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Regulation of gene expression is required for an organism to develop, maintain homeostasis, and 

respond to environmental stimuli. While each cell in a multicellular organism contains the same 

genetic information, the epigenetic control of the expression of genes at different times is crucial 

for processes such as cell differentiation, division, and for allowing for cells to carry out different 

functions from one another. One type of such epigenetic regulation is mediated by small non-

coding RNAs. Introduction of double-stranded RNA (dsRNA) and subsequent production of small 

interfering RNAs can result in sequence-specific mRNA silencing, creating the potential for highly 

specific therapeutics and pesticides. However, some targets are more easily silenced than others, 

and the mechanisms of silencing are not fully understood. Here we investigate regulators of small 

RNA-mediated silencing in the nematode C. elegans and find that they function in an intersecting 

network, allowing the potential for regulators to contribute to the silencing of any target. 

Quantitative modeling suggests that the production and turnover rates of a target at steady-state 

can affect the ease with which a target can be knocked down, and experimentally we found that 

changing the cis-regulatory sequences of a target can make it more susceptible to silencing. We 

found restricted production of RNA silencing intermediates, allowing for the recovery of a target 



 

in response to dsRNA, which we observed experimentally in non-dividing cells. In addition to 

roles in response to dsRNA, we report that disruption of small RNA-based regulation can result in 

germline nuclear defects. In the absence of the intrinsically disordered and perinuclear granule-

forming protein MUT-16, some of the nuclei in the syncytial germline appear enlarged, suggesting 

that small RNA-based regulation may be playing an active role in maintaining nuclear size. Taken 

together, these findings suggest that (1) regulators of small RNA silencing can contribute to the 

silencing of all targets as part of an intersecting network, as opposed to operating in specialized 

pathways and (2) small RNA-based regulation is required for nuclear integrity, providing a 

paradigm for studying control of nuclear size, where enlarged nuclei can be compared with 

wildtype nuclei in a shared syncytium. We speculate that these findings will improve 

understanding of RNA silencing across species and provide insight into understanding how nuclear 

size is controlled, a fundamental ability of all eukaryotes.  
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Chapter 1: General Introduction 

1.1 Preface 

 This introduction was influenced by a number of key reviews (cited within the text) in 

addition to discussions with advisor Antony Jose and members of the Jose Lab.  

 

1.2 Regulation of gene expression by non-coding RNAs 

 Regulation of gene expression is a process that must be accurately controlled in order for 

a cell to carry out any function, from maintaining homeostasis, to differentiating, to dividing. Many 

factors are involved in this control: the organization of chromatin, availability of transcription 

factors, splicing, non-coding RNAs, and many more. Among non-coding RNAs, they can be 

divided into 2 major groups: long non-coding RNAs (lncRNAs reviewed in (1)), and small RNAs, 

which include microRNAs (miRNAs, reviewed in (2)), PIWI-interacting RNAs (piRNAs, 

reviewed in (3)), and small interfering RNAs (siRNAs, reviewed in (4)).  

 Long non-coding RNAs (lncRNAs) are characterized as non-coding RNAs that are greater 

than 200 nucleotides in length (5–8). While previously thought to be created by low RNA 

polymerase fidelity (9), lncRNAs have since been shown to play roles in development (10) and 

cell differentiation (11). In humans, the Hox transcript antisense RNA (HOTAIR) has been shown 

to induce chromatin condensation (12), and defects in HOTAIR regulation have been linked to a 

variety of cancers (13–16), demonstrating the importance of gene regulation that is controlled by  

lncRNAs. 

 In contrast to lncRNAs, small RNAs (micro, pi, and small interfering) tend to be ~20-35 

nucleotides in length, depending on the type of RNA and the species in which it is found, are 

antisense to target mRNAs, and are bound by an Argonaute protein (reviewed in (17)). microRNAs 
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were first discovered in the nematode C. elegans where they were shown to be required for proper 

development of the animal (18, 19), and have been shown to negatively regulate a variety target 

mRNAs by binding to sites within a target’s 3′ untranslated region (20, 21). piRNAs particularly 

function within the germline of an organism, acting to prevent transposons from being expressed 

(22–27). Small interfering RNAs have the potential to match any sequence, and gene silencing can 

be induced by introducing double-stranded RNA that is homologous to the target, in a process 

called RNA interference (28). siRNAs can bind targets directly and recognition by an siRNA can 

induce chromatin modifications (see Chapter 1.4.1).  

 Taken together, these examples highlight the diversity of non-coding RNAs and emphasize 

the importance they play within a cell and throughout development. 

 

1.3 Practical applications for small interfering RNAs 

 RNA interference (RNAi) was first defined in the nematode C. elegans  and describes the 

process by which double-stranded RNA (dsRNA) can cause sequence-specific silencing (28). 

Although not conserved across all eukaryotes, RNAi likely evolved as an antiviral mechanism 

(reviewed in (29)), and RNAi machinery can be found in some species of yeast (30), plants (31–

34), insects (35, 36), and mammals, including humans (37). The potential to create drugs using 

RNAi is immense, since in theory, the sequence of the target mRNA is all that is needed to create 

a dsRNA trigger. This approach also allows for highly specific treatments that are unlikely to cause 

off-target affects, as opposed to, for example, a chemotherapeutic drug that targets all dividing 

cells. RNAi-based applications face two challenges: 1. Some targets are easier to silence than 

others, and the reasons for this remain unclear (see Chapter 2) and 2. Transport of the dsRNA to 

the correct tissue, uptake into cells, and eventual exit out of endosomes is difficult to achieve (see 
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Discussion point 4.1). Despite these challenges, a number of applications have been developed 

and are used in both medicine (reviewed in (38, 39)) and in agriculture (reviewed in (40)).  

 

 1.3.1 siRNA-based therapeutics 

 Since 2018 (and as of this writing), six dsRNA drugs have been approved by the FDA to 

treat a variety of diseases: patisiran (41) and vutrisiran (42) for hereditary transthyretin 

amyloidosis, givosiran to help prevent acute porphyria attacks (43), inclisiran to combat 

hypercholesterolemia (44), and lumasiran (45) and nedosiran (46) for primary hyperoxaluria type 

1. These drugs are used to target mRNAs in the liver, which is among the easier organs to target. 

Determining the proper dosage for such drugs can be difficult due to the limitations of delivery, 

leaving much to be explored within this area of therapeutics. Despite these challenges, these six 

drugs have already demonstrated the ability to treat disease using RNA interference.  

 

 1.3.2 siRNA-based pesticides 

 Historically, pesticides that are effective at killing a large range of invasive species are very 

harmful to the environment and the surrounding ecosystem. As an extreme example, DDT 

(dichlorodiphenyltrichloroethane) was wildly effective at killing insects, drastically reducing 

malaria in the United States in a matter of years (47–49), however, the nerve impulse-affecting 

agent was banned from use because of its long half-life (50) and negative effects on surrounding 

wildlife (51). As with human therapeutics, RNAi provides the potential to create pesticides that 

are highly specific, reducing the impact on other species within an ecosystem while still being able 

to protect crops. Indeed, genetically-modified corn seeds that produce dsRNA targeting an 

essential gene in rootworms has been an effective solution to combat this specific pest (52–54). 
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Non-GMO approaches are promising as well; dsRNA that is encapsulated in lipid nanoparticles 

can be sprayed onto tobacco leaves to target viruses carried by aphids (55). Both of these 

applications are able to target the pests without having much of an effect on the surrounding 

ecosystem. As with human therapeutics, the choice of which gene to target is imperative for 

making an effective pesticide, and the understanding of RNAi machinery in many invasive insects 

remains to be better characterized in order to ensure effective dosages and/or reduce the chances 

of resistance.  

 

1.4 Small RNA-based regulation of endogenous genes 

 1.4.1 Pre- and post-transcriptional repression by small RNAs 

 As mentioned above (Chapter 1.2), lncRNAs such as HOTAIR have the ability to induce 

chromatin compaction, resulting in transcriptional repression of many genes simultaneously (12), 

but small RNAs have also been shown to play roles in the control of chromatin. Small RNAs in 

Arabidopsis thaliana and other plants can direct DNA methylation (reviewed in (56, 57)), and 

small RNAs in Tetrahymena can guide chromatin condensation and even  DNA deletion at specific 

loci (58). In C. elegans, siRNAs are sufficient to direct chromatin condensation, in part by 

recruiting the HP1-like (heterochromatin protein 1) protein HPL-2 and histone methyltransferases 

(SET-25, MET-2, SET-32) (reviewed in (59)).  

