














mutant strains. The de novo introduction of gfp* was not only

much faster than crossing, especially when strains bearing mul-

tiple mutants were required, but also had the advantage of

enabling the assay (in principle) to identify factors required for

both the initiation and maintenance of silencing. We validated

this assay by inserting intronless gfp* into the his-61 locus of an

rde-3(ne4852) mutant and confirmed that GFP was visible in

the distal gonads of all four independently generated strains (Fig-

ure 5B). RDE-3 is known to promote the formation of RNA tem-

plates used by the partially redundant cellular RdRPs RRF-1

and EGO-1 to amplify silencing signals (Aoki et al., 2007; Chen

et al., 2005; Gu et al., 2009; Shukla et al., 2020); rrf-1 mutants

are viable and fertile, but EGO-1 is essential for fertility and em-

bryo viability. We therefore depleted EGO-1 activity using an

auxin-inducible degradation system (ego-1::degron; see STAR

Methods) (Zhang et al., 2015).Whereas gfp*::his-61was silenced

in rrf-1 and ego-1::degron singlemutants, it was expressed in the

distal germline of the ego-1::degron, rrf-1 double mutant in the

presence of auxin (Figure 5B). Mutations in the remaining cellular
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Figure 4. Regulatory elements of a naturally

intronless gene can partially suppress intron-

less silencing

(A) Schematic gene structures of intron-containing

gfp::his-61 (left) and intronlessgfp*::his-61 (right), and

representative epifluorescence images analyzing

GFPexpression in embryos (soma), oocytes, or distal

tips of dissected gonads (outlined with white dashes

in gfp*::his-61). CRISPR was used to delete rde-

3(ne4848) to test the role of RDE-3 in silencing in-

tronless gfp*::his-61. In the resulting rde-3 mutant,

epifluorescence (upper) and DIC (lower) imaging of a

representative gonadal arm shows GFP signal in the

distal germline.GFPsignal gradually decreases in the

pachytene region and is absent in oocytes. Percent

GFP+ (ON) or GFP– (OFF) worms and the number of

worms analyzed is indicated. Every CRISPR gene-

editing event was validated by somatic GFP expres-

sion (in cases of gfp integration), genomic PCR and

Sanger sequencing.

(B) Density of antisense small RNAs mapping along

gfp::his-61 (top left) or gfp*::his-61 (remaining plots).

Small RNAs targeting intronless gfp*::his-61 were

examined in wild-type (top right), rde-3(ne4848)

(bottom left), and prg-1(ne4766) (bottom right).

(C) Diagram illustrating replacement of his-61with an

in-frame SV40 nuclear localization signal (nls), and

deletion of rde-3(ne4850). Representative epifluor-

escence images of gfp*::nls in rde-3(ne4850) or wild-

type oocytes (white dashed circles indicate GFP–

nuclei). After deleting rde-3(ne4850), GFP signal was

visible in the oocytes and in the entire germline

(fluorescence and DIC micrographs at the bottom).

Percent GFP+ (ON) or GFP– (OFF) worms and the

number of worms analyzed is indicated. Every

CRISPR gene editing event was validated by

genomic PCR and Sanger sequencing.

RdRPs, RRF-2 (of unknown function) and

RRF-3 (required for 26G RNA production),

did not affect gfp*::his-61 expression (Fig-

ure 5B). Consistent with the idea that

RRF-3 and 26G RNAs do not promote in-

tronless silencing, we did not detect 26-nt small RNAs targeting

the intronless reporter in our sequencing data (Figure S2).

The transitive nature of intronless silencing and the involve-

ment of both RDE-3 and RdRPs suggests the involvement of

downstream WAGO Argonautes (Gu et al., 2009; Yigit et al.,

2006). To test WAGOs directly, we introduced gfp* into the

his-61 locus in WAGO single- and multiple-mutant strains.

