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Abstract

Metazoans guard their germlines against transposons and other foreign transcripts with PIWI-interacting RNAs (piRNAs). Due to the ro-
bust heritability of the silencing initiated by piRNAs in Caenorhabditis elegans (C. elegans), previous screens using C. elegans were 
strongly biased to uncover members of this pathway in the maintenance process but not in the initiation process. To identify novel 
piRNA pathway members, we have utilized a sensitized reporter strain which detects defects in initiation, amplification, or regulation 
of piRNA silencing. Using our reporter, we have identified Integrator complex subunits, nuclear pore components, protein import com-
ponents, and pre-mRNA splicing factors as essential for piRNA-mediated gene silencing. We found the small nuclear processing cellular 
machine termed the Integrator complex is required for both type I and type II piRNA production. Notably, we identified a role for nuclear 
pore and nucleolar components NPP-1/Nup54, NPP-6/Nup160, NPP-7/Nup153, and FIB-1 in promoting the perinuclear localization of 
anti-silencing CSR-1 Argonaute, as well as a role for Importin factor IMA-3 in nuclear localization of silencing Argonaute HRDE-1. 
Together, we have shown that piRNA silencing in C. elegans is dependent on evolutionarily ancient RNA processing machinery that 
has been co-opted to function in the piRNA-mediated genome surveillance pathway.
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Introduction
To defend against invading nucleic acids, organisms must identify 
and silence foreign RNAs while preserving the expression of 
endogenous RNAs. When organisms fail to combat virus and trans-
poson derived invasive nucleic acids, these elements can destabil-
ize the genome and lead to widespread mutagenesis and 
infertility (Brennecke et al. 2007). One system animals have evolved 
to combat foreign nucleic acids is comprised of PIWI-clade 
Argonaute and its associated noncoding PIWI-interacting RNAs 
(piRNAs) (Saito et al. 2006; Batista et al. 2008; Das et al. 2008). In 
Caenorhabditis elegans, piRNAs are able to initiate a robust silencing 
signal against mRNAs deemed as non-self (GFP, for example) which 
can be inherited for as many as 20 generations after the loss of the 
initiating PIWI protein complex (Ashe et al. 2012). Because 
piRNA-initiated gene silencing is heritable independent of the initi-
ation factors, piRNA reporters that rely on activation of a 
piRNA-silenced GFP transgene are biased to detect components 
that are required for maintaining and amplifying the already in-
itiated silencing signal. For this reason, some of the requirements 
for the piRNA pathway in C. elegans likely remain unknown.

Here, we present a candidate RNA interference (RNAi) screen in 
C. elegans using a sensitized reporter that relies on the previously 
characterized phenomenon that particular GFP transgenes have 
distinct propensities to be silenced when challenged with a 

perfectly complementary piRNA (Seth et al. 2018). We used 
this piRNA reporter to test for the involvement of small nuclear 
(snRNA) processing factors, mRNA processing factors, germ 
granules components, and protein transport factors in 
piRNA-mediated silencing. We further characterized components 
from each of these categories to better understand how they me-
diate silencing in C. elegans. Our data suggest that the more recent-
ly evolved piRNA pathway utilizes highly evolutionarily conserved 
snRNA processing, pre-mRNA splicing, and protein import factors 
to carry out small RNA silencing, including the biogenesis of 
piRNAs and the regulation of Argonaute localization. Taken to-
gether, our results demonstrate that our piRNA reporter can iden-
tify various factors involved in distinct steps of the piRNA 
pathway. Our results also showed that proper piRNA-mediated 
transcriptome-wide surveillance relies on various regulatory fac-
tors that are not directly required for gene silencing.

Materials and methods
C. elegans strains
Animals were grown on standard nematode growth media 
(NGM) plates seeded with the Escherichia coli OP50 strain at 20°C. 
COP262 (knuSi221 [fib-1p::fib-1(genomic)::eGFP::fib-1 3′ UTR + unc- 
119(+)] II.), SS747 (bnIs1[pie-1::GFP::pgl-1 + unc-119(+)]), YY538 
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(hrde-1 (tm1200) III.), and YY1492 (mut-16(cmp3[mut-16::gfp::flag +  
loxP] I; znfx-1(gg634[HA::tagRFP::znfx-1]) II; pgl-1(gg640[pgl-1::3 
xflag::mCardinal]) IV.) were obtained from the Caenorhabditis 
Genetics Center. YY584 (ggSi1[hrde-1p::3xflag::gfp::hrde-1] II.) was 
a gift from Scott Kennedy. HCL199 (hrde-1 (tm1200) III; wago-10 
(tm1186) V.) was outcrossed from WM191. HCL105 (gfp::csr-1 IV.) 
and HCL125 (gfp::prg-1 flag::mCherry::glh-1 I.) are described in 
(Chen et al. 2020). Creation of HCL202 (mCherry::npp-7(uoc21) I.) 
and HCL135 (prg-1(uoc8) oma-1::gfp I; cdk-1::gfp II; 21ur-anti-gfp(type 
I) IV.) are described below. Crosses used to generate the type I and 
type II piRNA reporter strains are depicted in Supplementary 
Fig. 1a.

RNAi
RNAi was performed by feeding animals with E. coli HT115 (DE3) 
strains expressing the appropriate double-stranded RNA. RNAi 
bacterial strains were obtained from the Ahringer C. elegans 
RNAi Collection (Source BioScience). Bacterial cultures were 
grown in Luria broth supplemented with 100 μg/mL ampicillin 
and 50 μg/mL tetracycline overnight at 37°C. Cultures were 
seeded on NGM plates containing 100 μg/mL ampicillin, 50 μg/ 
mL tetracycline, and 1 mM IPTG and incubated at room tempera-
ture until dry. L4 hermaphrodites were picked onto the plates for 
feeding at 20°C and removed after 24 h. Adult progeny were 
screened. In instances where L4 treatment resulted in early 
next generation arrest, L1s were plated and screened as adults. 
Experiments where same generation screening was necessary 
are indicated in the relevant figure legend or data table. HT115 
(DE3) expressing empty RNAi vector L4440 was used as the con-
trol. To assign significance to treatments in the piRNA reporter 
activation screen, a threshold of 20% activation was used as con-
trol treatment sometime resulted in spurious activation, but 
never resulted in over 20% naïve activation at 20°C for type I or 
type II piRNA reporters.

CRISPR
Cas9/sgRNA constructs. We used the online tool sgRNA Scorer 2.0 
(https://crispr.med.harvard.edu/) to design sgRNAs. The sgRNAs 
were cloned into pDD162 (Dickinson et al. 2013) by overlapping 
PCR using pDD162 as the PCR template and the appropriate pri-
mers. Overlapping PCR products were inserted into pDD162 line-
arized with SpeI/BsrBI digestion by the seamless ligation cloning 
extract (SLiCE) method (Zhang and Glotzer 2015).