 In addition to repression at the transcriptional level, small RNAs can control expression of 

a gene by blocking or otherwise degrading mRNAs before they are translated. As previously 

mentioned, microRNAs can repress translation by binding to the 3′ untranslated region of a target 

(18–21). piRNAs and siRNAs can bind within the coding region of a target mRNA, which can 

lead to downstream degradation, and thus silencing (60). Notably, not all siRNA-based recognition 
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leads to mRNA silencing; some siRNAs have been thought to contribute positively to the 

expression of some targets (60). These examples of roles for pre- and post-transcriptional 

regulation demonstrate the versatility of small RNAs in controlling mRNA expression. 

 

 1.4.2 RNA granules as perinuclear hubs of RNA regulation 

 While many cellular organelles are contained by a membrane (e.g. mitochondria) 

membrane-less compartments are capable of forming in a process called liquid-liquid phase 

separation (61–63). One type of these compartments is called a germ granule, and as the name 

suggests, can be found in the germ line of some animals. Referred to as “Nuage,” meaning “cloud,” 

in mice and Drosophila, these compartments are found adjacent to the nucleus in germ cells and 

involved in small RNA-mediated gene regulation, especially regulation that is triggered by 

piRNAs (64–68). These granules do not have to be homogenous; indeed, in C. elegans, up to four 

distinct perinuclear granules have been defined: P granules (61, 69, 70), Z granules (71, 72), SIMR 

foci (73), and Mutator foci (74, 75). Much like oil in water, these condensates separate from the 

surrounding cytosol based on their composition, and require the presence of both intrinsically 

disordered proteins and RNAs (75–77). More recently, sub compartments of P granules have been 

observed (78), suggesting that these phase-separated granules can spatially facilitate small RNA-

mediated regulation in a highly specific manner.  

 

1.5 Caenorhabditis elegans as a model system for understanding regulation triggered by both 

imported and endogenously expressed RNA. 

 Since the discovery of RNA interference in C. elegans (28), machinery involved in small 

RNA-based regulation has been very well characterized (reviewed in (79, 80)). All RNA silencing 
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that occurs by the addition of dsRNA from an outside source (through injection of dsRNA into the 

animal (28), feeding animals E. coli that express dsRNA matching a target gene in the worm (81), 

or secreted from transgenes that express dsRNA in neurons (82, 83)) requires the transmembrane 

importer SID-1 (84, 85). Thus, RNA-based regulation that requires SID-1 and downstream factors 

including the dsRNA-binding protein RDE-4 (86) and the primary Argonaute RDE-1 (87, 88) has 

often been referred to as “Exogenous RNAi.” More recently, SID-1 has been implicated in the 

regulation of endogenous targets, suggesting that there may be endogenously generated dsRNA 

(89). Therefore, a more accurate description for dsRNA-triggered silencing may be “Imported 

dsRNA-based regulation” or “Imported RNAi” (see Figure 1-1A).  

 

 

Figure 1-1. Simplified depiction of small RNA-processing in C. elegans. (A) Imported dsRNA-
based regulation. The transmembrane protein SID-1 (black) is required for dsRNA (dark blue) 
entry into a cell. RDE-4 (dark pink) binds dsRNA and recruits DCR-1 (red) which cleaves the 
trigger into smaller dsRNA molecules. After cleavage, the 1º Argonaute RDE-1 (pink) cleaves one 
strand of this smaller dsRNA and binds to the other (1º siRNA), and this complex can recognize a 
target mRNA (dark green) and initiate cleavage. The intrinsically disordered protein MUT-16 
(orange) is required to recruit factors such as MUT-2/RDE-3 (gray), which adds poly-UG repeats 
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to the cleaved 3′  end of the target. An RNA-dependent RNA polymerase (RdRP, purple) uses the 
pUG-tailed mRNA as a template to produce 2º siRNAs. The Maelstrom domain protein RDE-10 
forms a complex with RDE-11 and is required for amplification. The subcellular localization and 
biochemical roles for these proteins are unclear, but RDE-10/11 could associate with the DEAD-
box helicase RDE-12 (see Chapter 5 for more). Amplified 2º siRNAs bind a 2º Argonaute, and 
these complexes can bind target transcripts in the cytosol (light green) or in the nucleus (lavender). 
Nuclear siRNA-regulation can recruit downstream histone modifiers to guide chromatin 
condensation. (B) Small-RNA based regulation resulting from endogenous piRNA or 26G RNA 
triggers.  Mature piRNAs bind to the 1º Argonaute PRG-1 (dark pink), and mature 26G RNAs can 
bind the 1º Argonautes ALG-3/4 (pink) or ERGO-1 (not pictured). Many germline targets are 
regulated by intracellularly expressed RNA, and germline small RNA-mediated regulation can 
occur in perinuclear granules, for example P granules which require PGL-1 (red). Downstream 
target recognition and 2º amplification occurs using the components involved in these processes 
when triggered by dsRNA.  
 

 Similarly, RNA-based regulation that occurs in SID-1-independent ways has often been 

referred to as “Endogenous RNAi.” Given that some endogenous genes are dependent on SID-1 

(89), small RNA-mediated regulation that is triggered by piRNAs (90) or 26G RNAs (91–93) 

could be more appropriately called “Intracellular small RNA-based regulation” (see Figure 1-1B).  

 After recognition of a target mRNA by a 1º siRNA-1º Argonaute complex, regardless of 

the source of the trigger, target mRNAs are cleaved, and poly-UG (pUG) repeats are added to the 

3′ end (94–96). These pUG repeats have the potential to form quadruplexes (97), and these tails 

have been hypothesized to stabilize targets for amplification. RNA-dependent RNA polymerases 

(RdRPs) such as EGO-1 and RRF-1 use the stabilized mRNA as a template to produce 2º siRNAs 

(98–100). MUT-16, RDE-10, and associated proteins are required for proper amplification of 2º 

siRNAs (74, 101–104). After amplification, 2º siRNAs are bound to a 2º Argonaute and can cause 

sequence-specific silencing (105–107). 

In addition to mechanistic differences between sources of RNA triggers (imported vs. 

intracellular), RNA silencing can function differently in different tissues, especially in the 

germline versus the soma. Factors involved in the amplification of small RNAs (MUT-16, PGL-
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1/3, etc.) form phase-separated granules in the germline (70, 74, 104), and while they are expressed 

in the soma, they are not detectable as granules. The nuclear Argonaute NRDE-3 is often thought 

to function in the soma (106) while HRDE-1 is thought to function in the germline (108) based on 

fluorescent reporters. However, it is possible that these 2º Argonautes are not definitely restricted 

to either the germline or the soma, just as germ granule components can play roles in the soma 

(see Appendix B for potential somatic roles for HRDE-1).  

Despite the extensive discoveries made regarding RNA silencing in C. elegans in the past 

few decades, there remain mechanistic details that are unclear. C. elegans contains 20 protein-

coding Argonautes (105, 107), while humans have 8 (109), and Drosophila only 5 (110). The 

abundance of Argonaute paralogs raises the question of whether specific Argonautes have specific 

classes of targets, but given that aside from the bias for a 5′G on the siRNA (90, 111), it seems 

unlikely that targets would require specific Argonautes for silencing. Additionally, some genes are 

more easily knocked down, and the reasons for this are unclear. In this dissertation, we investigate 

the relationship between regulators of small RNA-mediated regulation and their targets, providing 

considerations for practical uses of small RNAs and enhancing our understanding of the complex 

but fundamental process of regulation of gene expression. 
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Chapter 2: Target-specific requirements for RNA interference can arise through restricted 

RNA amplification despite the lack of specialized pathways. 

 

2.1 Preface: A large part of this work was initially published as a preprint on bioRxiv (112) and 

has since been updated after going through the review process. Figure 2-12 was added as a 

supplement to the work previously completed. Pravrutha Raman generated the data in Figures 2-

5D, 2-5E, 2-6 and part of 2-5B. Laura de Ravin generated the data in Figure 2-1C. Pravrutha 

Raman and Farida Ettefa performed the genetic screen (described in 2.3.3) and Antony Jose 

analyzed the whole genome sequence data of the mutants from this screen (described in 2.3.4). All 

other data was generated by Daphne Knudsen-Palmer.  

