(–) animals
(Figure 2D). The mutation of RRF-1, RRF-2 and EGO-1 together
may deplete most, if not all, of the endogenous 22G RNAs (Billi et
al., 2014). In the rrf-1;rrf-2 double mutant, NRDE-3 still
accumulated to distinct perinuclear foci in eri-1(–) animals
(Figure 2D and E). However, in rrf-1;rrf-2;degron::ego-1(+IAA)
triple mutant, the perinuclear foci accumulation of NRDE-3 was
drastically reduced. Interestingly, the perinuclear foci accumula-
tion of NRDE-3 is temperature sensitive. Growing animals at 25°
C for 12 h could deplete the perinuclear foci-enriched NRDE-3
(Figure S5A–D).
Therefore, NRDE-3 could accumulate in distinct perinuclear

foci in embryos, which depends on the binding of siRNAs.

NRDE-3 accumulates in peri-centrosomal foci

We noticed that NRDE-3 accumulated in either one perinuclear
focus or two perinuclear foci which were on the opposite side of
the nucleus, in eri-1, ergo-1 and drh-3 animals. Therefore, we
suspected that the focus is the centrosome or at least in peri-
centrosomal region. To test this idea, we generated a number of
tagRFP- and mCherry-tagged centriole proteins and pericentrio-
lar material (PCM) and examined their relative subcellular
localization with GFP::NRDE-3.
SAS-4, SAS-5 and SAS-6 are components of the centriole. AIR-
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Figure 2. NRDE-3 accumulates in the perinuclear foci in embryos. A, Fluorescence microscopy images of 3xFLAG::GFP::NRDE-3(ust574, KI) in late embryos in the indicated
genotypes. B, The bar graph displays the percentage of NRDE-3 foci-positive embryos. An embryo was defined as positive if one or more NRDE-3 foci were observed. At least 50
embryos were imaged for each genotype. C, Fluorescence microscopy images of mex-5 promoter-driven GFP::NRDE-3, GFP::NRDE-3(*PAZ) and GFP::NRDE-3(*NLS) in embryonic
stages in indicated background. *PAZ, (Y463A, Y464A); *NLS, (K80A, R81A, K82A). D, The bar graph displays the percentage of NRDE-3 foci-positive embryos. An embryo was
defined as positive if one or more NRDE-3 foci were observed. At least 50 embryos were imaged for each genotype. E, Fluorescence microscopy images of eri-1(mg366); 3xFLAG::
GFP::NRDE-3(ust574, KI) in embryos of the indicated genotypes. In rrf-1;rrf-2 background, synchronized embryos were grown on NGM plates seeded with OP50 and 1mmol L–1

IAA. For rrf-1;rrf-2;degron::ego-1 animals, synchronized animals were grown on OP50 and at L4 stage shifted to NGM plates containing 1 mmol L–1 IAA. Pictures were taken 48 h
later after IAA treatment. F, The bar graph displays the percentage of NRDE-3 foci-positive embryos. At least 40 embryos were imaged for each genotype.
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1 is a component of the pericentriolar material. γ-Tubulin is a
core component of the centrosome and serves as the nucleation
center for the polymerization of α/β-tubulin dimers into micro-
tubules and the organization of centrosomal microtubule asters
(Bobinnec et al., 2000; Hurd, 2018; Strome et al., 2001). In eri-1,
ergo-1 and drh-3 mutants, GFP::NRDE-3 consistently accumu-
lated in foci neighboring to the γ-tubulin, AIR-1, SAS-4, SAS-5
and SAS-6-marked centrosome (Figures 3A; Figure S6A and B).
tbb-2 encodes a β-tubulin in C. elegans, which contributes to

spindle assembly and microtubule formation during mitosis and
meiosis. TBB-2 is an essential component of the centrosome
center-centriole, and also a component of the centrosome-based
spindle in the early embryos (Pintard and Bowerman, 2019). We
generated single-copy mex-5 promoter-driven tagRFP-tagged
TBB-2 transgenic strains (termed tagRPF::TBB-2). NRDE-3 foci
also neighbor the microtubule marker TBB-2 (Figure 3B). TBB-2
was chosen as a marker for better simultaneous visualizing of
GFP::NRDE-3 localization.
Although shifting animals to 25°C could deplete the peri-

centrosomal foci-enriched NRDE-3, the temperature change did
not significantly alter the TBB-2-marked centrosome (Figure
S7A). Therefore, we concluded that NRDE-3 may accumulate in
the peri-centrosomal foci.
CSR-1 is the only Argonaute protein essential for fertility and

forms diverse granules in embryos (Seroussi et al., 2023), yet we
failed to detect the colocalization of CSR-1 with γ-tubulin and
AIR-1-marked PCM (Figure S7B).