Donor constructs
To generate the flag::mCherry::NPP-7 donor construct, 500 bp up-
stream and 500 bp downstream of the npp-7 TSS, and the flag:: 
mCherry coding sequences were amplified by PCR using N2 gen-
omic DNA or plasmids containing flag::mCherry as templates. 
PCR fragments were inserted into pUC19 linearized with HindIII/ 
KpnI digestion by SLiCE. Silent mutations were introduced in 
guide RNA targeting sites by site-directed mutagenesis in donor 
constructs using Phusion High-Fidelity DNA Polymerases 
(Thermo Fisher Scientific).

Fluorescence imaging
GFP- and RFP/mCherry-tagged fluorescent proteins were visua-
lized in living nematodes by mounting young adult animals on 
2% agarose pads with M9 buffer (22 mM KH2PO4, 42 mM 
Na2HPO4, and 86 mM NaCl) with 10 mM levamisole. Fluorescent 
images used for localization studies were captured using a Zeiss 
LSM800 confocal microscope with a Plan-Apochromat 40×/1.4 
Oil objective. Fluorescent images used for screening for GFP 

expression were captured using a Zeiss Axio Imager M2 com-
pound microscope with a Plan-Apochromat 40×/1.4 Oil objective. 
NPP-7 nucleolar localization in Supplementary Fig. 3f was inferred 
by observing NPP-7 expression to be within nuclei distinct from 
nuclear membranes in 3D space.

Fluorescent image quantification
Confocal images were processed and mean gray intensity values 
were quantified in ImageJ. Using a fixed circle area, three non- 
overlapping mean gray intensity measurements were made per 
gonad. Images of 7–8 gonads were quantified for each RNAi 
condition.

Quantitative real-time PCR
For mRNA expression
1 μg of total RNA was reverse transcribed with SuperScript IV 
Reverse Transcriptase (Invitrogen) in 1 ×  reaction buffer, 2 U 
SUPERase-In RNase Inhibitor (Invitrogen), 0.5 mM dNTPs, and 
2.5 μM random hexamers. Each real-time PCR reaction consisted 
of 3 μL of cDNA, 1 μM forward gene-specific primer and 1 μM re-
verse gene-specific primer. The amplification was performed 
using iTaq Universal SYBR Green Supermix (Bio-Rad) on the 
Bio-Rad CFX96 Touch Real-Time PCR Detection System. The ex-
periments were repeated for a total of three technical replicates. 
tba-1 expression was used as a housekeeping gene for experiments 
shown in S1B and prg-1 for experiments shown in S3D.

For piRNA expression
For stem-loop real-time PCR to measure piRNA levels, 50 pM 
stem-loop reverse primer 5′-CTCAACTGGTGTCGTGGAGTCGGCA 
ATTCAGTTGAG-n8-3′ (n8 = reverse complement sequences of 
last eight nucleotide acids in piRNA or miRNA). Each real-time 
PCR reaction consisted 4 μL of cDNA, 1 μM forward primer 
5′-ACACTC-CAGCTGGG-n16-3′ (n16 = first 16 nucleotide acids 
in piRNA or miRNA), and 1 μM universal reverse primer 
5′-CTCAAGTGTCGTGGAGTCGGCAA-3′. The amplification was 
performed using iTaq Universal SYBR Green Supermix (Bio-Rad) 
on the Bio-Rad CFX96 Touch Real-Time PCR Detection System. 
The experiments were repeated for a total of four technical repli-
cates. mir-35 expression was used as a housekeeping gene.

Western blotting
Lysates were prepared from ∼100 worms in M9. 4X NuPAGE LDS 
Sample Buffer and a final concentration of 50 mM of DTT were 
added. Samples were boiled (10 min), and proteins were sepa-
rated by standard SDS-PAGE (NuPAGE precasted Bis-Tris Gel in 
MOPS running buffer), and transferred to nitrocellulose mem-
brane using the semi-dry transfer system (Bio-Rad). The mem-
brane was blocked in 5% non-fat milk in TBST for 1 h at room 
temperature and incubated with primary antibodies (1:1,000 
anti PRG-1 (gift from C. Mello) and 1:1,000 anti GFP (Santa Cruz 
sc-9996) diluted in 5% milk) for 1 h at room temperature. 
Antibodies were washed off with TBST for 5 min/5 times, incu-
bate with secondary antibodies (1:15,000 anti mouse and 
1:100,000 anti rabbit diluted in 5% milk) for 1 h at room tempera-
ture, wash off antibodies with TBST for 5 min/5 times. Bands 
were visualized by ECL Select Western Blotting Detection 
Reagent (Amersham) and imaged by Amersham Imagequant 
800. Experiments were performed twice and results were quanti-
fied using ImageJ to measure band intensities. PRG-1 was used as 
an internal control.
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Small RNA sequencing
Library preparation
Total RNA was extracted from whole animals of ∼100,000 synchro-
nized young adults. Small (<200 nt) RNAs were enriched with 
mirVana miRNA Isolation Kit (Ambion). In brief, 80 μL (200–300 μg) 
of total RNA, 400 μL of mirVana lysis/binding buffer and 48 μL of 
mirVana homogenate buffer were mixed well and incubated at 
room temperature for 5 min. Then, 176 μL of 100% ethanol was 
added and samples were spun at 2500×g for 4 min at room tempera-
ture to pellet large (>200 nt) RNAs. The supernatant was transferred 
to a new tube and small (<200 nt) RNAs were precipitated with pre- 
cooled isopropanol at -70°C. Small RNAs were pelleted at 20,000×g at 
4°C for 30 min, washed once with 70% pre-cooled ethanol, and dis-
solved with nuclease-free water. Ten micrograms of small RNAs 
were fractionated on a 15% PAGE/7M urea gel, and RNA from 
17 nt to 40 nt was excised from the gel. RNA was extracted by soak-
ing the gel in 2 gel volumes of NaCl TE buffer (0.3 M NaCl, 10 mM 
Tris-HCl, 1 mM EDTA pH 7.5) overnight. The supernatant was col-
lected through a gel filtration column. RNA was precipitated with 
isopropanol, washed once with 70% ethanol, and resuspended 
with 15 μL nuclease-free water. RNA samples were treated with 
RppH to convert 22G-RNA 5′ triphosphates to monophosphates in 
1 ×  reaction buffer, 10 U RppH (New England Biolabs), and 20 U 
SUPERase-In RNase Inhibitor (Invitrogen) for 3 h at 37°C, followed 
by 5 min at 65°C to inactivate RppH. RNA was then concentrated 
with the RNA Clean and Concentrator-5 Kit (Zymo Research). 
Small RNA libraries were prepared according to the manufacturer’s 
protocol of the NEBNext Multiplex Small RNA Sample Prep Set for 
Illumina-Library Preparation (New England Biolabs). NEBNext 
Multiplex Oligos for Illumina Index Primers were used for library 
preparation (New England Biolabs). Libraries were sequenced using 
an Illumina HiSeq4000 to obtain single-end 50 nt sequences at the 
University of Chicago Genomic Facility.