 

2.2 Introduction:  

Double-stranded RNA (dsRNA) can trigger the conserved mechanism of RNA interference 

(RNAi) to degrade mRNA of matching sequence (28), and thus silence gene expression, in many 

organisms. This conservation has made dsRNA-based drugs useful in crops (113), insects (114), 

and humans (115). While a dsRNA-based drug can be designed using just the mRNA sequence of 

any target gene, the intracellular effectiveness of the drug and the ease with which an organism 

could escape the drug by developing resistance are difficult to predict. Predicting both efficacy 

and susceptibility to resistance for each target could inform the selection of a suitable target from 

two or more equivalent candidates. Extensive characterization of RNAi in the nematode C. elegans 

(reviewed in ref. (79)) makes it a suitable system to examine how differences between target genes 

and reliance on specific regulators contribute to efficacy and resistance. 
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A skeletal pathway that is required for gene silencing in response to the addition of dsRNA 

has been worked out in C. elegans (Figure 2-1A). Long dsRNA is imported through the 

transmembrane protein SID-1 (84, 85), after which it is bound by the dsRNA-binding protein 

RDE-4 (86), which recruits the endonuclease DCR-1 (116) to cleave the long dsRNA into smaller 

dsRNAs (117). The primary Argonaute protein RDE-1 (87, 88) cleaves one strand of the smaller 

dsRNA (118) and associates with the other, making it a 1º short interfering RNA (siRNA) that can 

guide the recognition of target mRNAs of matching sequence (siRNAs; processing, pink). After 

recognition by RDE-1-bound siRNAs, the target mRNAs are cleaved and the more 5′ of the two 

fragments are stabilized through the addition of 3′ UG-dinucleotide repeats (95) by the 

nucleotidyltransferase RDE-3 (94) to form pUG RNAs (96), which act as templates for the 

amplification of 2º siRNAs (100) by RNA-dependent RNA polymerases. This amplification of 

silencing signals through the production of 2º siRNAs is facilitated by the intrinsically disordered 

protein MUT-16 (74, 101) the Maelstrom domain-containing protein RDE-10 (102, 103), and their 

interactors (74, 102–104). These 2º siRNAs are bound by one of several Argonautes (105), 

resulting in the eventual degradation of target mRNAs in the cytoplasm, which requires a 

cytoplasmic Argonaute, and/or co-transcriptional silencing of the target gene in the nucleus, which 

requires a nuclear Argonaute (e.g., NRDE-3 (106) in somatic cells). Although it is difficult to 

compare the silencing of two different genes by controlling all relevant variables, past studies have 

highlighted gene-specific differences in the efficacy of RNAi under different conditions (e.g., 

when RNAi is enhanced through the loss of the exonuclease ERI-1 (119), when nuclear silencing 

is blocked in somatic cells through loss of NRDE-3 (120), or when different concentrations of 

dsRNA are used (121)). Understanding the sources of such differences and the underlying 
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mechanisms will improve our ability to design efficacious dsRNA drugs that are difficult to evade 

through the development of resistance. 

Here we analyze the requirements for silencing two exemplar genes and use quantitative 

modeling to advance a parsimonious view of RNAi in somatic cells. We show that MUT-16, RDE-

10, and NRDE-3 are each required for the silencing of bli-1, but any two of these proteins are 

sufficient for unc-22 silencing. These differences can be explained by differences in the thresholds 

for silencing the two genes using an intersecting network of regulators but not by parallel pathways 

of regulation after primary mRNA recognition. The requirement for NRDE-3 but not for MUT-16 

or RDE-10 can be bypassed by enhancing the processing of dsRNA, suggesting that loss of NRDE-

3 has the least impact on the efficiency of silencing. A dynamic model of RNA changes during 

silencing by dsRNA reveals several criteria for efficient RNA silencing. Insights from modeling 

led us to discover the influence of cis-regulatory regions on the requirements for RNAi, the 

recovery of animals from RNAi within non-dividing cells, and a dearth of pUG RNA production 

by 2º siRNAs.  

 

2.3 Materials and methods  

2.3.1 Methods summary 

All strains (Table 2-1) were grown at 20ºC on Nematode Growth Medium (NGM) plates 

seeded with OP50 E. coli (122). Strains with mutations were generated through a genetic screen 

after mutagenesis using N-ethyl-N-nitrosourea (ENU), using standard genetic crosses (122), or 

using Cas9-mediated genome editing (123–125). Mutations induced upon ENU exposure were 

identified using whole genome sequencing (Illumina) followed by analyses of the resultant fastq 

files. Simulations of the RNAi response were used to identify the domain and range of values 
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consistent with experimental data (Figure 2-3) and to explore parameters that support silencing 

(equilibrium model (Figure 2-7) and dynamic model (Figs. 4 and 2-9)). Feeding RNAi experiments 

were performed by exposing worms to bacteria that express dsRNA (81, 126) either continuously 

or for a brief period (Figure 2-13A). Multiple sequence alignment (Figure 2-7) was performed 

using Clustal Omega (127) and manually annotated using Illustrator (Adobe). Comparisons of 

protein structures were performed using AlphaFold predictions (128, 129), pair-wise alignment on 

Protein Data Bank (130), and the PyMOL Molecular Graphics System (v. 2.4.1 Schrödinger, 

LLC). Levels of rde-4 mRNA (Figure 2-6) and pUG RNA (Figure 2-13C) were measured using 

reverse-transcription followed by polymerase chain reaction (RT-PCR). Transgenic strains that 

express rde-1(+) and rde-4(+) in specific tissues were generated using Mos1-mediated single copy 

insertion (MosSCI) (131). Oligonucleotides used are in Table 2-2. Exact p-values and additional 

details for each experiment are in Table 2-3. All code used (R, Python, and Shell) is available at 

https://github.com/AntonyJose-Lab/Knudsen_et_al_2023.  

 

2.3.2 Strains and oligonucleotides used 

All strains (listed in Table 2-1) were cultured on Nematode Growth Medium (NGM) plates 

seeded with 100 μl of OP50 E. coli at 20ºC and strains made through mating were generated using 

standard methods (122). Oligonucleotides used are in Table 2-2. Strains generated using Mos1-

mediated Single Copy Insertion (MosSCI, ref. (131)) of rde-4 or rde-1 rescues in the germline (as 

in ref. (132)) or of rde-4 rescues in the hypodermis (120) were used in this study. 
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2.3.3 Genetic screen 

This screen was performed by mutagenizing a strain (AMJ174) with the transgene T 

(oxSi487[mex-5p::mCherry::H2B::tbb-2 3′UTR::gpd-2 operon::GFP::H2B::cye-1 3′UTR + unc-

119(+)], (133)) silenced for >200 generations after introducing a mutation in lin-2(jam30) (sgRNA 

(P1), primers (P2, P3, P4) using Cas9-mediated genome editing of AMJ844 (iT; dpy-2(e8), (133)) 

while correcting the dpy-2(e8) mutation to wild type (creating dpy-2(jam29); sgRNA (P5), primers 

(P6, P7, P8)). The lin-2 mutation limits brood size (134) and facilitates screening. Near-starved 

animals (P0) of all life stages were mutagenized using 1mM N-Ethyl-N-Nitrosourea (ENU, 

Toronto Research Chemicals) for 4-6 hours. Mutagenized animals were washed four times with 

wash buffer (0.01% Triton X-100 in M9) and 2-3 adult animals were placed on NG plates seeded 

with OP50. Over the next 3 weeks, F1, F2, and F3 progeny were screened to isolate mutants that 

show mCherry fluorescence. These animals were singled out (up to 7 animals from each P0 plate) 

and tested for the persistence of expression in descendants. Of the 15 fertile mutants isolated using 

this primary screen, five with mutations in mut-16 were analyzed in this study. 

 

2.3.4 Whole genome sequencing 

Libraries were prepared using TruSeq DNA Library Prep kits (Illumina) and samples were 

sequenced at Omega Biosciences. The fastq files obtained after Illumina sequencing (1x PE 150 

b, Omega Biosciences) were analyzed to identify candidate mutations responsible for the observed 

defects in the sequenced strains. For each strain, sequences were trimmed using cutadapt (v. 3.5), 

mapped to the C. elegans genome (WBcel235/ce11) using bowtie2 (v. 2.4.2), sorted using 

samtools (v. 1.11), and the resulting .bam file was analyzed to call variants using snpEff (v. 5.0e). 

The variants classified as ′HIGH′ or ′MODERATE′ in the .ann.vcf file for each strain that were 
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not shared by any two or more strains were culled as new mutations caused by mutagenesis in each 

strain. These new mutations in each strain were compared with those of all other strains (′in silico 

complementation′) using a custom script to identify sets of strains with different mutations in the 

same genes. Specific details for each step are provided within the scripts 

′1_fastq_to_sorted_bam.sh′, ′2_sorted_bam_to_mutated_genes.sh′, 

′3_in_silico_complementation.sh′ available at GitHub (https://github.com/AntonyJose-

Lab/Knudsen_et_al_2023). Raw fastq files for the strains analyzed in this study (AMJ1023, 

AMJ1025, AMJ1035, AMJ1042, and AMJ1091) have been submitted to SRA (PRJNA928750). 