The gfp*::his-61 allele was silenced in wago-1 and wago-9/

hrde-1 single mutants, but was de-silenced in the distal zone

in the double mutant and in a previously constructed strain

bearing mutations in all 12 wago genes (Gu et al., 2009; Yigit

et al., 2006) (Figure 5B). These findings suggest that multiple

WAGOs, including a predominantly nuclear family member

(WAGO-9/HRDE-1) and a predominantly cytoplasmic member

(WAGO-1), contribute to intronless silencing (Figure 5B) (Ashe

et al., 2012; Buckley et al., 2012; Gu et al., 2009; Shirayama

et al., 2012).

Consistent with these findings, small RNA sequencing

studies on wago-9/hrde-1 and its nuclear RNAi co-factor nrde-4
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(Burkhart et al., 2011; Guang et al., 2010, 2008) revealed that

many 22G-RNAs targeting gfp were missing in both mutants (for

unknown reasons, these depleted 22G-RNAs mapped primarily

to the second half of gfp (Figure S3). Together these findings indi-

cate that intronless silencing engages both the nuclear and cyto-

plasmic arms of the WAGO pathway.

WAGO-dependent silencing can be initiated by and/or func-

tion together with several ‘‘primary’’ Argonautes, including

PRG-1, RDE-1, ERGO-1, and redundant ALG-3/ALG-4 (Bagijn

et al., 2012; Conine et al., 2010; Corrêa et al., 2010; Das et al.,

2008; Vasale et al., 2010; Yigit et al., 2006). Because PRG-1 is

not required for intronless gene silencing, we were particularly

interested to test whether silencing depends on any of the other

known primary Argonautes. In addition, we tested the prg-1 ho-

molog prg-2 which is predicted to be a pseudogene. We found

that gfp*::his-61 was silenced when introduced by CRISPR in

all of these Argonautemutant strains (Figure 5B). For each edited

strain, we confirmed proper gfp* insertion by genomic PCR and

sequencing. Thus, none of the primary Argonautes that are

known to engage WAGO-dependent silencing are required for

intronless gene silencing.

Trans-acting signals fromendogenous geneswith intact
splicing protect against small RNA silencing
In our oma-1* replacement experiments above, we were

intrigued by the RDE-3-dependent accumulation of 22G-RNAs

targeting the oma-1 coding sequence (Figure 3C). Typically,

WAGO-dependent 22G-RNAs only accumulate antisense to

foreign sequences of a silenced transgene (Seth et al., 2013,

2018; Shirayama et al., 2012). For example, when we directly in-

serted an intronless oma-1*::gfp* transgene into chromosome II

using MosSCI (Frøkjaer-Jensen et al., 2008), 22G-RNA accumu-

lation was limited to the gfp portion of the transgene (Figure 6A).

In this and all of the previously described MosSCI experiments,

the endogenous intron-containing locus was present. We there-

fore wondered if trans-acting signals emanating from the existing

endogenous intron-containing locus prevent the accumulation of

22G-RNAs targeting the cognate sequences in the silenced

transgene. To test this possibility, we deleted endogenous

oma-1 by CRISPR and then inserted the intronless oma-

1*::gfp* into chromosome II using MosSCI (Frøkjaer-Jensen

et al., 2008) (Figure 6B). Strikingly, in the absence of the endog-

enous locus, antisense 22G-RNAs targeting both the oma-1 and

gfp portions of the intronless transgene accumulated to equally

high levels (Figure 6B). Thus, the endogenous, spliced allele of

oma-1 communicates with cognate sequences from oma-1

transgenes, preventing them from templating small RNA-

silencing signals.

DISCUSSION

Genetic studies in plants, animals, and fungi have identified

mRNA-splicing components as factors required for RNA

silencing by Argonautes (Akay et al., 2017; Bayne et al., 2008;

Czech et al., 2013; Handler et al., 2013; Herr et al., 2006). More-

over, phylogenetic studies suggest that genes encoding spliceo-

some and RNA-silencing components tend to be retained

together in eukaryotic genomes (Tabach et al., 2013), consistent

with a functional relationship. The essential role of mRNA

splicing in gene expression, however, has made it difficult to

determine whether splicing factors directly participate in Argo-

naute-mediated silencing or indirectly promote surveillance by

regulating the expression of the silencingmachinery—e.g., guide

RNAs, Argonautes, or other essential co-factors (Goriaux et al.,

2014; Kallgren et al., 2014; Zhang et al., 2014). Removing the in-

trons from reporter genes, rather than impairing splicing by ge-

netic perturbations, has allowed us to circumvent many of these

issues and to uncover surprising and robust interactions be-

tween intronless mRNAs and Argonaute surveillance pathways.