Analysis
Fastq reads were trimmed using custom perl scripts. Trimmed 
reads were aligned to the C. elegans genome build WS230 using bow-
tie ver 1.2.1.1 (Langmead et al. 2009) with options -v 0 --best --strata. 
After alignment, reads that were between 17 and 40 nucleotides in 
length were overlapped with genomic features (rRNAs, tRNAs, 
snoRNAs, miRNAs, piRNAs, protein-coding genes, pseudogenes, 
transposons) using bedtools intersect (Quinlan and Hall 2010). 
Sense and antisense reads mapping to individual miRNAs, 
piRNAs, protein-coding genes, pseudogenes, RNA/DNA transpo-
sons, simple repeats, and satellites were totaled and normalized 
to reads per million (RPM) by multiplying be 1e6 and dividing read 
counts by total mapped reads, minus reads mapping to structural 
RNAs (rRNAs, tRNAs, snoRNAs) because these sense reads likely re-
present degraded products. Reads mapping to multiple loci were pe-
nalized by dividing the read count by the number of loci they 
perfectly aligned to. Reads mapping to miRNAs and piRNAs were 
only considered if they matched to the sense annotation without 
any overlap. Annotations for miRNAs were according to miRBase 
16, and piRNA annotations were as previously described using 
PRG-1 IP data (Gu et al. 2012). In other words, piRNA and miRNA 
reads that contained overhangs were not considered as mature 
piRNAs or miRNAs, respectively. piRNA precursors were defined 
as sequences containing a full mature piRNA sequence plus a 2 nu-
cleotide 5′ overhang corresponding to the genomic sequence 2 nu-
cleotides upstream of that piRNA’s mature 5′ end. 22G-RNAs were 
defined as 21 to 23 nucleotide long reads with a 5′G that aligned anti-
sense to protein-coding genes, pseudogenes, or transposons. 

22G-RNAs against Worm-specific ArGOnaute (WAGO) targets 
were considered if they met the above criteria and also aligned anti-
sense to the coding region of WAGO-targeted genes, defined as 
genes whose mapped 22G-RNAs exhibit over two-fold enrichment 
from either WAGO-1 IP than that from input 22G-RNAs (Gu et al. 
2009) or WAGO-9 IP than that from input 22G-RNAs (Shirayama 
et al. 2012). 22G-RNAs against CSR-1 targets were considered if 
they met the above criteria and algo aligned antisense to the coding 
region of CSR-1 targeted genes, defined as genes whose mapped 
22G-RNAs exhibit over two-fold enrichment from CSR-1 IP than 
that from input 22G-RNAs (Claycomb et al. 2009). To control for 
the effects of adult gonad size variability, RNA extraction, and se-
quencing depth, read counts were normalized by total read counts 
against germline expressed miRNAs as defined previously (Minogue 
et al. 2018). RPM mapped germline expressed miRNAs (RPM) values 
were computed and used in all downstream analyses using custom 
R scripts using R version 4.0.3 (R Core Team 2020), which rely on 
packages ggplot2 (Wickham 2016), reshape2 (Wickham 2007), 
ggpubr (Kassambara 2020), and dplyr (Wickham et al. 2021). 
piRNA loci were defined as most snpc-4 dependent using mature 
type I normalized reads in snpc-4 RNAi and empty vector control li-
braries. A Bayesian approach was used to select loci with at least a 
two-fold reduction in expression compared to control and a signifi-
cant difference in expression (adjusted P < 0.05) (Maniar and Fire 
2011)

Cap-dependent RNA sequencing
Library preparation
Total RNA isolation was performed as described above for small 
RNA sequencing. Capped RNA molecules were enriched as de-
scribed previously (Gu et al. 2012). Terminator exonuclease 
(Epicentre) was used to selectively degrade monophosphorylated 
RNAs. Quick CIP (New England Biolabs) was used to dephosphor-
ylate non-capped triphosphorylated RNAs. RppH was used with 
Thermopol Buffer (New England Biolabs) to decap RNAs for liga-
tion. Libraries were prepared according to the manufacturer’s 
protocol of the NEBNext Multiplex Small RNA Sample Prep Set 
for Illumina-Library Preparation (New England Biolabs). 
NEBNext Multiplex Oligos for Illumina Index Primers were used 
for library preparation (New England Biolabs). Libraries were se-
quenced using an Illumina NovaSeq6000 to obtain single-end 
100 nt sequences at the University of Chicago Genomic Facility.

Analysis
Adaptor trimming and alignment were performed as described 
above for small RNA sequencing. Reads that were between 17 
and 100 nucleotides were retained. Precursor length histograms 
were constructed based on lengths of unique piRNA precursor se-
quences (molecules containing a full mature piRNA sequence 
plus the 2 nucleotides upstream of the mature piRNA 5′ end, as 
described above) from each library. Success of cap-dependent iso-
lation was determined by comparing the enrichment for piRNA 
precursors vs mature piRNAs in the cap-dependent libraries com-
pared to the previously constructed traditional small RNA 
libraries.

Results
piRNA reporter detects loss of piRNA-dependent 
silencing factors
As described above, because piRNA targeting initiates a robust 
and stable silencing signal that persists even in the absence of 
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the PIWI-clade Argonaute protein PRG-1, previous reporter-based 
strategies have been biased to detect downstream components of 
the piRNA pathway (Ashe et al. 2012; Bagijn et al. 2012). To remove 
this bias and increase the sensitivity of our screen, we aimed to es-
tablish a GFP reporter that is silenced in a piRNA dependent man-
ner. We relied on previous observations that different GFP 
transgenes show distinct capacities to become silenced by the 
piRNA pathway (Seth et al. 2018). Our reporter strain contains 
two separate GFP transgenes with contrasting silencing propen-
sities. One transgene, cdk-1::gfp, becomes stably silenced when 
challenged by an artificial piRNA (integrated into endogenously 
encoded piRNA locus 21ur-5499) that perfectly complements a 
21nt site within the gfp coding sequence (Zhang et al. 2018). 
cdk-1::gfp remains very stably silenced for many generations, 
even after loss of the GFP-targeting piRNA (Shirayama et al. 
2012). A second transgene, oma-1::gfp, is reported to carry anti- 
silencing capabilities. Not only does oma-1::gfp fail to be silenced 
by a perfectly complementary piRNA (Seth et al. 2018), it has 
also been shown previously that the piRNA resistance properties 
of oma-1::gfp can allow other GFP transgenes to escape piRNA si-
lencing, a process referred to as RNA activation (Seth et al. 2018). 
When we crossed these two lines to one another to obtain a strain 
that contains both GFP transgenes as well as the perfectly comple-
mentary piRNA, both transgenes are silenced (Supplementary 
Fig. 1a). We hypothesized that because this strain contains one 
transgene that is vulnerable to piRNA silencing and another that 
resists piRNA silencing, then perhaps the silenced state of both 
GFP transgenes are not robust due to the constant competition 
of silencing and anti-silencing signals against GFP and can be eas-
ily perturbed by loss of the GFP-targeting piRNA. To test this hy-
pothesis, we introduced a frameshift mutation to the sole 
PIWI-clade Argonaute prg-1 using the CRISPR/Cas9 system. We 
found that both transgenes became expressed at the first gener-
ation of prg-1 homozygosity (F2 generation) after injection 
(Fig. 1a and Supplementary Fig. 1b). Therefore, this reporter can 
successfully detect loss of prg-1, suggesting that a screen using 
this sensitized reporter would be sensitive to loss of upstream fac-
tors in the piRNA pathway.