NRDE-3 accumulates in the peri-centrosomal foci and
spindle during the cell cycle

The centrosome is highly dynamic and required for faithful cell
division during the cell cycle (Pintard and Bowerman, 2019). To
investigate whether NRDE-3 also accumulates in centrosome in a
cell cycle-dependent manner during embryogenesis, we used
tagRFP::TBB-2 as centrosome marker and BFP::H2B as chroma-
tin marker and quantified the proportion of NRDE-3 foci at
different cell cycle phases. NRDE-3 was significantly enriched at
the peri-centrosomal region throughout all mitotic phases
(Figures 4A–D). However, the NRDE-3(*PAZ) mutant did not
exhibit centrosome and spindle enrichment, suggesting that
siRNA binding is essential for NRDE-3 to accumulate in the peri-
centrosomal region and spindle structure (Figure S8A and B).
The NRDE-3(*NLS) also revealed enrichment in the peri-
centrosomal region and spindle during the cell cycle in wild-
type N2 background animals. The mutation in drh-3 strongly
enhanced the centrosome and spindle accumulation of NRDE-3
(*NLS) (Figure S9A and B). Notably, during cell division, NRDE-3
localized near the spindle during early embryogenesis. We
observed that NRDE-3 likely localizes to the microtubule-
organizing center (MTOC), polar microtubules, and kinetochore
microtubules (K-fibers) during metaphase (Figures 4C; Figure
S9C). Therefore, we conclude that NRDE-3 could accumulate in
the peri-centrosomal region and spindle during the cell cycle,
which depends on the binding of siRNAs.

Identification of peri-centrosome-enriched siRNAs in C.
elegans

The small size of the centrosome and the embryonic shell
hindered us from biochemically purifying centrosomes in C.

elegans. Meanwhile, because of the size of nucleus is much larger
than the size of pericentrosomal NRDE-3 foci, it is very likely that
pericentrosmal NRDE-3 may only account for a small portion of
cellular NRDE-3 protein pools, similar does pericentrosmal
NRDE-3-associated siRNAs. To specifically identify peri-centro-
some-enriched siRNAs, we compared NRDE-3(*NLS)- and TBB-2-
associated siRNAs in drh-3 mutant animals versus in wild-type
animals, focusing on upregulated siRNAs, as the drh-3 mutation
significantly increased peri-centrosomal accumulation of NRDE-
3 (Figure 5A).
We immunoprecipitated NRDE-3 from NRDE-3(*NLS) strain

and TBB-2 from tagRFP::TBB-2; NRDE-3(*NLS) strain at
embryonic stage in both drh-3(+) and drh-3(–) animals. The
associated siRNAs were isolated and subjected to deep sequen-
cing in a 5ʹ-end phosphate-independent manner. Approximately
90% of NRDE-3(*NLS)-associated small RNAs targeted protein-
coding genes in both wild-type background and drh-3 animals.
For TBB-2-immunoprecipitated small RNAs, the vast majority
were miRNAs and siRNAs which target protein-coding genes.
The siRNAs which were upregulated in NRDE-3(*NLS) (drh-3(–)
vs wild type) and TBB-2 (drh-3(–) vs wild type) background were
subsequently compared and 489 shared siRNAs were identified,
which were potentially peri-centrosome-enriched siRNAs (Figure
5B, Table S1). These peri-centrosome-enriched siRNAs revealed a
large overlap with HERD-1, CSR-1 and WAGO-4 targets and glp-
4-dependent targets, but minimal overlap with WAGO-1 targets
(Figure 5C).
The 22G RNAs generated by EGO-1 have been classed to E-

class siRNAs(Chen et al., 2024). Then, E-class siRNAs were
further classified to E-class 5ʹ siRNAs and E-class 3ʹ siRNAs,
which predominantly mapped to the 5ʹ portion of the E-class
genes and 3ʹ end, respectively. The siRNAs targeting the 3ʹ most
of the E-class genes relied on EGO-1 and typically include the last
exon of the E-class genes (Chen et al., 2024). Metagene analysis
revealed that the peri-centrosome-enriched siRNAs predomi-
nantly mapped to the 3ʹ portion of the target genes (Figure 5D).
A number of mRNAs have been reported to localize in

centrosomes in human cells, Drosophila and C. elegans (Safieddine
et al., 2021). Three of the genes, aspm-1, mesp-1 and lin-5, were
identified among the top candidates in the overlap 489 target
gene set, revealed abundant siRNA reads and increased siRNA
association in drh-3(–) mutant vs drh-3(+) animals (Figure 5E).
aspm-1 mRNA was reported to be enriched on mitotic centro-
somes across all phases of cell division in Drosophila to human
cells (Ryder and Lerit, 2018; Safieddine et al., 2021; Sepulveda et
al., 2018). Although mesp-1 mRNA has not been reported to be
enriched in the centrosome, MESP-1 functions to sort micro-
tubules of mixed polarity into a configuration in which the minus
ends are away from the chromosomes, enabling the formation of
nascent poles (Wolff et al., 2016). LIN-5 protein binds the dynein
complex, localizes in the spindle and involves in microtubule
cytoskeleton organization (Lorson et al., 2000). lin-5mRNA was
previously shown to be enriched in centrosomes by FISH assay.
We noticed the increase of siRNAs targeting the 3ʹ portion of the
aspm-1, mesp-1 and lin-5 genes (Figure 5E) as well as in other
peri-centrosomal targets (Figure S10), as shown by IGV.