We have shown that the presence of functional introns—

and thus mRNA splicing—prevents the default targeting of

C. elegans germline transcripts by a piRNA-independent Argo-

naute pathway. Our findings imply that nascent transcripts are

marked inways that are interpretedby theArgonaute surveillance

machinery. For example, positive factors that actively license

expression might be deposited on intron-containing transcripts.

Alternatively, negative signals thatwould otherwise trigger default

recognition by the silencingmachinerymight be actively removed
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Figure 5. Small RNA-mediated intronless silencing is initiated independently of known primary Argonautes

(A) Assay to test if known small RNA factors are required for intronless silencing. Intronless gfp*::his-61 fusion was generated via CRISPR in small RNA pathway

mutants (e.g., rde-3) and animals were examined for germline GFP signal (especially in the distal germline).

(B) List of RdRP, Argonaute, and RNAi co-factor mutants tested in this analysis and percent GFP+ worms in each mutant. Numbers in parentheses indicate the

total number of worms examined from the number of independent lines. Every CRISPR gene-editing event for gfp* integration at his-61 locus was validated with

phenotypic observation of somatic GFP expression, genomic PCR, and Sanger sequencing analyses. Mutants denoted with a double asterisk were generated by

CRISPR in the gfp*::his-61 background, followed by genomic PCR and Sanger sequencing analyses.
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in response to splicing. Of course, some combination of positive

and negative cues could also be involved.

Because nearly all germline transcripts template the produc-

tion of 22G-RNAs in C. elegans (Claycomb et al., 2009; Gu

et al., 2009; Ruby et al., 2006), RdRPs might be recruited by

default to all mRNAs, and cues from splicing might help deter-

mine which Argonaute system is loaded: either the CSR-1 Argo-

naute, which appears to protect expression (Claycomb et al.,

2009; Conine et al., 2013; Seth et al., 2013; Wedeles et al.,

2013), or the WAGO Argonautes that promote silencing (Bagijn

et al., 2012; Gu et al., 2009; Shirayama et al., 2012; Vasale

et al., 2010). Loading of the CSR-1 Argonaute with 22G-RNAs

templated from spliced mRNAs could account for trans-acting

signals that promote expression of cognate genes, while the

loading ofWAGOArgonautes with 22G-RNAs templated from in-

tronless RNAs could promote silencing. Surveillance by the

piRNA system could fit into this picture by functioning to over-

come either CSR-1 protection or other positive signals put in

place by splicing (Figure 6C). Indeed, a recent study showed

that a piRNA sensor with three introns accumulated fewer

WAGO 22G-RNAs than did an otherwise identical sensor with

a single intron, strongly suggesting that genes with more introns

are less prone to piRNA silencing (Akay et al., 2017). In addition,

the type, number, and location of introns have been shown to in-

fluence gene expression in the C. elegans germline (Aljohani

et al., 2020). A previous study suggested that mRNAs with

weak splicing signals are retained on the spliceosome and

become targets of small RNA silencing (Dumesic et al., 2013;

Newman et al., 2018). Perhaps the removal of all introns from a

gene causes it to express a nascent transcript where the only re-

maining splicing signals would, by definition, be nonoptimal. In

the absence of strong signals, therefore, weak splicing signals

might abound and invariably result in default retention of the

RNA in unresolved spliceosomes.