Although many factors in the C. elegans piRNA pathway have 
been characterized, there are likely unknown components of 
this pathway that have not yet been discovered due to the use of 
less sensitive reporters in genetic screens. We, therefore, sought 
to use our sensitized reporter to identify components involved in 
the pathway both at the piRNA biogenesis level and at the effector 
level (Supplementary Fig. 1c). We used a candidate approach by 
selecting specific factors to knockdown using RNAi (in L4 animals) 
and monitored the piRNA reporter expression in the next gener-
ation (Fig. 1b). We see both of GFP transgenes are co-silenced in 
a wild type background and are co-expressed in prg-1 mutants, 
and also in many other RNAi-treated animals reported here 
(Fig. 1a). Nonetheless, because OMA-1::GFP signal is only visible 
in oocytes, in experiments involving RNAi treatments where oo-
cytes are not found, we assigned GFP activation state based on 
CDK-1::GFP expression alone. To ensure that this approach can 
successfully identify the loss of factors at both of these levels, 
we performed RNAi against known piRNA biogenesis and effector 
components. We saw that depletion of piRNA biogenesis factors 
snpc-4, tofu-2, and tofu-5 (Goh et al. 2014; Kasper et al. 2014) resulted 
in significant GFP expression in the reporter, as did effector factors 
nrde-1, nrde-2, set-25, and hpl-2 (Buckley et al. 2012; Spracklin et al. 
2017; Fields and Kennedy 2019) (Fig. 1c). As expected, we failed to 
observe significant GFP expression when a somatic RNAi factor, 
nrde-3, was depleted with RNAi (Guang et al. 2008). These results 

suggested that our sensitized reporter can be used to detect loss 
of piRNA components using an RNAi based approach. The full 
list of candidates tested using our reporter can be found in 
Supplementary Table 1.

RNAi screen identifies P granule factors, mRNA 
processing factors, and protein transport factors 
as piRNA silencing components
piRNA transcription in C. elegans is accomplished by RNA pol II. 
Since piRNA precursor transcription requires the SNPC-4 com-
plex, which is also involved in initiation of snRNA transcription 
(Kasper et al. 2014), we hypothesized that the Integrator complex, 
a multimeric snRNA processing complex required for snRNA 3′ 
end processing, may be involved in the termination of piRNA tran-
scription. Our model is consistent with the recent report that ter-
mination of piRNA precursor transcription involves the Integrator 
complex (Beltran et al. 2021; Berkyurek et al. 2021). We performed 
RNAi against nine different components of the Integrator complex 
in the sensitized reporter and found four of the components, dic-1, 
ints-1, ints-9, and ints-11, triggered GFP expression in the reporter 
following knockdown (Fig. 2a). We failed to observe GFP expres-
sion following knockdown of ints-4, ints-5, ints-7, ints-12, or 
ints-13 despite the gross morphological phenotypes resulting 
from most of these treatments (Supplementary Table 1). As indi-
vidual knockdown of ints-1, ints-2, ints-4, ints-5, dic-1, ints-7, 
ints-8, ints-9, or ints-11 has been shown to disrupt snRNA 3′ end 
processing in C. elegans (Gómez-Orte et al. 2019), our finding sug-
gests that a subset of the Integrator complex could be functioning 
at piRNA loci in a fashion distinct from its function at snRNA loci 
and coding genes. It has been shown recently that the mammalian 
Integrator complex form structurally distinct subcomplexes 
(Pfleiderer and Galej 2021). Although a subcomplex composed of 
ints-1, dic-1, ints-9, and ints-11 was not reported, our results sug-
gest that these four components of the Integrator complex pro-
mote piRNA biogenesis.

piRNA pathway components are enriched in phase-separated 
perinuclear organelles called P granules. Previous studies have 
shown that when P granules are lost, RNAi is compromised 
(Spike et al. 2008). We recently reported that loss of both glh-1 
and glh-4 or of meg-3 and meg-4 led to GFP expression in the 
piRNA reporter (Chen et al. 2022). It remains unclear, however, 
whether specific P granule regulators are important for gene silen-
cing or whether the structures themselves are indispensable. We 
addressed this question by treated the sensitized reporter with 
RNAi against genes which have previously been shown to be en-
riched in or important for the formation of P granules (Updike 
and Strome 2009). We found that knockdown of nuclear pore com-
ponents npp-6, npp-7, and npp-9, phosphatase cdc-25.1, and prote-
asome component pas-5 all led to GFP expression in the reporter 
(Fig. 2a). The specific role of npp-6/7 in promoting piRNA silencing 
is further explored below.