The integrity of the centrosome is required for the peri-
centrosomal accumulation of NRDE-3

We then tested whether the peri-centrosomal accumulation of
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Figure 3. NRDE-3 accumulates in the peri-centrosomal foci. A, Images of mex-5p::GFP::NRDE-3 with indicated mCherry-tagged centrosome proteins in drh-3(ne4253)
background. B, Images of 3xFLAG::GFP::NRDE-3(ust574, KI) with tagRFP::TBB-2 in embryos in drh-3(ne4253) background.
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NRDE-3 relies on the integrity of centriole proteins and
pericentriolar material (PCM). In eri-1(mg366) and ergo-1
(gg98) background, GFP::NRDE-3 animals were fed by bacteria
expressing dsRNAs targeting centriole, pericentriolar material,
and their interactors. Synchronized embryos were hatched and
cultured on NGM plates for 41 h. L4 animals were then

transferred to RNAi plates and F1 embryos were examined.
In F1 embryos, knocking down both PCM components and

centriole proteins not only abolished the centrosome structure, as
shown by tagRFP::AIR-1 and tagRFP::SAS-4 markers but also
depleted the foci localization of GFP::NRDE-3 (Figure 6A–D;
Figure S11), suggesting that centrosome integrity is essential for

Figure 4. NRDE-3 accumulates in the peri-centrosomal foci and spindle during the cell cycle. A and C, Fluorescence microscopy images of indicated animals in interphase and
mitosis. B and D, Bar graph depicting the percentage of peri-centrosomal localization of NRDE-3 foci in cells in each phase. Embryos at 10–30 cell stage were selected for
quantification. For each embryo, each cell was assigned to different mitosis phases using BFP::H2B as a marker. We defined that one or more NRDE-3 foci in one cell as positive
and then counted the percentage of positive cells in each phase, at least 50 cells were quantified for each phase.
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Figure 5. Identification of peri-centrosome-enriched siRNAs in C. elegans. A, Scatterplots showing gene-by-gene comparisons of NRDE-3(*NLS)- and TBB-2- associated small
RNA reads between drh-3(ne4253) and wild-type animals. Each dot represents a gene. Cutoff>25 reads per million. B, Venn diagrams showing the overlap between upregulated
siRNAs in the gene sets of NRDE-3(*NLS) (drh-3(–) vs wild type) and TBB-2 (drh-3(–) vs wild type). drh-3(ne4253)/wild type fold change>1.3. The overlap is annotated as
potentially peri-centrosome-enriched siRNAs. C, Venn diagrams showing comparisons between the 489 overlap siRNAs and other known siRNA categories. D, Metaprofile
analysis showing the distribution of normalized 22G RNA reads (RPM) along all genes (left) and the 489 overlap siRNAs (right) in the indicated animals. E, The distribution of
normalized NRDE-3(*NLS)-associated small RNA reads across aspm-1, mesp-1 and lin-5 genomic loci in wild type and drh-3(ne4253) animals.
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Figure 6. The integrity of the centrosome is required for the peri-centrosomal accumulation of NRDE-3. A, Images of eri-1(–); GFP::NRDE-3; mCherry::SAS-4 (left) and ergo-1(–);
GFP::NRDE-3; mCherry::SAS-4 (right) animals after sas-4 RNAi. Synchronized embryos were hatched and cultured on NGM plates for 41 h and then at L4 animals were
transferred to RNAi plates and F1 embryos were imaged. B, The bar graph displays the percentage of NRDE-3 foci-positive embryos. An embryo was defined as positive if one or
more NRDE-3 foci were observed. At least 20 embryos were imaged for each RNAi experiment. C, Images of indicated animals after air-1 RNAi. D, The bar graph displays the
percentage of NRDE-3 foci-positive embryos. E, Fluorescence microscopy images of drh-3(ne4253); degron::tbb-2; TIR1::mRuby; 3xFLAG::GFP::NRDE-3 (ust574, KI) in embryos.
Synchronized embryos were grown on NGM plates seeded with OP50 and 1mmol L–1 IAA. Pictures were taken 48 h later after IAA treatment. F, The bar graph displays the
percentage of NRDE-3 foci-positive embryos.
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the NRDE-3 accumulation in the peri-centrosomal foci.
Since the drh-3(ne4253) mutant is defective in feeding RNAi

experiments, we generated a degron::tbb-2 strain via the CRISPR/
Cas9 method to degrade TBB-2 proteins upon treatment with
IAA. In drh-3(–) background animals, knocking down TBB-2 also
depleted the peri-centrosomal foci localization of GFP::NRDE-3
(Figure 6E and F).