 

2.3.5 Modeling and simulation 

The RNAi response was explored using three models of increasing complexity: (1) a 

single-network model of protein factors with branching pathways for RNA amplification and 

subsequent gene silencing (Figure 2-3); (2) an equilibrium model for the dependence of mRNA 

and pre-mRNA on small RNAs and other RNA intermediates (Figure 2-7); and (3) a dynamic 

model using ordinary differential equations for the dependence of mRNA and pre-mRNA on small 

RNAs and other RNA intermediates (2-8 and 2-9). Simulations of single network and exploration 

of equilibrium model were conducted in R (v. 3.6.3). Simulations of the dynamic model were 

conducted in Python (v. 3.8.5) and in R (v. 4.1.0). 

Intersecting network: Random numbers from 0 to 2 were selected for each of the assigned 

variables (Nm, Nr, Om, Or) and parameter sets that satisfy experimental constraints were plotted. 

Specific details are provided within the script 

′2022_6_13_RNAi_in_Celegans_linear_modified.R′ available at GitHub 

(https://github.com/AntonyJose-Lab/Knudsen_et_al_2023). 
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Equilibrium model: This model for RNAi interference assumes that all reactions have 

reached equilibrium. Additional assumptions include (1) 1º siRNAs, then pUG RNAs, then 2º 

siRNAs are made sequentially, (2) no 3º siRNAs are produced for these somatic targets (supported 

by ref. (135)), (3) there is no recycling of full-length mRNA or full-length pre-mRNA after small 

RNA binding, i.e., multiple rounds of binding by different small RNAs to the same intact mRNA 

or pre-mRNA molecules is not allowed and (4) there are no other mechanisms for the turnover of 

the RNA species considered in the timescale considered. Specific details are provided within the 

script ′2022_2_9_RNAi_network_thresholds_simpler.R′ available at GitHub 

(https://github.com/AntonyJose-Lab/Knudsen_et_al_2023). 

Dynamic model: A series of differential equations were used to describe the rate of change 

for dsRNA, 1º siRNAs, mRNAs, pre-mRNAs, pUG RNAs, and 2º siRNAs, and numerically 

simulated using the 4th Order Runge-Kutta method. Specific details are provided within the scripts 

′2022_6_29_Celegans_RNAi_ODEs_RK4_method_d6.py′ and 

′2022_7_14_RNAiDynamics_ODEs_Parameter_Analysis.R′ available at GitHub 

(https://github.com/AntonyJose-Lab/Knudsen_et_al_2023). 

 

2.3.6 Genome editing 

The gonads of adult C. elegans were injected with nuclear-localized Cas9 (PNA Bio) 

preincubated at 37°C for 10 min with a hybridized crRNA/tracrRNA (Integrated DNA 

Technologies), as well as an oligonucleotide or PCR-amplified homology repair template. Plates 

with successfully edited F1 animals were identified by screening the Dpy or Rol animals obtained 

when using dpy-10 editing as a co-CRISPR (123, 124) or for Rol animals when using the pRF4 

plasmid as a co-injection marker (125). 
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To introduce a premature stop codon in mut-16: Injection of a crRNA with the target 

sequence (P9) (Integrated DNA Technologies), tracrRNA, Cas9, a mut-16(-) homology repair 

template (P10) mimicking the mutation in mut-16(jam139), predicted amino acid change Y294*, 

and dpy-10 crRNA (P11) and dpy-10(-) homology repair template (P12) into N2 or AMJ1489 and 

subsequent screening were performed as described above. Genotyping for mut-16(jam148, 

jam240, jam265, jam266, jam267, or jam268) was performed using duplex PCR (P13, P14) 

followed by restriction digestion with BstBI. The nonsense mutations in different strains 

(AMJ1397, AMJ1611, AMJ1672, AMJ1673, AMJ1674, and AMJ1675) were verified by Sanger 

sequencing. 

To make the mut-16(-) rde-10(-) double mutant: Injection of a crRNA with the target 

sequence (P15) (Integrated DNA Technologies), tracrRNA, Cas9, a rde-10(-) homology repair 

template (P16) mimicking the mutation in rde-10(jam248), and dpy-10 crRNA (P11) and dpy-10(-

) homology repair template (P12) into AMJ1397 (mut-16(jam148))  and subsequent screening 

were performed as described above. Genotyping for rde-10(-) was performed using duplex PCR 

(P17, P18) followed by restriction digestion with EcoRV. A strain with a mutation in rde-10 that 

results in a 115-bp frameshift followed by an early stop codon was designated as AMJ1470. 

To introduce the mutation in rde-10 that will encode RDE-10(Ser228Phe): Injection of a 

crRNA with the target sequence (P15) (Integrated DNA Technologies), tracrRNA, Cas9, a rde-

10(-) homology repair template (P16) mimicking the mutation in rde-10(jam248) (Figure 2-2), and 

pRF4 into N2 and subsequent screening were performed as described above. Genotyping for the 

mutation was performed using duplex PCR (P17, P18) followed by restriction digestion with 

EcoRV. A strain with the missense mutation verified by Sanger sequencing was designated as 

AMJ1489. 
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To introduce a premature stop codon in rde-10: Injection of a crRNA with the target 

sequence listed as (P19) (Integrated DNA Technologies), tracrRNA, Cas9, a rde-10(-) homology 

repair template (P20) (predicted amino acid change Q73*) and pRF4 into N2 and subsequent 

screening were performed as described above, Genotyping for rde-10(-) was performed using 

duplex PCR (P21, P22) and restriction digestion with DpnII to isolate the mutant from N2. A strain 

with a 2-bp deletion near Q73 that results in a frameshift and an early stop codon was designated 

as AMJ1614. 

To introduce a premature stop codon in nrde-3: Injection of a crRNA with the target 

sequence (P23) (Integrated DNA Technologies), tracrRNA, Cas9, a nrde-3(-) homology repair 

template (P24), mimicking nrde-3(gg066) (25), and pRF4 into N2 and subsequent screening were 

performed as described above. Genotyping for nrde-3(jam205) was performed using duplex PCR 

(P25, P26) followed by restriction digestion with AclI. A strain with the nonsense mutation 

verified by Sanger sequencing was designated as AMJ1510. 

To introduce a premature stop codon in eri-1: Injection of a crRNA with the target 

sequence (P27) (Integrated DNA Technologies), tracrRNA, Cas9, an eri-1(-) homology repair 

template (P28), predicted to encode ERI-1(E225*) after the edit, and pRF4 into AMJ1611 or N2 

and subsequent screening were performed as described above. Genotyping for eri-1(jam260, 

jam261, jam262, jam263, or jam264) was performed using duplex PCR (P29, P30) followed by 

restriction digestion with DpnII. Additionally, when eri-1(mg366) was crossed with other mutants, 

duplex PCR with P31 and P32 was used for genotyping. 

To create a transgene with the bli-1 promoter: Injection of two crRNAs with the target 

sequences (P33, P34) (Integrated DNA Technologies), tracrRNA, Cas9, a homology repair 

template that was amplified using sequences (P35, P36) (Phusion High-Fidelity DNA Polymerase, 
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New England BioLabs), which amplifies the promoter region of bli-1, and pRF4 into AMJ1195 

[mex-5p::gfp::cye-1 3′ utr] (40) and subsequent screening were performed as described above. 

Genotyping for bli-1p::gfp was performed using triplex PCR (P37, P38, P39). Additional 

genotyping after crosses was done using triplex PCR with sequences (P40, P41, P42). The resulting 

strain (AMJ1709) resulted in successful integration of ~75% of the bli-1 promoter upstream of the 

mex-5 promoter, and showed GFP expression within the hypodermis (most notable in the head 

region, see Figure 2-10C)  and in the germline (data not shown).  

To mutate the 3′cis-regulatory regions of bli-1: Injection of two crRNAs with the target 

sequences (P43, P44) (Integrated DNA Technologies), tracrRNA, Cas9, a homology repair 

template that was amplified using sequences (P45, P46) (Phusion High-Fidelity DNA Polymerase, 

New England BioLabs), which amplifies the 3′utr + 50bp of unc-22, and pRF4 into N2 and 

subsequent screening were performed as described above. Genotyping for the altered bli-1 gene 

was performed using triplex PCR (P47, P48, P49). A strain with partial (~65%) integration of the 

unc-22 3′cis region, a repeat of the first 183 bp of the unc-22 3′cis region, and the endogenous bli-

1 3′cis region was designated as AMJ1754 and a strain with complete integration was designated 

as AMJ1755.  