Components of the splicing machinery might also play roles in

Argonaute surveillance outside of their functions in mRNA

splicing. For example, the exon-junction complex (EJC), which

is deposited on exons during splicing, promotes mRNA nuclear

export (Luo et al., 2001) and signals the ribosome to promote

nonsense-mediated decay of mRNAs with premature stop co-

dons (Kim et al., 2001; Le Hir et al., 2001). Similarly, a recent

study has implicated components of the U1 snRNP in a process

that prevents the premature cleavage and polyadenylation of

transcripts within introns (Kaida et al., 2010). If signals from the

abortive recruitment of splicing machinery are responsible for

the default silencing of intronless mRNAs observed here, then

our findings imply that the presence of functional introns (or their

successful removal by the splicing machinery) can counteract

these signals. Perhaps the successful resolution of splicing re-

cruits an RNA helicase that then translocates along the mRNA

A C

B

Figure 6. Trans-acting signals from endogenous loci protect against small RNA-mediated silencing

(A and B) Plots showing the density of antisense small RNAs mapping along intronless oma-1*::gfp* transgene in the (A) wild-type or (B) oma-1 deletion worms.

The schematic in (B) outlines the deletion of endogenous oma-1 (including promoter and 30 UTR) on chromosome IV (LGIV), single-copy insertion of intronless

oma-1*::gfp* on LGII, and small RNA sequencing. oma-1 deletion at the endogenous locus was validated by genomic PCR and Sanger sequencing analyses.

(C) Model figure. Introns/splicing protect transcripts from default WAGO-dependent and cis-silencing. (Top) Factors associated with splicing (orange ovals)

counteract silencing cues (red octagons) deposited on pre-mRNA by default. (Bottom) Silencing cues on unspliced transcript recruit RdRP, which makes small

RNAs that guide Argonaute-mediated trans-silencing of cognate intron-containing genes (dashed arrow). In addition, possibly in response to the same cues,

unspliced transcripts are silenced in cis, for example, by disrupting mRNA processing or promoting export to nuage where RNAs are sequestered and used for

small-RNA templating.
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to ensure the removal of stalled spliceosomes or other co-tran-

scriptionally deposited signals (orange oval in Figure 6C), liber-

ating the mRNA from influences that would otherwise prevent

expression or trigger Argonaute-mediated silencing.

We used RNAi to test whether components of the splicing

machinery—including core factors required for spliceosome as-

sembly, activation, and catalysis, as well as components of the

exon-junction and transcription-export (TREX) complexes—pro-

mote the silencing of gfp*::his-61. RNAi of these factors failed to

desilence gfp*::his-61 even in the distal region of the gonad,

despite clear phenotypic evidence of successful knockdown in

many cases (Figure S4). In the future, it will be interesting to ask

whether reporters with some but not all introns removed, or con-

taining weak splice consensus sequences, exhibit increased

levels of silencing when splicing is perturbed.

A recent study identified EMB-4, a homolog of the intron-bind-

ing helicase Aquarius, as a WAGO-9/HRDE-1-interacting factor

that increases the sensitivity of genes with multiple introns to

piRNA silencing (Akay et al., 2017). EMB-4 is required for piRNA

silencing only when multiple introns are present in the target, a

finding consistent with the idea that positive signals from splicing

promote resistance to small RNA-mediated silencing. EMB-4

was also enriched in coIPs with the putative protective Argo-

naute CSR-1 (Tyc et al., 2017). Clearly further investigation is

required to understand whether recruitment of EMB-4 during

splicing, or more directly as an Argonaute co-factor, enables it

to shape the sensitivity of intron-containing mRNAs to piRNA

silencing.

We do not knowwhat mechanisms underlie cis-silencing of in-

tronless mRNAs, nor do we know whether or how these mecha-

nisms trigger downstream recognition by the Argonaute small

RNA system. Components of the THO complex, required for

mRNA processing and export downstream of splicing (reviewed

in Katahira, 2012), suppress the expression of a number of trans-

poson families (Zhang et al., 2021). Interestingly, these THO fac-

tors appear to promote silencing of unspliced mRNAs indepen-

dently of the piRNA pathway (Zhang et al., 2021). Previous

studies have linked THO components to the expression of un-

spliced piRNA precursors (Hur et al., 2016; Zhang et al., 2012,

2014), raising the possibility that components of this complex

promote intronless gene silencing directly in cis, and also pro-

mote the export of intronless mRNAs as piRNA precursors, sug-

gesting that these factors may lie at or below the divergence of

the cis- and trans-silencing pathways.