Pre-mRNA splicing has recently been shown to act as a signal 
for endogenous RNAi pathways in C. elegans (Akay et al. 2017; 
Tyc et al. 2017; Newman et al. 2018). In addition, knockdown of 
some splicing factors leads to defects in P granule formation 
(Updike and Strome 2009), and splicing factor EMB-4 is essential 
for piRNA-mediated silencing for reporters containing multiple 
introns (Akay et al. 2017; Tyc et al. 2017). We, therefore, wondered 
whether loss of particular splicing factors would trigger GFP ex-
pression in our sensitized reporter. We found that of the 13 spli-
cing factors we tested, only loss of the second step factors prp-17 
and prp-21 triggered GFP expression (Fig. 2a), despite the gross 
morphological phenotypes resulting from treatment with most 
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other RNAi constructs (Supplementary Table 1). This finding sug-
gests some specific pre-mRNA splicing factors contribute to 
piRNA silencing.

piRNA targeting triggers a silencing signal that relies on siRNAs 
to function with secondary Argonaute proteins called WAGOs 
both in the cytoplasm and in the nucleus (Billi et al. 2014). The 
RNA-dependent RNA polymerases that manufacture these 
siRNAs, termed 22G-RNAs due to their possession of a 5′ guano-
sine and 22nt length, all exist and function in the cytoplasm (Gu 
et al. 2009; Phillips et al. 2012). The nuclear Argonaute HRDE-1 
(WAGO-9) is critical for the inheritance of gene silencing over gen-
erations (Buckley et al. 2012). However, it remains unknown how 
HRDE-1 and piRNA-dependent 22G-RNAs translocate into the nu-
cleus in germ cells. We hypothesized that HRDE-1 binds 
22G-RNAs in the cytoplasm and subsequently translocates into 
the nucleus as has been shown with the nuclear PIWI-clade 
Argonaute in Drosophila and the somatic nuclear Argonaute in C. 
elegans NRDE-3 (Guang et al. 2008; Yashiro et al. 2018). To identify 
the protein import machinery required for nuclear localization 

of HRDE-1, we depleted several Importin factors in our sensitized 
reporter and observed GFP expression following ima-3, imb-2, and 
imb-5 knockdown, but not following ima-1 or ima-2 knockdown 
(Fig. 2a). Since ima-1 RNAi knockdown led to sterility but not 
piRNA reporter activation, this suggests that specific protein im-
port machinery is essential for piRNA-mediated gene silencing 
(see more details on the role of ima-3 in HRDE-1 nuclear localiza-
tion below).

Because our sensitized reporter can detect piRNA pathway de-
fects at any level of the pathway, such as piRNA biogenesis or pro-
duction of WAGO-associated 22G-RNAs (Fig. 1c), we next sought 
to characterize the defects contributed by loss of the factors 
reported above. To accomplish this goal, we performed RNAi 
against a subset of these factors and sequenced the small RNAs 
from a population of depleted animals. While loss of npp-7, 
prp-17, or ints-1 all led to a reduction in 22G accumulation on 
WAGO-targeted genes (Fig. 2b), RNAi of Integrator complex com-
ponent ints-1 caused an extreme reduction in piRNAs as well. 
Reduction of both piRNA and 22G-RNA levels is consistent with 

(a) (b)

(c)

0

25

50

75

100

Empty vector snpc−4 tofu−2 tofu−5

%
 G

F
P

 P
os

iti
ve

piRNA biogenesis factors

0

25

50

75

100

Empty vector nrde−3 nrde−1 nrde−2 set−25 hpl−2

%
 G

F
P

 P
os

iti
ve

piRNA effector factors

*

*

*

* * *
*

L4 administered 
RNAi against 

candidate gene
G1:

G2:
L1-adult 

RNAi against 
cadidate gene

GFP OFF

GFP OFF

unrelated gene

†

Sensitized piRNA reporterSensitized piRNA reporter

GFP ON

piRNA
pathway component

Wild type

DIC

GFP

prg-1

n = 30 28 31 29

n = 27 34 32 22 28 31

oma-1::gfp I.; cdk-1::gfp II.; 21ur-gfp IV.

Fig. 1. piRNA reporter detects loss of piRNA biogenesis and effector factors. a) Fluorescent micrographs show the expression of GFP transgenes in oocyte 
cytoplasm and nuclei in the presence and absence of prg-1. The arrowheads indicate germ cell nuclei and yellow arrows indicate cytoplasm of oocytes. 
Scale bar, 10 μm. b) Schematic shows the screening strategy using the sensitized piRNA reporter. c) GFP expression in the piRNA reporter in indicated 
RNAi knockdowns. † indicates L1 to adult same generation RNAi treatment. Asterisks indicate significant reporter activation, defined as having at least 
20% of worms screened showing visible GFP signals. Total worms screened shown below each bar. Error bars represent standard deviation of activation 
between replicate RNAi plates.

J. S. Brown et al. | 5

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad095#supplementary-data


the Integrator complex’s involvement in piRNA biogenesis, as 

compromised piRNA production can also lead to reduced 

22G-RNA accumulation as is the case in prg-1 mutants (Reed 

et al. 2020). In contrast, the reduction in 22G-RNA but not 

piRNA levels suggests that prp-17 likely functions as an effector 

in the piRNA pathway and does not function in piRNA biogen-

esis. We then characterized the defects in each of these cases 

further.

Integrator complex resolves piRNA precursor 3′ 
ends and promotes the production of both type I 
and type II piRNAs
As described above, we found that loss of a subset of Integrator 
complex components caused GFP expression in our sensitized 
piRNA reporter, consistent with a recent report (Beltran et al. 
2021). In addition, animals depleted for Integrator component 
ints-1 exhibited a global reduction in mature piRNA production 
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(Fig. 2b and Supplementary Fig. 2a). Furthermore, piRNA precur-
sor levels are strongly decreased following ints-1 knockdown 
(Supplementary Fig. 2b). In mammals and Drosophila, the SNAPc 
complex is required for Integrator complex action to bind the pro-
moter of snRNA genes (Baillat and Wagner 2015). The SNAPc 
homolog SNPC-4 in C. elegans is also required for piRNA biogenesis 
and interacts with piRNA promoters (Kasper et al. 2014). Upon 
snpc-4 RNAi (a partial depletion of SNPC-4), some piRNAs exhibit 
more depletion than others (Supplementary Fig. 2a). While the 
biological reasons for this difference in sensitivity are unknown 
to us, we reasoned that if SNPC-4 recruits the Integrator complex 

to piRNA loci, then piRNAs that rely most on SNPC-4 for their ac-
cumulation should also rely most on the Integrator. We found 
that this was the case for INTS-1 (Fig. 3a). Together, these observa-
tions suggest that the Integrator plays a role in regulating the pro-
duction or processing of piRNA precursors.

At snRNA loci in C. elegans and Drosophila, loss of the Integrator 
complex results in transcriptional readthrough and consequently 
elongated snRNA transcripts (Ezzeddine et al. 2011; Gómez-Orte 
et al. 2019). Therefore, we predicted that Integrator depletion 
would result in readthrough of piRNA precursors at piRNA loci. 
Since piRNA precursor molecules are rare compared to mature 
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piRNAs and other abundant small RNA species, we performed 
CapSeq to enrich for capped piRNA precursor molecules (Gu 
et al. 2012). In empty vector-treated control animals, we found 
the size of piRNA precursor lengths peak at 25 with minor peaks 
at 41 and 61 nucleotides. Following ints-1 depletion, animals 
showed less defined peaks and elongated piRNA precursors 
(Supplementary Fig. 2c), consistent with a role for the Integrator 
complex in transcriptional termination of piRNA precursors. 
These findings support a model where at type I piRNA loci, 
SNPC-4 recruits a subset of the Integrator complex to elongating 
RNA pol II, leading to the endonucleolytic cleavage and subse-
quent termination of nascent piRNA precursors (Supplementary 
Fig. 2d).