To mutate the 3′ cis-regulatory regions of unc-22: Injection of two crRNAs with the target 

sequences (P50, P51) (Integrated DNA Technologies), tracrRNA, Cas9, a homology repair 

template that was amplified using sequences (P52, P53) (Phusion High-Fidelity DNA Polymerase, 

New England BioLabs), which amplifies the 3′utr + 50bp of bli-1, and pRF4 into N2 and 

subsequent screening were performed as described above. Genotyping for the altered unc-22 gene 

was performed using triplex PCR (P47, P48, P54). Strains with mutated unc-22 3′ cis region were 

isolated and designated as AMJ1730 and AMJ1731. 
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2.3.7 Sequence and structure alignments 

Sequences of C. elegans proteins were obtained from WormBase; sequences of proteins 

from all other species were obtained from UniProt. Alignments were created using Clustal Omega 

(EMBL-EBI) with default settings. 

PyMOL (v. 2.4.1) was used to modify and annotate PDB files. The RDE-10 (UniProt: Q9N3S2) 

PDB file is based on predictions from AlphaFold. Protein domains were colored based on 

homology to domains as found in the EMBL-EBI Pfam database (Maelstrom: PF13017). The 

protein structure alignment was done using the Pairwise Structure Alignment from Protein Data 

Bank with rigid parameters (RMSD Cutoff 3; AFP Distance Cutoff: 1600; Fragment length: 8). 

The exonuclease domain of ERI-1 (UniProt:O444606) and of MUT-7 (UniProt:P34607) were 

compared with the Maelstrom domain of RDE-10.  

 

2.3.8 Feeding RNAi.  

Control RNAi by feeding E. coli containing the empty dsRNA-expression vector (L4440), 

which can generate a short dsRNA derived from the multiple cloning site but does not produce 

dsRNA against any C. elegans gene, was done in parallel with all RNAi assays. 

P0 and F1 feeding: Bacteria expressing dsRNA was cultured in LB media with 100 μg/μl 

carbenicillin overnight at 37ºC at 250 rpm. 100 μl of cultured bacteria was then seeded onto RNAi 

plates [NG agar plate supplemented with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 

(Omega) and 25 µg/ml carbenicillin (MP Biochemicals)]. Adult animals were passaged onto 

seeded RNAi plates and removed after 24hr. Progeny were scored for silencing by bacteria 

expressing dsRNA targeting unc-22 (defect evident as twitching within ~3 min. in 3 mM 

levamisole) or bli-1 (defect evident as blisters along the body). 
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P0 pulse feeding: L4 and young adult animals were placed on seeded RNAi plates for 1hr 

after which they were transferred to an OP50 plate for 1hr, and then transferred to a new OP50 

plate once again to minimize the residual RNAi food carryover. Animals were left on OP50 plates 

and scored every 24hr for 8 subsequent days with transfer to new OP50 plates every two days to 

prevent overcrowding. 

F1 only feeding: A single L4 or young adult (1 day older than L4) animal (P0) was placed 

on an RNAi plate seeded with 5μl of OP50 and allowed to lay eggs. After 1 day, when most of the 

OP50 was eaten, the P0 animal was removed, leaving the F1 progeny. 100μl of an overnight culture 

of RNAi food (E. coli which express dsRNA against a target gene) was added to the plate. Two or 

three days later, the F1 animals were scored for gene silencing by measuring gene-specific defects.  

 

2.3.9 RNA extraction and PCR with reverse transcription (RT-PCR) 

Total RNA was extracted using TRIzol (Fisher Scientific) from pellets of mixed-stage 

animals collected from non-starved but crowded plates in biological triplicate for each strain after 

exposure to either unc-22 RNAi or the L4440 vector. The aqueous phase was then washed with an 

equal amount of chloroform and precipitated overnight at -20°C with 10 µg glycogen (Invitrogen) 

and 1 ml of isopropanol. RNA pellets were washed twice with 70% ethanol and resuspended in 25 

µl of nuclease free water. 

 RT-PCRs for pUG RNAs (Figure 2-13C) were done as described earlier (96). Briefly, 

cDNA was created from isolated RNA using Superscript III Reverse Transcriptase (ThermoFisher) 

and a universal primer (P55) that contains nine AC repeats and two adapter sequences. The cDNA 

was used as a template for a Phusion (NEB) PCR with the first set of primers (adapter 1 P56; gsa-

1 P57; 0kb P58; 1kb P59). The amplicon was diluted 1:20 and used as template for the nested 
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Phusion PCR with the second set of primers (adapter 2 P60; gsa-1 P61; 0kb P62; 1kb P63). The 

final PCR product (20 µl) was loaded on a 1% agarose gel and imaged. An annealing temperature 

of 60ºC was used for gsa-1 and 57ºC was used for all other primer sets. 

 For semi-quantitative RT-PCR (Figure 2-6), RNA from each strain was isolated from 50 

L4-staged animals as described earlier (136). Primer P64 was used to reverse transcribe the sense 

strand of rde-4 and P65 was used to reverse transcribe the sense strand of tbb-2. The resulting 

cDNA was used as a template for PCR (30 cycles for both rde-4 and tbb-2) using Taq polymerase 

and gene-specific primers (P66, P67 for rde-4 and P68, P69 for tbb-2). Intensities of the bands 

were quantified using Image J (NIH). The relative intensity of the rde-4 band normalized to that 

of the tbb-2 band was set as 1.0 in wild type. The relative normalized intensity of the rde-4 band 

in WM49 (rde-4(ne301)) was subtracted from that in AMJ611 to report the levels of rde-4(+) 

mRNA (0.3 relative to wild type).  

 

2.3.10 Microscopy 

Following gfp RNAi (Figs. 5C, 5D), F1 adult animals were mounted in 10 µl of 3 mM 

levamisole on a 2% agar pad and imaged under a coverslip using a Nikon AZ100 microscope and 

Prime BSI Express sCMOS camera. A C-HGFI Intensilight Hg Illuminator was used to excite GFP 

(filter cube: 450 to 490 nm excitation, 495 dichroic, and 500 to 550 nm emission). Representative 

images for GFP expression were adjusted to identical levels in Fiji (NIH) for presentation. 

 

2.3.11 Rational for inferences 

Prior knowledge: Gene-specific requirements for RNA silencing could reflect 

specialization along pathways, as is supposed for multiple endogenous small RNA pathways in C. 
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elegans. Reasons that impact the efficiency of silencing a gene are obscure because of a lack of a 

quantitative model for RNAi that incorporates recently discovered RNA intermediates. 

Evidence supporting key conclusions: Three different proteins, MUT-16, RDE-10, and 

NRDE-3, play a role in RNAi such that each is singly required for silencing bli-1 but any two are 

sufficient for silencing unc-22. Simulations support the parsimonious hypothesis that this 

difference in requirements can be explained by quantitative contributions from regulators within 

an intersecting network for silencing both genes but not by parallel pathways downstream of 

mRNA recognition. Consistently, the requirement for NRDE-3 for silencing bli-1 is bypassed by 

enhancing the processing of dsRNA through the loss of ERI-1 or the overexpression of RDE-4.  

A quantitative model for RNAi of any gene at steady state reveals several ways that differences in 

genetic requirements could arise for silencing different genes. Experimental tests that confirm 

predictions of the quantitative models include changes in the requirement for NRDE-3 for 

silencing caused by altering cis-regulatory regions of the gene targeted by dsRNA; recovery from 

silencing in non-dividing cells after exposure to a pulse of unc-22 dsRNA, which supports the 

turnover of all key RNA intermediates (1º siRNAs, 2º siRNAs, and pUG RNAs) through 

mechanisms that are currently unknown; and the dearth of pUG RNA generation by 2º siRNAs, 

consistent with a lack of 3º siRNAs.  

 

2.4 Results 

 

2.4.1 Two genes with different thresholds for silencing reveal an intersecting network of 

regulators that mediate RNA interference. 
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To identify regulators of RNA interference (RNAi), we performed a primary screen for 

mutants that disrupt the maintenance of mating-induced silencing of a transgene followed by a 

secondary screen for mutants that are also defective in the silencing of endogenous genes by 

ingested dsRNA (Figure 2-2A).  