Peri-centrosomal accumulation of NRDE-3 is important for
development of C. elegans.

To test the importance of peri-centrosomal NRDE-3 localization,
we compared the brood size, hatch rate and developmental
progress of nrde-3 mutants in both wild-type N2 and drh-3
(ne4253) backgrounds. The introduction of nrde-3(gg66) muta-
tion results in a modest reduction in brood size in both wild-type
and drh-3 background (Figure 7A). The embryo hatch rate of the
drh-3; nrde-3 double mutant is significantly lower than that of the
drh-3 single mutant (Figure 7B). In addition, nrde-3(gg66)
mutants exhibited a slower growth rate than control animals
(Figure 7C).
Therefore, we concluded that the peri-centrosomal localization

of NRDE-3 may play important roles in both fertility and
development in C. elegans.

DISCUSSION

Taken together, the results of this study revealed that the nuclear
Argonaute protein NRDE-3 is expressed in the germline, oocytes,
early and late embryos, and larval soma. Specifically, NRDE-3
can accumulate in the peri-centrosomal foci through a process
dependent on its ability to bind siRNA and the integrity of
centriole proteins and pericentriolar material (PCM) components,
especially in eri-1, ergo-1, and drh-3 background (Figure 7D),
which implies that the pericentrosomal region may also be a
platform for RNAi-mediated gene regulation. Moreover, this
work suggested that the subcellular localization of NRDE-3 may
be used to track the dynamics and transport of RNAs in distinct
subcellular organelles.

The mechanism of NRDE-3’s peri-centrosomal
accumulation

Several lines of evidence support that siRNA sequences direct
NRDE-3 to the peri-centrosomal foci. First, the NRDE-3(*PAZ)
mutant, which abolishes its siRNA binding ability, could not
accumulate in peri-centrosomal foci (Figure 2C and D). Second,
in the RdRP mutant, which is defective in the production of
certain class of endo-siRNAs, the number of peri-centrosomal
NRDE-3 foci is significantly reduced as well (Figure 2E and F).
Third, centrosomal or peri-centrosomal regions indeed contain
mRNAs, which have been reported in several organisms
including C. elegans (Alliegro and Alliegro, 2008; Alliegro et
al., 2006; Bergalet et al., 2020; Blower et al., 2007; Lambert and
Nagy, 2002; Lécuyer et al., 2007; Raff et al., 1990; Sepulveda et
al., 2018).
Our previous work showed that E-class siRNAs are categorized

into E-class 5ʹ siRNAs and E-class 3ʹ siRNAs, which predomi-
nantly map to the 5ʹ and 3ʹ regions of E-class genes, respectively
(Chen et al., 2024). In the drh-3 mutant, we observed that,
although the E-class 5ʹ siRNAs were depleted, the E-class 3ʹ

siRNAs were increased in a cohort of 489 overlapped target
genes (Figure 5D and E), which may direct NRDE-3 to the peri-
centrosome-localized mRNA targets. Moreover, previous work
has shown that E-class 3ʹ siRNAs are likely generated by the EGO
module in the cytosol (Chen et al., 2024). This work revealed
that, in the drh-3 mutant, cytoplasmic localized NRDE-3
presented more pronounced peri-centrosomal accumulation
than those in eri-1 and ergo-1 mutants (Figure 2A). Similarly,
when we ectopically expressed a mutant version of NRDE-3 with
a defective NLS sequence, in which NRDE-3 is unable to
translocate to the nucleus, we observed peri-centrosomal
localization of NRDE-3 in approximately 11% of embryos in N2
background animals (Figure 2D).
However, peri-centrosomal NRDE-3 foci are only easily

observable in certain mutant backgrounds. Further investiga-
tions are needed to determine how and why NRDE-3 could
accumulate in peri-centrosomal foci under some growth or
environmental conditions in wild-type animals.