SNPC-4 interacts with an upstream sequence called the Ruby 
motif, which is only found at type I piRNA loci (Batista et al. 
2008). Surprisingly, we found that both type I and type II piRNA ac-
cumulation were globally reduced following ints-1 knockdown, al-
though type II accumulation was less affected than type I 
following depletion of either component (Fig. 3b). Our finding con-
tradicts the recent report that INTS-11 does not function at type II 
piRNA loci (Beltran et al. 2021), so we sought to clarify this point. 
To investigate whether the Integrator is required for gene silen-
cing by type II piRNAs, we built a type II piRNA reporter using 
the same GFP transgenes as our sensitized type I piRNA reporter, 
but in this case, the GFP-targeting piRNA is made from a type II 
piRNA locus (Gu et al. 2012). We found that snpc-4 depletion leads 
to only type I reporter activation but not type II reporter activa-
tion, consistent with the role of snpc-4 in the biogenesis of type 
1 but not type 2 piRNAs. However, RNAi depletion of ints-1, dic-1, 
ints-9, or ints-11 resulted in GFP expression in both type I and 
type II reporters (Fig. 3c). This suggests that at type I piRNA loci, 
the Integrator functions with SNPC-4 to promote piRNA accumu-
lation while at type II piRNA loci, the Integrator can function in a 
SNPC-4 independent manner to promote piRNA biogenesis.

Nuclear pore components NPP-1/6/7 maintain 
CSR-1 perinuclear accumulation and promote 
piRNA silencing
Because we found that knockdown of three nuclear pore compo-
nents in our initial screen activated piRNA reporter GFP expres-
sion, we expanded our screen to include additional nuclear pore 
components. Out of over 20 nuclear pore components tested, 
only four nuclear pore components (npp-1, npp-6, npp-7, and 
npp-9) caused over 40% GFP expression in our reporter when de-
pleted (Fig. 4a), despite most treatments resulting in morphologic-
ally effected worms (Supplementary Table 1). This suggests that 
only a subset of the factors that make up the nuclear pore are es-
sential for piRNA silencing. As describe above, we found that loss 
of npp-7 resulted in a reduction in piRNAs and in 22G-RNAs that 
target WAGO-associated genes (Fig. 2b). To better understand 
the role NPP-7 might play in piRNA biogenesis, we took advantage 
of the GFP-targeting piRNA present in our sensitized reporter. We 
used RT-qPCR to measure the relative expression of the 
GFP-targeting piRNA during control knockdown and during 
npp-7 knockdown. Surprisingly, we found that the GFP-targeting 
piRNA does not show decreased expression compared to control 
(Supplementary Fig. 3a). This suggests that while piRNA biogen-
esis may be affected, the reason we observed reporter activation 
may not be due to a function for NPP-7 in piRNA biogenesis. 
Furthermore, when we performed RNAi against npp-1, npp-6, 
or npp-7 using the type II piRNA reporter established above, each 
treatment led to type II reporter activation (Supplementary 
Fig. 3b), consistent with nuclear pore components functioning 

downstream of piRNA biogenesis. Notably, 22G-RNAs that map 
to CSR-1 targeted genes were significantly more reduced than 
22G-RNAs that map to WAGO-targeted genes following npp-7 
knockdown (Fig. 4b), indicating that NPP-7 may play a critical 
role in regulating CSR-1 function.

CSR-1 is an Argonaute protein that prevents PRG-1 from target-
ing endogenous germline genes (Wedeles et al. 2013; Shen et al. 
2018; Wu et al. 2023). Consistent with a more pronounced loss of 
CSR-1 bound 22G-RNAs following npp-7 knockdown, we also ob-
served mis-localization of CSR-1 protein in npp-7 and npp-6 
RNAi-treated animals, and we failed to observe mis-localization 
of two other P granule proteins, PRG-1 and PGL-1, under the 
same conditions (Fig. 4c, left). We found that the total fluorescent 
signal from tagged CSR-1 decreased significantly following npp-7 
treatment in addition to the observed localization defect. 
However, tagged PRG-1 and PGL-1 fluorescent intensities were 
also significantly decreased following npp-6 and npp-7 or npp-6 
knockdown, respectively, despite showing no localization defect 
(Fig. 4c, right). To more robustly characterize the change in 
CSR-1 protein expression following depletion of npp-6 or npp-7, 
we measured the expression of csr-1 mRNA and CSR-1 protein 
using RT-qPCR and Western blot, respectively (Supplementary 
Fig. 3c). We found that loss of npp-6 or of npp-7 does not lead to a 
change in csr-1 mRNA expression, but each treatment does lead 
to a significant reduction in CSR-1 protein expression relative to 
PRG-1 protein. This suggests that the localization defect apparent 
in our microscopy data may also be accompanied by a protein sta-
bility defect for CSR-1 following npp-6 or npp-7 knockdown. We hy-
pothesize that the stability defect is related to the observed 
localization defect, but this remains to be tested. Together, these 
results suggest that the localization and stability of CSR-1 are 
compromised in npp-6 and npp-7 knockdown animals. If the GFP 
expression that we observed in our piRNA reporter following 
npp-7 knockdown was caused by a CSR-1 defect, then we reasoned 
that knockdown of csr-1 itself by RNAi should also result in GFP ex-
pression. Indeed, we found that knockdown of csr-1 or H3K36 me-
thyl transferase mes-4 both caused GFP expression in our reporter 
(Supplementary Fig. 3d). This suggests that disruption of CSR-1 or 
of chromatin modifiers associated with gene expression can also 
impact piRNA-mediated gene silencing. Therefore, our observa-
tions suggest that npp-6 and npp-7 may contribute to piRNA silen-
cing by regulating the CSR-1 pathway.

We wondered how predictive dispersal of CSR-1 was on piRNA 
reporter activation for the remaining nuclear pore components. 
Therefore, we monitored the expression of CSR-1 and PRG-1 in 
live adult animals following knockdown of all previously screened 
nuclear pore components (Supplementary Fig. 3e). We found that 
knockdown of npp-1 caused CSR-1 but not PRG-1 to become mis- 
localized as with npp-7 and npp-6. These observations suggest 
that NPP-1, NPP-6, and NPP-7 specifically impact the localization 
of CSR-1 but not that of other P granule factors at the nuclear per-
iphery, and these three factors also promote piRNA-dependent 
gene silencing.