 

Figure 2-1. RNA interference of two somatic targets show stark differences in their 
requirements for MUT-16 and RDE-10. (A) Overview of RNA interference in somatic cells. 
Double-stranded RNA (dsRNA, blue) enters the cell through the importer SID-1 (import, teal), 
after which it is processed by the dsRNA-binding protein RDE-4 and the endonuclease Dicer into 
1° short interfering RNAs (siRNAs) that are bound by the primary Argonaute RDE-1 (1º 
processing, pink). mRNA transcripts (green) recognized by these 1º siRNAs are modified after 
cleavage by the 3′ addition of UG repeats (pUG RNA) and act as templates for the amplification 
of 2° siRNAs aided by the intrinsically disordered protein MUT-16, the Maelstrom-domain 
containing protein RDE-10, and RNA-dependent RNA polymerases (2º amplification, orange). 
These 2° siRNAs can bind secondary Argonaute(s) (e.g., NRDE-3), which can then recognize 
additional complementary targets (2º recognition) and cause gene silencing. See text for details. 
(B) Gene schematics depicting the mutant alleles found in a genetic screen (black) and/or created 
using genome editing (blue). Black boxes indicate exons and red dots indicate locations of 
mutations. Allele names (e.g., jam139) and expected amino acid change in the corresponding 
proteins (e.g., mutation of a tyrosine codon to a stop codon, Y294*) are indicated. See Figure 2-2 
for details of genetic screen. (C and D) Response to bli-1 or unc-22 RNAi in different mutants. 
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For each mutant, the fraction of animals that showed bli-1 silencing or unc-22 silencing (fraction 
silenced) and the numbers of animals scored (n) are shown. Asterisks indicate p < 0.05 for each 
comparison (brackets) using Wilson′s estimates with continuity correction and error bars represent 
95% confidence interval. (C) Of five isolates with a mutation in mut-16, four (jam138, jam140, 
jam141, and jam247) failed to silence bli-1 (blue) but retained unc-22 silencing (orange). The other 
mutant failed to silence both genes and additionally had a mutation in rde-10 (mut-16(jam139) 
rde-10(jam248)). (D) Mutants created using genome editing recapitulated the selective silencing 
of unc-22 in mut-16(-) single mutants (mut-16(jam148)) and the failure to silence both genes in 
mut-16(-) rde-10(-) double mutants (mut-16(jam148) rde-10(jam206)). Using genome editing to 
recreate the jam248 mutation, which is expected to make a mutant protein (RDE-10(S228F)) that 
disrupts the Maelstrom domain (see Figure 2-2), resulted in animals (rde-10(jam196)) that showed 
unc-22 silencing but not bli-1 silencing. (E) Selective requirement for a regulator could reflect two 
underlying mechanisms of RNA silencing: (1) Two parallel pathways (left, A/B path vs C/D path) 
that are differentially used for different target genes; or (2) One intersecting network (right, 
A/B/C/D network) with quantitative contributions by all regulators along with different thresholds 
for each target gene.   
 

Mating males with a transgene that expresses fluorescent proteins to hermaphrodites that 

lack the transgene can initiate silencing in progeny that lasts in descendants for hundreds of 

generations (133), providing a stable strain that can be mutagenized to look for mutations that 

result in the recovery of expression from the fluorescent transgene. Of the 15 fertile mutants that 

showed re-expression, whole-genome sequencing followed by in silico complementation (see 

Materials and Methods), revealed five mutants that had premature stop codons in mut-16 (Figure 

2-1B), a known regulator of RNAi that is required for the production of secondary siRNAs (74, 

101, 104). MUT-16 is required for the silencing of all tested somatic targets except the muscle 

gene unc-22 (74), which showed residual silencing (′+++′ vs ′+′ but not ′-′ in (101)) and is 

considered a sensitive target for RNAi (28). While all five putative mut-16 mutants failed to silence 

the hypodermal gene bli-1 (Figure 2-1C, left), only four of the five showed unc-22 silencing 

(Figure 2-1C, right).   

Upon further analysis of the mutant that failed to silence unc-22, we found that this mutant 

also contained a missense mutation in RDE-10, another known regulator of RNAi that is required 
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for the production of secondary siRNAs (102, 103). This missense mutation (Ser228Phe) is 

expected to disrupt the Maelstrom domain of RDE-10 (Figure 2-2C), and thus could result in a 

loss of RDE-10 function. To eliminate possible confounding effects of multiple mutations in 

strains isolated from a genetic screen, we used Cas9-mediated genome editing to introduce 

mutations in mut-16 (null) and/or rde-10 (null or a missense mutation that encodes Ser228Phe) in 

a wild-type background (Figure 2-1B). While the newly created mut-16(null) mutants showed unc-

22 silencing as expected, mut-16(null) rde-10(null) (Figure 2-1D, right, Figure 2-4B) double 

mutants failed to silence unc-22. Since unc-22 is a particularly sensitive target for RNAi (28), this 

lack of unc-22 silencing in the absence of two regulators with roles in the amplification of 2º 

siRNAs suggests that 1º siRNA production and RDE-1-mediated recognition of the mRNA is 

likely not sufficient to cause silencing of most genes. These observations suggest that MUT-16 

and RDE-10 are redundantly or additively required for silencing unc-22 and that the Maelstrom 

domain of RDE-10 is required for this function. Since the primary Argonaute RDE-1 is required 

for the silencing of all somatic targets (Figure 2-1A; (87, 88)), including unc-22, we propose that 

MUT-16 and RDE-10 act in parallel downstream of RDE-1 to promote the amplification of 2º 

siRNA. This branching of the RNAi pathway downstream of RDE-1 could result in strictly parallel 

pathways where MUT-16 and RDE-10 are used to silence different sets of genes (Figure 2-1E, 

left) or in an intersecting network where both regulators contribute to the silencing of all genes 

(Figure 2-1E, right). 
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Figure 2-2. A forward-genetic screen identifies a mutation that is expected to disrupt the 
Maelstrom domain of RDE-10. (A) Schematic depicting the screen. Males containing a transgene 
(mex-5p::mCherry::h2b::tbb-2 3′utr::gpd-2 operon::gfp::h2b::cye-1 3′utr) were mated to wild-
type hermaphrodites, and progeny that showed silencing of the transgene were isolated. Animals 
that had been thus silenced for over 200 generations were mutagenized with N-ethyl-N-nitrosourea 
(ENU). Homozygous mutants that showed a re-activation of the transgene expression were 
isolated, and then subjected to a secondary feeding RNAi screen where the ability to silence two 
targets (bli-1 and unc-22) was tested. (B) Schematics depicting the genes that were targeted by 
feeding RNAi. Black boxes, indicating exons, and regions that share homology with the dsRNA 
(blue, bli-1; orange, unc-22) are shown. (C) Predicted structure of RDE-10 showing the expected 
steric hinderance caused by the Ser228Phe mutation isolated in the screen. (left) The structure 
predicted by AlphaFold (128, 129) contains a Maelstrom domain (teal; Pfam: PF13017). Ser228 
(red) and the conserved ECHC motif that can bind zinc (dark blue) are highlighted. (middle and 
right) Closeup of residue 228, showing the wild-type Ser (middle) and one orientation of Phe 
(right), which highlights the expected steric hinderance (red).  
 

Additional observations suggest differences in the requirements for silencing bli-1 and unc-

22. Animals that lack MUT-16 (Figure 2-1D), RDE-10 (Figure 2-1D) or the nuclear Argonaute 
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NRDE-3 (120) fail to silence bli-1 but not unc-22. However, rde-10(-); nrde-3(-) double mutants 

fail to silence unc-22 (102). Therefore, if there were strictly parallel pathways downstream of 

MUT-16 and RDE-10, then NRDE-3 would be expected to function downstream of MUT-16 but 

parallel to RDE-10. To test this possibility, we generated nrde-3(-) mutants using genome editing 

(Figure 2A) and compared silencing in single mutants and double mutant combinations using the 

newly generated mutants lacking MUT-16, RDE-10, or NRDE-3. As expected, all single mutants 

failed to silence bli-1 but silenced unc-22. Surprisingly, all double mutants failed to silence both 

bli-1 and unc-22 (Figure 2-1D and 2-3B). This requirement for any two of MUT-16, RDE-10, or 

NRDE-3 suggests that the RNAi pathway cannot be strictly parallel downstream of RDE-1 (see 

Figure 2-4A).  
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Figure 2-3. Gene-specific requirements and complex redundancy can arise from a single 
RNA regulatory network. (A) Schematic (as in Figure 2-1) depicting nrde-3 alleles. (B) Feeding 
RNAi of bli-1 and unc-22. Fractions silenced, numbers scored, comparisons, asterisks, and error 
bars are as in Fig. 1. Single mutants lacking NRDE-3 (nrde-3(jam205)) fail to silence bli-1 but not 
unc-22. Double mutants fail to silence both targets. (C and D) Mutual constraints among 
parameters required for a single RNA regulatory network to support experimental results. (C, left) 
Model for a single network of interactors that regulate all RNAi targets in somatic cells. All targets 
require import (SID-1) and processing (RDE-4 and RDE-1) of dsRNA. Branching after 1° siRNA 
processing results in four distinct paths (Nm, Nr, Om, Or) that together contribute to gene 
silencing, which could occur through co-transcriptional gene silencing (TGS) and/or post-
transcriptional gene silencing (PTGS) mechanisms. (C, right) Representation of simulation 
workflow. First, random values between 0 and 2 were drawn for each of the four variables (Nm, 
Nr, Om, Or). Second, constraints were added based on the experimental results in Figure 2-3B and 
Figure 2-1D. Third, allowed values that satisfied all experimental conditions were culled. Of 
100,000 sets of random values simulated (0 to 2 for Nm, Nr, Om, Or and 0 to 100 for the ratio of 
thresholds Tbli-1/Tunc-22), 145 were consistent with all observed responses to RNAi. These allowed 
numbers reveal the domain of parameter values that support the observed range of gene silencing 
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outcomes using feeding RNAi. (D, left) The contribution of NRDE-3 via MUT-16 (Nm) versus 
that via RDE-10 (Nr) for different ratios of thresholds for bli-1 versus unc-22 silencing (Tbli-1/Tunc-