The role of centrosomal siRNAs

The function of peri-centrosomal siRNAs is intriguing. Owing to
technical limitations, the subcellular localization of small
regulatory RNAs and their specialized functions have largely
been neglected. With the development of various technologies,
including the isolation of subcellular organelles and immuno-
fluorescence localization analysis, an increasing number of
studies have yielded broad insights into the subcellular localiza-
tion and functions of small RNAs.
Considering that NRDE-3 is an Argonaute protein and its peri-

centrosomal foci localization depends on the presence of siRNAs,
we speculate that siRNAs at the peri-centrosomal region may
guide Argonaute proteins to regulate gene expression at the foci.
This work revealed that the peri-centrosome-enriched siRNAs

largely overlapped with CSR-1 and glp-4-dependent targets
(Figure 5C), and predominantly mapped to the 3ʹ portion of the
target genes (Figures 5D and E; Figure S9). We hypothesize that
NRDE-3 may load a subset of CSR-1-class siRNAs in the germline
to target mRNAs that are enriched in the peri-centrosomal
region. Our previous work revealed that DRH-3 interacts with
EGO-1 and is enriched in both the E-granule and mutator foci
(Chen et al., 2024). EGO-1 accumulates in E-granule and is
required for the generation of E-class 22G RNAs. CSR-1 binds a
subset of the E-class siRNAs. In the drh-3 mutant, the E-class 3ʹ
siRNAs were increased. How and why the E-class 5ʹ siRNAs and
E-class 3ʹ siRNAs are different is unclear. The peri-centrosome-
enriched siRNAs show substantial overlap with CSR-1 targets
(Figure 5C), hinting that peri-centrosomal NRDE-3 may regulate
the same subset of germline-enriched genes as CSR-1.
In addition, the peri-centrosome-enriched siRNAs also showed

considerable overlap with HRDE-1 and WAGO-4 targets (Figure
5C). Both HRDE-1 and WAGO-4 play key roles in transgenera-
tional RNAi inheritance. Similarly, NRDE-3 has been reported to
be required for intergenerational RNAi inheritance (Burton et al.,
2011), consistent with its expression in the germline and early
embryos.
Centrosomal RNAs (cnRNAs) have been reported to modulate

centrosome homeostasis (Lerit, 2022; Ryder and Lerit, 2018;
Safieddine et al., 2021). Whether NRDE-3 binds to siRNAs and
regulates centrosome dynamics and cell division requires further
investigation.
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Figure 7. NRDE-3 is required for fertility and development. A, Brood size of the indicated animals at 20°C. L4 worms were transferred individually onto fresh NGM plates. The
number of progeny was scored. A two-tailed t-test was performed to determine statistical significance. B, Hatch ratio of the indicated animals at 20°C. Synchronized adult
hermaphrodites were transferred to NGM plates to lay eggs and then removed. The number of embryos and hatched larvae were recorded, and the hatch ratio was calculated as
the number of hatched larvae divided by the total number of embryos. Three biological replicates were performed. C, Development rate of the indicated animals at 20°C.
Synchronized adult hermaphrodites were transferred to NGM plates to lay eggs and then removed. The growth of progeny was monitored every 24 h at 20°C. D, A working model
for peri-centrosomal localization of NRDE-3/siRNAs in C. elegans. Left: NRDE-3 localizes in nucleus in wild-type background. Right: The nuclear Argonaute protein NRDE-3 shows
peri-centrosomal foci localization in eri-1, ergo-1, and drh-3 background. NRDE-3(*NLS) can also accumulate in peri-centrosomal foci. The process depending on NRDE-3 siRNA
binding ability. NRDE-3-bound 22G RNAs map to the 3ʹ regions of the target genes.
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NRDE-3 was used as a reporter to track the subcellular
localization of RNAs in vivo

The introduction of green fluorescent protein (GFP) has
revolutionized the investigation of cellular proteins in vivo
(Shimomura, 2005; Tsien, 1998). However, although a great
number of methods have been developed to assay RNAs in vitro, it
is still difficult to directly visualize RNAs in live cells. Many
methods, including FISH and fluorophore aptamer-based RNA
imaging, frequently require cell fixation and are not applicable in
live cells to spatiotemporally track RNAs. The MS2-MCP system
has been successfully used in living organisms, yet long repetitive
MS2 sequences may interfere with the normal function of RNAs.
A series of small, monomeric and stable fluorescent RNAs with
large Stokes shifts, including Pepper, Clivias and Okra, have been
developed to enable simple and robust imaging of RNAs with
minimal perturbation of the target RNA’s localization and
functionality (Chen et al., 2019; Huang et al., 2021; Jiang et
al., 2023; Zuo et al., 2024). The development of SunTag
technology has enabled the detection of cotranslational centro-
somal RNA as well (Chouaib et al., 2020; Safieddine et al., 2021).
Directly visualizing the subcellular localization of siRNAs is

important for many studies, including the RNAi field per se.
However, given the small size of siRNAs, it is technically
challenging to detect them through FISH experiments. NRDE-3
could be used to represent the subcellular localization of group of
siRNAs. Alternatively, biochemical purification of cellular
organelles followed by small RNA deep sequencing may help us
understand the dynamics and functions of peri-centrosomal
siRNAs.
Previously, centrosomes were isolated from Spisula solidissima

oocytes and RNAs were cloned and sequenced, which were
defined as centrosomal RNAs (Alliegro et al., 2006). Recently,
high-throughput fluorescent in situ hybridization (FISH) screen-
ing and transcriptomic approaches have been applied to identify
mRNAs that localize to centrosome (Lécuyer et al., 2007; Ryder
et al., 2020; Safieddine et al., 2021). However, owing to the
small size, it remains technically challenging to purify centro-
somes from C. elegans embryos. Further smFISH experiments or
live RNA labeling systems need to be employed to identify the
peri-centrosome-localized mRNAs.
Our previous work showed that upon binding to siRNAs,