Many naturally intronless genes are nevertheless abundantly

expressed, most of them short, including histone and spermato-

genesis genes (Miller et al., 2004; Pettitt et al., 2002). Interest-

ingly, the endogenous retro-element CER1 expresses an �8-

kilobase intronless mRNA in the germline, somehow avoiding

both piRNA silencing and the intronless silencing mechanism

described here (Dennis et al., 2012). Moreover, our intronless re-

porters are not silenced in the somatic cells of the worm, and

mitotic versus meiotic germ cells exhibit different sensitivities

to the cis-arm of intronless silencing. Thus, gene-specific and

tissue-specific mechanisms can bypass or counteract intronless

silencing.

Histone regulatory sequences appeared to partially coun-

teract the cis-arm of intronless silencing. Indeed, they were suf-

ficient to completely bypass cis-silencing when the intronless

reporter was comprised of only a gfp*::nlsORF. The histone reg-

ulatory sequences, however, did not prevent small RNA-medi-

ated silencing of this transgene. The gfp ORF is approximately

twice the size of endogenous his-61, suggesting that regulatory

elements, perhaps in the 30 UTR of his-61, are insufficient to

shield the extended ORF from recognition by the intronless

small-RNA silencing machinery. The finding that inclusion of in-

trons in gfp protected the fusion mRNA from silencing suggests

that splicing and the histone UTR both exert local influences that

promote mRNA escape from these surveillance mechanisms.

The finding that histone regulatory regions can bypass cis-

silencing but not small RNA-mediated silencing could mean

that thesemechanisms are initiated independently. Alternatively,

it may be that small RNA pathways are simply more sensitive to

these cues perhaps due to the amplification of small RNA

silencing signals. Regulatory sequences in the histone mRNA

30 UTR are known to recruit U7 snRNP, which includes core com-

ponents of the spliceosome (Dominski and Marzluff, 2007), and

thus could recruit licensing factors or activities that promote

the local removal of default silencing signals in a manner analo-

gous to that envisioned for the successful resolution of splicing

(see Model Figure 6B and above discussion).

Our findings provide evidence that mRNA splicing and histone

regulatory sequences recruit activities to nascent mRNAs that

prevent the default programming of an Argonaute system in

the C. elegans germline. Licensing mechanisms of this type

could be used as a line of defense against viral gene expression.

However, just as eukaryotic cells appear to co-opt an antiviral

dsRNA response to regulate endogenous gene expression via

miRNAs, it is interesting to contemplate that cells may deploy in-

tronless RNAs in order to program Argonautes as a means to

regulate cognate intron-containing mRNAs. This need not

involve RdRPs, as many Argonautes engage guide RNAs tran-

scribed by Pol II (Corrêa et al., 2010; Gu et al., 2012). For

example, by expressing an intronless antisense transcript from

a processed pseudogene, the cell might initiate Argonaute pro-

gramming that acts in trans to regulate the intron-containing

gene fromwhich the pseudogene was processed. Such amech-

anism could underlie the recently discovered process of tran-

scriptional compensation (El-Brolosy et al., 2019; Serobyan

et al., 2020; Watanabe and Lin, 2014)

Conceivably there are numerous as yet undiscovered cellular

mechanisms that program Argonaute silencing and an equal

number of mechanisms that enable transcripts to navigate and

evade surveillance by Argonaute systems. Understanding this

complexity will require evaluating the response of Argonaute

systems to alterations in themyriad RNA-binding and -modifying

activities that engage transcripts throughout themRNA life cycle.

Limitations of the study
There are several limitations of the current study. Foremost, we

have not as yet identified a direct link between the splicing ma-

chinery and silencing. While the complete absence of introns re-

sults in silencing, we have not explored whether the size of

exons, or the number of introns are important factors. The ge-

netic mechanism(s) of ‘‘cis-silencing’’ are entirely unknown and

may or may not be linked to the same cues that trigger small-

RNA silencing. Finally, we used an intronless gfp*::his-61 re-

porter to facilitate much of the genetic analysis of small RNA
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silencing described here. Further studies will be required to

determine if findings based on this reporter hold true for other in-

tronless genes.
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