22) are shown. (D, center and right) The relative contributions to silencing that require MUT-16 
(Nm + Om, D, center) or NRDE-3 (Nm + Nr, D, right) do not frequently take extreme values and 
both support a low value for the ratio of thresholds (Tbli-1/Tunc-22 < ~5.5 despite allowed values of 
up to 100). (E) Feeding RNAi of unc-22 assayed as in Fig. 1, but using aged plates, resulting in 
weaker RNAi. Animals that lack MUT-16 (mut-16(jam148)) have the most severe defect, followed 
by animals lacking RDE-10 (rde-10(jam206)), which is followed by animals lacking NRDE-3 
(nrde-3(jam205)). (F) Feeding RNAi of unc-54 or dpy-7. Fractions silenced, numbers scored, 
comparisons, asterisks, and error bars are as in Fig. 1. Silencing of unc-54 showed a partial 
dependency on NRDE-3, while silencing of dpy-7 showed a partial dependency on MUT-16, 
suggesting that the quantitative requirement for a regulator can differ depending on the target. 
 

The stark differences in the extents of silencing bli-1 (~0%) versus unc-22 (~100%) (Figure 

2-1D and 2-3B) in animals lacking MUT-16, RDE-10, or NRDE-3 suggest that there could be 

target-specific pathways for silencing, or more parsimoniously, that each regulator contributes to 

the silencing of both targets as part of an intersecting network, through transcriptional gene 

silencing (TGS) and/or post-transcriptional gene silencing (PTGS) (Figure 2-3C), with unc-22 

being more sensitive to silencing than bli-1. For such an intersecting network with quantitative 

contributions by multiple regulators of RNAi to explain the silencing of somatic targets, including 

targets like unc-22 and bli-1 that show dramatic differences, it should be possible to identify values 

for the relative contributions of each regulatory path (Nm = from MUT-16 to NRDE-3, Nr = from 

RDE-10 to NRDE-3, Om = from MUT-16 to other Argonautes, and Or = from RDE-10 to other 

Argonautes in Figure 2-3C, left) and for gene-specific thresholds (Tbli-1 = level of BLI-1 function 

below which a defect is detectable, and Tunc-22 = level of UNC-22 function below which a defect 

is detectable) that are consistent with all experimental data (′constraints′ in Figure 2-3C, right). Of 

the 100,000 sets of parameters simulated, 145 sets satisfied all experimental constraints (Figure 2-

3D). These allowed parameter sets were obtained despite the conservative assumption that the 

levels of mRNA knockdown for detecting observable defects for bli-1 and unc-22 are similar.  
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Figure 2-4. Support for an intersecting regulatory network. (A) Alternative regulatory 
pathways excluded by data. Four plausible alternative models of the one presented in Figure 2-3C 
along with the experimental evidence from Figs. 2-1 and 2-2 are shown. (B and C) Feeding RNAi 
of unc-22 or dpy-7. Fractions silenced, numbers scored, comparisons, asterisks and error bars are 
as in Fig. 2-1. (B) An allele of rde-10 that results in a premature stop codon (jam243) is still capable 
of silencing unc-22 to near wild type levels. A newly created premature stop codon in mut-16(-) 
(jam240) created in the background of the RDE-10(Ser228Phe) mutant (jam206) fails to silence 
unc-22, supporting the findings in Fig. 2-1D. (C) An additional allele of mut-16(-) (jam268) shows 
about 25% silencing in response to dpy-7 RNAi, supporting the findings in Fig. 2-3E.    
 

Relaxing this assumption will lead to a larger number of allowed parameter sets. These 

valid parameter sets included cases with different relative contributions from RDE-10 and MUT-

16 to NRDE-3-dependent silencing for a range of threshold differences for silencing bli-1 versus 

unc-22 (Figure 2-3D, left). Furthermore, extreme contributions of MUT-16 versus RDE-10 (Figure 

2-3D, middle) or NRDE-3 versus other Argonautes (Figure 2-3D, right) were absent. Finally, only 

thresholds for bli-1 silencing that are less than ~5.5x the threshold for unc-22 silencing were 

supported despite the allowed range of up to 100x (Figure 2-3D). Consistent with different 

quantitative contributions to silencing by each regulator, reducing the availability of unc-22 

dsRNA revealed a graded silencing response:  mut-16(-) < rde-10(-) < nrde-3(-) (Figure 2-3E; 
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~5% silencing in mut-16(jam148) ~15% in rde-10(jam206) and ~70% in nrde-3(jam205)). 

Consistent with the possibility of differential contributions from each regulator for different targets 

(Figure 2-3D), while partial silencing is observable in the absence of NRDE-3 but not MUT-16 or 

RDE-10 when the muscle gene unc-54 is targeted (Figure 2-3F, left), partial silencing is observed 

in the absence of MUT-16 but not NRDE-3 or RDE-10 when the hypodermal gene dpy-7 is 

targeted (Figure 2-3F, right).   

Taken together, our results are consistent with a single network for RNAi targeting somatic 

genes where intersecting regulatory pathways downstream of mRNA recognition provide 

quantitative contributions to silencing. 

 

2.4.2 The genetic requirement for NRDE-3, but not for MUT-16 and/or RDE-10, can be 

bypassed by enhancing dsRNA processing. 

The production of pUG RNAs and 2º siRNAs requires the participation of mRNA (Figure 

2-1A), making the contributions of some steps during RNAi gene-specific. Therefore, genes could 

differ in their dependence on proteins required for steps downstream of dsRNA processing and 1º 

siRNA production. Such differential dependencies could in principle be overcome by increasing 

the amount of available processed dsRNA and/or 1º siRNA when alternative parallel paths are 

available (e.g., loss of NRDE-3, MUT-16, or RDE-10 in Figures 2-1 and 2-2) but not when no 

alternative paths are available (e.g., loss of both MUT-16 and RDE-10 in Figure  2-1B) or when 

the increase in dsRNA processing is insufficient. To test these predictions, we increased dsRNA 

processing and examined silencing in animals lacking different regulators required for the 

silencing of bli-1 and/or unc-22.  
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One approach for increasing dsRNA processing is the release of factors such as the 

endouclease DCR-1 from competing endogenous pathways by removing the exonuclease ERI-1 

(137).  

 

Figure 2-5. Gene-specific requirements for NRDE-3 can be bypassed in two ways.  (A) Gene 
schematics (as in Figure 2-1) of rde-4 and eri-1. (B and C) Loss of ERI-1 can bypass the NRDE-
3 requirements for silencing bli-1 but not the other requirements for silencing bli-1 or unc-22. 
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Feeding RNAi targeting bli-1 (B) or unc-22 (C) with fractions silenced, numbers scored, 
comparisons, asterisks, and error bars as in Fig. 1. (B) Loss of ERI-1 (mg366, jam263, and jam264 
alleles) can compensate for the role of NRDE-3 (tm1116 and jam205 alleles) but not of RDE-10 
(jam206 allele) or MUT-16 (jam148, jam265, jam266, jam267, and jam268 alleles) in bli-1 
silencing. See Table 2-3 for additional information. (C) Silencing of unc-22 is not restored by loss 
of ERI-1 (mg366, jam260, jam261, and jam262 alleles) in mutants that also lack any two of mut-
16 (jam148 and jam240 alleles), rde-10 (jam196 and jam206 alleles), or nrde-3 (jam205 allele). 
See Table 2-3 for additional information. (D to E) Overexpression of RDE-4 in the hypodermis 
can bypass the requirement for NRDE-3 in bli-1 silencing. (D) Minimal amounts of RDE-4 are 
sufficient for somatic silencing. (top) Schematic depicting generation of male progeny with 
paternal inheritance of a single-copy transgene (Si[…]) that expresses rde-4(+) or rde-1(+) under 
the control of the mex-5 promoter (mex-5p) in the germline (green) of rde-4(-) or rde-1(-) animals, 
respectively (germline- and intestine-enriched RDE, based on rescue of RNAi in rde-1(-) animals 
(39)). (bottom) Male cross progeny with the transgene were scored after feeding only F1 animals, 
showing that unlike animals with germline- and intestine- enriched RDE-1, animals with similarly 
enriched RDE-4 can rescue both unc-22 and bli-1 silencing. Thus, small amounts of RDE-4 
potentially mis-expressed in the hypodermis or a non-autonomous effect of RDE-4 from the 
germline or intestine is sufficient for silencing in the muscle and hypodermis. † indicates 
p<0.05 when compared to either wild type or the rde-4(-) mutant and other symbols are as in (B). 
(E) Silencing of bli-1 is restored in nrde-3(tm1116); rde-4(ne301) double mutants when rde-4(+) 
is overexpressed in the hypodermis (Si[nas-9p::rde-4(+)]). (F) Silencing of bli-1 is not restored 
in animals lacking MUT-16 or RDE-10, despite the overexpression of RDE-4 in the hypodermis 
and/or the loss of ERI-1. (G) Summary depicting the bypass of NRDE-3 when ERI-1 is eliminated 
and/or RDE-4 is overexpressed. The increase in dsRNA processing increases the contributions of 
NRDE-3-independent paths to silencing.   