NRDE-3 translocates to the nucleus and associates with targeted
pre-mRNAs (Guang et al., 2010; Guang et al., 2008), or to the
nucleoli and associate with pre-rRNA in the presence of risiRNAs
(Liao et al., 2021; Zhou et al., 2017; Zhu et al., 2018). These
results suggest that NRDE-3 could act as a siRNA transporter and
enrich siRNAs in certain subcellular regions. However, it is
unclear whether NRDE-3 could also be involved in transporting
other size RNAs and to the peri-centrosomal region. Using
smFISH or live RNA labeling method, it might be able to test
whether NRDE-3 is involved in guiding mRNAs or other long
RNAs to the peri-centrosomal foci. In addition, it is also very
interesting to test whether the presence of peri-centrosomal foci
depends on NRDE-3. Identifying another marker besides NRDE-3
will facilitate the visualization of the foci.
NRDE-3 has also been used to track transcription dynamics in

live C. elegans (Barrière and Bertrand, 2022; Toudji-Zouaz et al.,
2021). With the aid of proximity RNA labeling technology,
NRDE-3 may also be used to identify the transcriptome in
particular subcellular organelles.

There are some limitations in our work. The N- or C-terminal
GFP tagging of tubulin can interfere with its interactions or
disrupt microtubule architecture (Honda et al., 2017; Nishida et
al., 2021; Xu et al., 2024). Furthermore, endogenous GFP
knock-in tagging has been shown to disrupt tubulin function
(Honda et al., 2017). Recent advances in AlphaFold2-guided
engineering of split-GFP technology have enabled both endogen-
ous tagging of β-tubulin without functional disruption and
tissue-specific labeling of endogenous tubulins (Xu et al., 2024).
Further experiments are required to understand the dynamics of
peri-centrosomal NRDE-3 foci with spindle and centrosome via
the newly generated functional tagged tubulin proteins.

MATERIALS AND METHODS

Strains

The Bristol strain N2 was used as the standard wild-type strain.
All strains were grown at 20°C unless otherwise specified. For
heat stress treatment, worms were cultured at 25°C for 12 h. The
strains used in this study are listed in Supplementary Table S2.

Construction of plasmids

All plasmids were generated through the recombinational
cloning of PCR-amplified fragments. A ClonExpress MultiS One
Step Cloning Kit (Vazyme) was used to connect these fragments
to the vector. The construction process is described in detail in the
supplemental materials and methods.

Gene editing by the CRISPR/Cas9 method

For the in situ knock-in transgene 3xFLAG::GFP::NRDE-3
(ust574, KI), the injection mixture contained pDD162
(50 ng μL–1), the NRDE-3 repair plasmid (50 ng μL–1), pCFJ90
(5 ng μL–1), and three sgRNAs (30 ng μL–1). The mixture was
injected into young adult N2 animals. The transgenes were
integrated by the CRISPR/Cas9 system.
For the in situ knock-in degron::ego-1(ust614) transgene, the

injection mixture contained PDD162 (50 ng μL–1), the degron::
ego-1 repair plasmid (50 ng μL–1), pCFJ90 (5 ng μL–1), and three
sgRNAs (30 ng μL–1). The mixture was injected into young adult
CA1199 (sun-1p::TIR1::mRuby::sun-1 3ʹUTR) animals. The
transgenes were integrated via the CRISPR/Cas9 method.
For ectopic transgenes, the injection mixture contained

pDD162 (50 ng μL–1), an ectopic transgene homology-directed
repair plasmid (50 ng μL–1), pCFJ90 (5 ng μL–1), and three or
four sgRNAs (30 ng μL–1). The mixture was injected into young
adult N2 animals. The transgenes were integrated by the
modified counterselection (cs)-CRISPR method (Chen et al.,
2018; Frøkjær-Jensen et al., 2008).
The sgRNAs used in this study for transgene construction are

listed in Supplementary Table S3.

Imaging and quantification

Images were collected using a Leica DM4B microscope with a
Leica Thunder image processing system.
To quantify embryos exhibiting perinuclear GFP::NRDE-3 foci,

an embryo was defined as positive if one or more NRDE-3 foci
were observed. The number of embryos analyzed is indicated at
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the corresponding positions in the figures. The bar graph displays
the percentage of NRDE-3 foci-positive embryos.