On the other hand, npp-9 knockdown led to piRNA reporter 
activation but did not cause dispersal of CSR-1 or of PRG-1 
(Supplementary Fig. 3e). This result was surprising, as it has 
been previously shown that RNAi knockdown of npp-9 does cause 
CSR-1 dispersal in C. elegans embryos (Updike and Strome 2009). 
Conversely, knockdown of npp-24 and npp-2 cause CSR-1 dispersal 
but do not lead to piRNA reporter activation. Therefore, there 
is an imperfect correlation between nuclear pore component 
loss leading to piRNA reporter activation and CSR-1 dispersal. 
Nonetheless, our study reveals that select nuclear pore 
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J. S. Brown et al. | 9



components, including NPP-1/6/7, promote CSR-1 perinuclear lo-
calization and are required for proper piRNA silencing.

Nucleolar component FIB-1 contribute to piRNA 
silencing and regulate the localization of NPP-7 
and CSR-1
The Drosophila homolog of NPP-7, Nup153, has been shown to 
function both at the nuclear membrane as a component of the nu-
clear pore and as a soluble component within the nucleoplasm to 
promote both gene expression and silencing (Vaquerizas et al. 
2010; Jacinto et al. 2015). We, therefore, wondered whether 
NPP-7 in C. elegans may also be expressed intranuclearly to help 
CSR-1 define transcriptionally active regions of the genome 
(Cecere et al. 2014). We used the CRISPR/Cas9 system to tag en-
dogenous NPP-7 with mCherry and observed its expression in 
adult animals, and we found that in addition to its strong expres-
sion at the nuclear periphery, NPP-7 is also expressed as a single 
distinct focus in the nucleoplasm (Fig. 4d). Surprisingly, we found 
that the single focus of intranuclear NPP-7 in germ cells resides in 
the nucleolus, and the constitutive nucleolar component FIB-1/fi-
brillarin surrounds the intranuclear NPP-7 focus. We found that 
nucleolar NPP-7 accumulates in nearly every germline nucleus 
but only rarely in somatic nuclei (Fig. 4d). Additionally, nucleolar 
but not membrane-associated accumulation of NPP-7 relies on 
FIB-1 (Supplementary Fig. 3f). We wondered whether reporter 
GFP expression following npp-7 RNAi occurred due to loss of 
membrane-associated or nucleolar NPP-7. If nucleolar NPP-7 is re-
quired for piRNA silencing, then we expected that loss of FIB-1, 
which disrupts nucleolar NPP-7 accumulation, would cause 
piRNA reporter activation. Indeed, fib-1 RNAi led to GFP expression 
in the piRNA reporter, consistent with involvement of the nucle-
olus in the piRNA pathway (Fig. 4e). This result does not exclude 
the possibility that both nucleolar as well as membrane bound 
NPP-7 are mutually required for piRNA silencing. In vertebrae, 
the NPP-2 homologue Nup85 is required for nuclear pore assem-
bly following cell division (Harel et al. 2003). We reasoned that de-
pletion of NPP-2 might disrupt the membrane bound fraction of 
NPP-7 while leaving the nucleolar fraction unaffected, giving us 
an opportunity to observe the consequences of membrane bound 
but not nucleolar loss of NPP-7. Indeed, we found that npp-2 
knockdown affected the enrichment of NPP-7 in the nuclear 
membrane, resulting in a greater proportion of NPP-7 signal in 
the nucleolus (Supplementary Fig. 3f). As shown above, npp-2 
knockdown also leads to CSR-1 dispersal from perinuclear gran-
ules (Supplementary Fig. 3e). The presence of nucleolar NPP-7 
may explain why npp-2 knockdown does not compromise 
piRNA reporter silencing. Furthermore, npp-1 and npp-6 knock-
down selectively disrupted NPP-7 nucleolar accumulation and 
also led to piRNA reporter GFP expression and CSR-1 dispersal. 
However, the correlation of nucleolar NPP-7 localization and 
piRNA silencing was not perfect as npp-5 knockdown disrupted 
nucleolar NPP-7 accumulation but did not lead to reporter GFP 
expression or CSR-1 dispersal.

We next sought to reconcile the two observations concerning 
NPP-7 presented here: (1) the involvement of NPP-7 in CSR-1 lo-
calization and function and (2) the role of nucleolar NPP-7 in 
piRNA pathway function. We hypothesized that these two ob-
servations may be directly connected if nucleolar NPP-7 is re-
quired for CSR-1 localization. To test this, we performed fib-1 
RNAi in a GFP::CSR-1 tagged strain. Remarkably, fib-1 knock-
down disrupts perinuclear CSR-1 accumulation (Fig. 4f), but 
not PRG-1 perinuclear accumulation similarly to npp-7 knock-
down (Supplementary Fig. 3e). Together, our study uncovers 

roles for select nuclear pore and nucleolus components in pro-
moting CSR-1 localization and piRNA silencing.

Importin component IMA-3 promotes HRDE-1 
silencing and localization
We found that depletion of three Importin family components, 
ima-3, imb-2, and imb-5, caused GFP expression in the sensitized 
reporter (Fig. 2a). Activation of the type II piRNA reporter was 
also found in ima-3 and imb-5 knockdown, supporting a role 
for the Importin family downstream of piRNA biogenesis 
(Supplementary Fig. 4a). Since knockdown of HRDE-1 cofactors 
NRDE-1 and NRDE-2 led to activation of our piRNA reporter, we 
hypothesized that HRDE-1 nuclear import might be compro-
mised following depletion of these factors, which would in 
turn impact piRNA-mediated silencing. To test this, we treated 
a GFP::HRDE-1 tagged animal with ima-3 and observed HRDE-1 
localization in dissected adult gonads using confocal micros-
copy. Indeed, in the ima-3 depleted germline, HRDE-1 failed to 
localize to nuclei. On the contrary, in the ima-1 depleted germ-
line, which continues to silence the piRNA reporter, HRDE-1 lo-
calization was unaffected (Fig. 5a). These results are consistent 
with a model in which IMA-3 promotes piRNA-mediated 
gene silencing by translocating 22G-RNA-bound HRDE-1 
from the cytoplasm to the nucleus where it can interact with 
nascent RNAs to transcriptionally silence piRNA targets. 
Interestingly, the nuclear Argonaute protein downstream of 
the piRNA pathway in Drosophila, Piwi, also relies on IMA-3 for 
translocation into the nucleus following piRNA binding 
(Yashiro et al. 2018).