RNAi

RNAi experiments were performed at 20°C as described
previously (Timmons et al., 2001). HT115 bacteria expressing
the empty vector L4440 (a gift from A. Fire) were used as
controls. Bacterial clones expressing dsRNAs were obtained from
the Ahringer RNAi library and sequenced to verify their identity.
Images were collected using a Leica DM4 B microscope.
For lir-1 RNAi, lir-1 and lin-26 are cotranscribed in an operon,

and lir-1 mutant is viable, whereas loss of lin-26 results in larval
lethality. RNAi targeting lir-1 is lethal, indicating that RNAi
silences lir-1/lin-26 polycistronic RNA in nucleus by nuclear
RNAi pathway. Synchronized embryos were placed on feeding
plates.
For RNAi targeting centriole and PCM genes, synchronized

embryos were hatched and cultured on NGM plates for 41 h. L4
animals were transferred to RNAi plates and F1 embryos were
imaged.

Quantitative real-time PCR

Worm samples from the indicated animals were collected and
digested at 65°C with proteinase K to extract genomic DNA.
qRT‒PCR was performed using a MyIQ2 real-time PCR machine
(Bio-Rad) with AceQ SYBR Green Master mix (Vazyme). The
primers used for qRT‒PCR are listed in Supplementary Table S4.

Auxin treatment

Unless otherwise indicated, auxin treatment was performed by
transferring worms to bacteria-seeded plates containing auxin.
The natural auxin indole-3-acetic acid (IAA) was purchased from
Sigma‒Aldrich (#12886). A 400 mmol L–1 stock solution in
ethanol was prepared and stored at 4°C for up to one month. IAA
was diluted into NGM agar and cooled to approximately 50°C
before being added to the plates. Fresh OP50 spreading plates.
The plates were left at room temperature for 1–2 days to allow
bacterial lawn growth. For all IAA treatments, 0.25% ethanol
was used as a control.
For all strains containing degron::ego-1(ust614);sun-1p::TIR1::

mRuby::sun-1 3ʹUTR, animals exposed to IAA treatment
exhibited degradation of degron-tagged EGO-1 in the germline,
leading to embryonic arrest in F1 embryos. For degron::ego-1
(ust614);sun-1p::TIR1::mRuby::sun-1 3ʹUTR; 3xFLAG::GFP::
NRDE-3(ust574, KI), eri-1(mg366);rrf-1(pk1417);rrf-2(ok210);
3xFLAG::GFP::NRDE-3(ust574, KI) and drh-3(ne4253);degron::
tbb-2(ust672);sun-1p::TIR1::mRuby::sun-1 3ʹUTR;3xFLAG::
GFP::NRDE-3(ust574, KI), synchronized embryos were exposed
onto NGM plates seeded with OP50 and containing 1mmol L–1

IAA. For rrf-1(pk1417);rrf-2(ok210);degron::ego-1(ust614);sun-
1p::TIR1::mRuby::sun-1 3ʹUTR; 3xFLAG::GFP::NRDE-3(ust574,
KI) and eri-1(mg366);rrf-1(pk1417);rrf-2(ok210);degron::ego-1
(ust614);sun-1p::TIR1::mRuby::sun-1 3ʹUTR;3xFLAG::GFP::
NRDE-3(ust574, KI), synchronized animals were grown on
OP50 on NGM plates and at the L4 stage, they were transferred
to NGM plates containing 1 mmol L–1 IAA. Pictures were taken
48 h after IAA treatment.

Actinomycin D treatment

Actinomycin D (MedChemExpress, catalog No. HY-17559, CAS:
50-76-0) was prepared as a stock solution in DMSO at a
concentration of 50 mg mL–1. The stock solution was diluted to
final concentrations ranging from 5 to 30 μg mL–1 with
concentrated OP50. NGM plates were prepared and incubated
at room temperature overnight prior to use. Synchronized L4-
stage worms were transferred to the seeded plates and grown for
24 h before imaging.

Cold-shock assay

Synchronized hermaphrodites on day 1 of adulthood were
transferred to new NGM plates and incubated at 4°C or 15°C for
12 h. Subsequently, the worms were allowed to recover for 1 h at
20°C before imaging.

Heat-shock assay

Synchronized hermaphrodites on day 1 of adulthood were
transferred to new NGM plates and incubated at 25°C or 37°C for
12 h. After that, the worms were allowed to recover for 1 h at
20°C before imaging.

Starvation assay

Synchronized hermaphrodites on day 1 of adulthood were
transferred to empty NGM plates without any bacterial lawn
for 12 h and then imaged. Alternatively, starved worms were
transferred to NGM plates with bacteria for 1 h before imaging.

Brood size

Synchronized L4 hermaphrodites were singled onto NGM plates
and transferred daily as adults until embryo production ceased.
The total number of progenies produced was then counted.