To further support this model, we asked whether endogenous 
genes that are silenced by HRDE-1 also rely on IMA-3 to maintain 
that silenced state. Using RT-qPCR, we found that B0250.8 and 
F15D4.5 are significantly upregulated both in hrde-1 mutants and 
following ima-3 RNAi treatment (Fig. 5b). Therefore, we conclude 
that HRDE-1 translocates from the cytoplasm to the nucleus using 
the Importin α member IMA-3. Importin α members are known to 
function as adaptor molecules between protein cargo that con-
tains a nuclear localization sequence (NLS) and Importin β mem-
bers (Mattaj and Englmeier 1998). In C. elegans, the somatic 
nuclear Argonaute protein NRDE-3 contains a NLS that, when mu-
tated, results in failure of NRDE-3 to translocate into nuclei 
(Guang et al. 2008). Surprisingly, despite sharing significant se-
quence identity with HRDE-1, the NLS within NRDE-3 is not fully 
conserved in HRDE-1 (Supplementary Fig. 4b). Therefore, how 
IMA-3 recognizes HRDE-1 for nuclear translocation requires fur-
ther study.

Discussion
In this study, we have utilized a sensitized reporter strain which 
detects defects in both piRNA biogenesis and effector factors to 
identify and characterize factors involved in piRNA silencing. 
Using our reporter, we have identified pre-mRNA splicing factors, 
Integrator complex subunits, protein import components, and 
nuclear pore components as essential for piRNA-mediated gene 
silencing. While we have currently used our reporter in a candi-
date screen, it is likely possible to use this strain in a forward 
screen, which would allow for even less biased detection of 
piRNA pathway components. Whether the expression of GFP 
can be distinguished from the significant auto-fluorescence con-
tributed by intestinal granules using a worm sorter remains to 
be seen and could represent a significant barrier to a high through-
put approach.
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We found that a subset of the Integrator complex contributes to 
both type I and type II piRNA biogenesis. Because both snRNA loci 
and type I piRNA loci require the SNAPc complex for biogenesis 
(Kasper et al. 2014; Baillat and Wagner 2015), we expected that 
the Integrator complex would be involved in piRNA biogenesis 
as described by recent reports (Beltran et al. 2021; Berkyurek 
et al. 2021). Our reporter assay and sequencing data support this 
model, but unexpectedly and inconsistent with the previously 
published findings, we also noticed that type II piRNA biogenesis 
and silencing were compromised following Integrator complex 
knockdown. Because SNPC-4 is recruited to Ruby motif- 
containing type I piRNA loci and not type II piRNA loci (Batista 
et al. 2008; Weng et al. 2019), our data suggest that the Integrator 
also functions at type II piRNA loci in a SNPC-4 independent man-
ner. It has been shown that the Integrator can also function at pro-
tein coding genes to terminate transcription, promote RNAP II 
transcription proximal pausing, and promote enhancer RNA ac-
cumulation (Gardini et al. 2014; Stadelmayer et al. 2014; Lai et al. 
2015; Skaar et al. 2015; Tatomer et al. 2019). While the canonical 
function of the Integrator at snRNA loci requires recognition of a 
conserved 3′ box sequence (Baillat et al. 2005), protein-coding 
genes which rely on the Integrator complex to cleave nascent 
RNAs do not contain a recognizable 3′ box sequence (Tatomer 
et al. 2019). Intriguingly, C. elegans snRNA loci are devoid of a 3′ 
box sequence as well (Thomas et al. 1990). Our data suggest that 
type II piRNA biogenesis represents yet another non-canonical 
role for the Integrator complex. Further investigation into the 
commonalities between snRNA loci, type I piRNA loci, type II 
piRNA loci, and protein coding genes may help to explain how 
the Integrator complex recognizes and cleaves nascent RNA mole-
cules in C. elegans, and also may shed light on the Integrator’s non- 
canonical roles in other organisms.

We found that a nuclear pore component, NPP-7, localizes to 
both the nuclear envelope and the nucleolus, and that depletion 
of both NPP-7 and of nucleolar component FIB-1 both activate 
our piRNA reporter. This suggests a potential role for the 
nucleolus in the piRNA pathway. In Drosophila ovarian somatic 
cells, nuclear Argonaute Piwi has been shown to localize to nucle-
oli under heat shock, correlating with the expression of retrotran-
sposons which have integrated into rDNA copies (Mikhaleva and 
Leinsoo 2018). Additionally, it has been shown in C. elegans that 
nuclear RNAi machinery targets ribosomal RNAs (rRNAs) which 
are degraded by exosomes in the nucleolus (Liao et al. 2021). 
Both of these observations together with our own data suggest 
that the nucleolus may be involved in specialized small 
RNA-mediated silencing events. Additionally and possibly con-
nected to nucleolar NPP-7, we found that NPP-7 promotes the lo-
calization of germ granule component CSR-1, but not germ 
granule components PRG-1 or PGL-1. We recently showed that 
CSR-1 uniquely retains its perinuclear localization when VASA he-
licases are mutated while PRG-1 and PGL-1 each show significant 
dispersal, suggesting that CSR-1 is recruited to the perinucleus in 
a VASA-independent manner (Chen et al. 2022). Our results sug-
gest that the nuclear pore itself may represent a part of this 
VASA-independent pathway, and further that CSR-1 recruitment 
may require involvement of the nucleolus as fib-1 knockdown 
similarly led to specifically CSR-1 dispersal. It will be interesting 
to further investigate the mechanism by which select nuclear 
pore and nucleolar components promote the recruitment of 
CSR-1 to P granules in the future.

We observed that knockdown of licensing Argonaute csr-1 and 
of the H3K36 methyl transferase mes-4 both caused GFP expres-
sion in our piRNA reporter (Supplementary Fig. 2b). It has been 

shown that H3K36me3 occupancy and CSR-1 22G-RNA targeting 
are highly correlated (Cecere et al. 2014). However, it has also 
been shown that depletion CSR-1 does not reduce MES-4 localiza-
tion to chromatin (Kreher et al. 2018). Therefore, we hypothesize 
that our piRNA reporter is activated when pathways that promote 
gene expression as well as those that control gene repression 
are disrupted. If correct, then this model would suggest that a bal-
ance between gene silencing and expression exists within the germ-
line and disruption of pathways that control either gene silencing or 
gene expression can impinge on the alternative. Consistent with 
this notion, it has been shown that “resetting” germline RNAi path-
ways by re-introducing RNAi machinery to RNAi deficient C. elegans 
in the absence of piRNAs led to potent sterility due to the silencing 
of essential genes (de Albuquerque et al. 2015; Phillips et al. 2015). 
This finding suggests that silencing machinery is essential for keep-
ing pathways that control silencing and expression distinct from 
one another and balanced in the germline. Our finding, conversely, 
suggests that factors which promote gene expression are also es-
sential for maintaining this balance.

Altogether, we used a piRNA reporter assay to identify and 
characterize factors that act at multiple levels of gene silencing, 
revealing a role for snRNA processing machinery, pre-mRNA spli-
cing factors, the nuclear pore, the nucleolus, and protein import 
machinery in initiating and maintaining small RNA-mediated 
gene regulation (Fig. 6).

Data availability
All sequencing data generated in this study (small RNA-seq and 
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