Hatch ratio

Synchronized adult hermaphrodites were transferred to NGM
plates to lay eggs, which were subsequently removed. The
numbers of embryos and hatched larvae were scored, and the
hatch ratio was calculated as the number of hatched larvae
divided by the total number of embryos.

Development rate

Synchronized adult hermaphrodites were transferred to NGM
plates to lay eggs, which were subsequently removed. The
growth of the progeny was monitored every 24 h at 20°C.

RNA immunoprecipitation (RIP) assay

3xFLAG::GFP::NRDE-3(ust574, KI), 3xFLAG::GFP::NRDE-3
(ggIS1, bombardment) and NRDE-3(*NLS)-associated siRNAs
were isolated from embryo lysates. The embryos were cryo-
grolded in lysis buffer (20mmol L–1 Tris-HCl, pH 7.5, 200mmol
L–1 NaCl, 2.5mmol L–1 MgCl2, 0.5% NP-40, and 10% glycerol)
supplemented with proteinase inhibitor tablets (Roche). The
lysate was precleared with protein G-agarose beads (Roche) and
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then incubated with anti-FLAG M2 magnetic beads (Sigma
#M8823). The beads were washed extensively and eluted with
3xFLAG peptide (Sigma #F4799). The eluates were incubated
with DNase I followed by TRIzol purification and isopropanol
precipitation. The precipitated RNA was treated with RNA 5ʹ
polyphosphatase (Biosearch) and re-extracted with TRIzol
reagent.
TBB-2-associated siRNAs were isolated from mex5p::3xHA::

tagRFP::TBB-2; GFP::NRDE-3(*NLS) embryo lysates and incu-
bated with anti-HA magnetic beads (Thermo Scientific #88836).
The beads were washed extensively and eluted with HA peptide
(Thermo Scientific #26184).

siRNA deep sequencing

NRDE-3- and TBB-2-bound siRNAs were subjected to deep
sequencing using an Illumina platform by Novogene Bioinfor-
matics Technology Co., Ltd., for library preparation and
sequencing. Briefly, 3ʹ and 5ʹ adaptors were ligated to the 3ʹ
and 5ʹ ends of small RNAs, respectively. After purification and
size selection, libraries with insertions between 18–30 bp were
subjected to deep sequencing.
The Illumina-generated raw reads were first filtered to remove

adaptors, low-quality tags, and contaminants to obtain clean
reads at BGI Shenzhen. Clean reads ranging from 18 to 30 nt
were mapped to the unmasked C. elegans genome and the
transcriptome assembly WS243, respectively, using Bowtie2
with default parameters. The number of reads targeting each
transcript was counted using custom Perl scripts and displayed
by IGV.

Metagene analysis

The metagene profiles were generated according to a method
described previously (Singh et al., 2021). The BigWig files were
generated using the Snakemake workflow (https://gitlab.Pas-
teur.fr/bli/bioinfo_utils). Briefly, the 3ʹ adapters and 5ʹ adapters
were trimmed from the raw reads using Cutadapt v.1.18 with the
following parameters: -a AGATCGGAAGAGCACACGTCT-g
GTTCAGAGTTCTACAGTCCGACGATC–discard-untrimmed.
After adapter trimming, the reads containing 18 to 26 nt were
selected using Bioawk. The selected 18–26 nucleotide reads were
aligned to the C. elegans genome (ce11, C. elegans Sequencing
Consortium WBcel235) using Bowtie2 v.2.3.4.3 with the
following parameters: -L 6 -i S,1,0.8 -N 0. The resulting
alignments were used to generate bigwig files with a custom
bash script using BEDtools version v2.27.1, BEDOPS version
2.4.35, and bedGraphToBigWig version 4. Read counts in the
bigwig file were normalized to million “nonstructural” mappers
—that is, reads containing 18 to 26 nt and mapped to
annotations not belonging to “structural” (tRNA, snRNA,
snoRNA, rRNA, ncRNA) categories—and counted using feature-
Counts77 v.1.6.3. These bigwig files were used to generate
“metaprofiles” files with a shell script.

Statistics

The means and standard deviations of the results are presented in
bar graphs with error bars. All experiments were conducted with
independent C. elegans animals at the indicated number (N) of
times. Statistical analysis was performed with two-tailed

Student’s t-tests.

Data availability

The data that support this study are available from the
corresponding author upon request. All the high-throughput
data generated by this work have been deposited in the Genome
Sequence Archive (Genomics, Proteomics & Bioinformatics
2021) (Chen et al., 2021) in National Genomics Data Center
(Nucleic Acids Res 2022) (Xue et al., 2022), China National
Center for Bioinformation/Beijing Institute of Genomics, Chinese
Academy of Sciences (GSA: CRA017153) that are publicly
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