 

In addition to the increased availability of DCR-1 when ERI-1 is removed, downstream 

factors involved in siRNA amplification (e.g. MUT-16, MUT-2/RDE-3, RDE-10/11, etc.) and 2º 

Argonautes (e.g. WAGOs) would be more available to contribute to silencing in response to 

ingested dsRNA. We used available eri-1 mutants (Figure 2-5A, mg366) and mutants generated 

using Cas9-mediated genome editing (Figure 2-5A, jam260 to jam264) to test if requirements for 

silencing bli-1 and/or unc-22 could be bypassed. Loss of ERI-1 enabled bli-1 silencing in animals 

lacking NRDE-3, but not in animals lacking RDE-10 or MUT-16 (Figure 2-5B). Furthermore, loss 

of eri-1 was not sufficient for the complete rescue of unc-22 silencing in animals lacking any two 

of these three regulators (Figure 2-5C). An alternative approach for increasing dsRNA processing 

is the overexpression of the dsRNA-binding protein RDE-4, which recruits dsRNA for processing 
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by DCR-1 (86, 117). Minimal amounts of RDE-4 can support RNAi as evidenced by silencing in 

rde-4(-) adult progeny of rde-4(+/-) hermaphrodites (Figure S7E in ref. (132)) and in rde-4(-) 

animals with trace levels of ectopic expression from multicopy rde-4(+) transgenes (Figure 2 in 

(120)). We found that even hemizygous males expressing rde-4(+) from a single-copy transgene 

driving expression in the germline and the intestine under the control of the mex-5 promoter (132) 

was sufficient for rescuing both bli-1 and unc-22 silencing (Figure 2-5D). Similar expression of 

rde-1(+), however, was not sufficient for rescuing silencing in rde-1(-) animals (Figure 2-5D), 

suggesting that small amounts of RDE-4 but not RDE-1 are sufficient for RNAi. RDE-4 can be 

selectively overexpressed in the hypodermis using a single-copy transgene with a nas-9 promoter 

(overexpression evident in Figure 2-6; and selectivity demonstrated in 2-8C in (120)). This 

hypodermal expression of rde-4(+) was sufficient to enable bli-1 silencing in an otherwise rde-4(-

); nrde-3(-) background (Figure 2-5E). Thus, either loss of ERI-1 or overexpression of RDE-4 can 

bypass the need for NRDE-3 for silencing bli-1, suggesting that the requirement for this regulator 

does not reflect a specific need for a particular regulator (NRDE-3) but reflects a larger amount of 

silencing signals required for reducing bli-1 function sufficiently to cause a detectable defect.  

 Figure 2-6. Overexpressing RDE-4 in the hypodermis. 
Semiquantitative RT-PCR of rde-4 mRNA and tbb-2 mRNA 
(control) in wild-type animals, rde-4(-) animals, or rde-4(-) animals 
expressing rde-4(+) in the hypodermis using a single-copy transgene 
(Si(nas-9p)). +RT and -RT indicate whether reverse transcriptase 
was used. The normalized mRNA abundance in rde-4(-) animals was 
subtracted from all lanes. With the observation in Fig. 3E and 
abundance of rde-4 transcripts in the germline in wild-type animals 
(in situ data from NEXTDB), expression at ~30% of wild type is 
expected to be an overexpression in the hypodermis. 
 
 

However, loss of ERI-1 and/or overexpression of RDE-4 could not compensate for the loss 

of RDE-10 or MUT-16 for bli-1 silencing (Figure 2-5F), suggesting that these regulators make a 
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more substantial contribution to bli-1 silencing than NRDE-3. These observations further support 

the idea that 1º siRNAs alone are not sufficient to cause silencing, consistent with the lack of unc-

22 silencing in mut-16(-) rde-10(-) double mutants (Figure 2-1B, 2-1D). One explanation for these 

results is that in eri-1(-); nrde-3(-) double mutants (Figure 2-5G), a different 2º Argonaute is able 

to compensate for the lack of NRDE-3, whereas in mut-16(-); eri-1(-) or rde-10(-); eri-1(-) double-

mutants, the reduction of 2º siRNAs is too great to cause a detectable Bli-1 defect.  

Taken together, these results suggest that gene-specific requirements for some proteins that 

function in RNAi do not reflect different pathways for silencing different genes, but rather a 

quantitative requirement for regulators acting as part of an intersecting RNA regulatory network.   

 

2.4.3 Quantitative modeling of RNA interference and mRNA production provides rationales 

for a variety of target-specific outcomes. 

The many protein regulators of RNAi drive changes in RNA metabolism, including the 

production of new RNA species (1º siRNA, 2º siRNA, and pUG RNA), that are associated with 

the targeted gene. Although these changes can be indicators of RNA silencing, the quantitative 

relationship between such RNA intermediates and the extent of gene silencing measured as a 

reduction in function of the targeted gene or its mRNA levels is unclear. A priori, reduction in the 

mRNA levels of a gene could depend on universal processing of imported dsRNA, production of 

secondary small RNAs with the participation of gene-specific mRNAs, and downregulation of pre-

mRNA and mRNA influenced by pre-existing gene-specific RNA metabolism. To understand how 

these gene-specific factors could influence RNA silencing, we began by analyzing the impact of a 

few characteristics of a gene on mRNA (m) and pre-mRNA levels (p) after RNAi. We first used a 

sequential equilibrium model, where we assume each step must be completed before beginning 
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the next, e.g. dsRNAs are fully processed into 1º siRNAs, then 1º siRNAs can recognize transcripts 

to result in the production of pUG RNAs, and so on (Figure 2-7A).  

 

Figure 2-7. An equilibrium model for RNAi. (A) Model highlighting different RNA species and 
their interactions during RNA interference. Left, Schematic showing downstream events upon 
processing of intracellular dsRNA. Right, Equations for the pre-mRNA ([p]i) and mRNA ([m]i) 
concentrations after RNAi in terms of the concentrations before RNAi ([p] and [m]) and the length 
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of the transcript (lm). Rate constants for transcription (k1), binding constants for complex formation 
(1º siRNA-mRNA (k2), 2º siRNA-pre-mRNA (k3), and 2º siRNA-mRNA (k4)), and rate constants 
for splicing followed by export out of the nucleus (k5) were considered. (B) Distributions of 
allowed values for all constants that are consistent with knockdown. One million random sets of 
values from 1 to 10 were assigned for all constants and the 790 sets that supported knockdown 
([m]i < [m]) and residual presence of pre-mRNA and mRNA ([m]i > 0 and [p]i > 0) were selected 
and plotted. Most values of k2 were small as expected to satisfy the [m]i > 0 constraint because its 
square is subtracted in the equation for [m]i. (C) RNAi can result in a variety of residual 
concentrations of pre-mRNA and mRNA. Left, Different ratios of residual mRNA and pre-mRNA 
([m]i/[p]i) are possible for a given length of the target mRNA (lm: 0 to 1). Middle and Right, Impact 
of [m] on [m]i and [p]i. Middle, When the knockdown is poor (<10%), the concentrations of mRNA 
after RNAi ([m]i) remain close to concentrations before RNAi ([m]) as expected for all levels of 
residual pre-mRNA ([p]i) as evidenced by the graded levels of [m]i that mirror the graded levels 
of [m]. Right, When the knockdown is strong (>90%), the low concentrations of mRNA after RNAi 
([m]i) can be associated with a range of values for [p]i. (D) RNAi can alter the ratios of pre-mRNA 
and mRNA. Left, Changes in the ratios of mRNA to pre-mRNA upon RNAi ([m]/[p] before to 
[m]i/[p]i after) are possible for a variety of extents of knockdown (kd = [m]i/[m]: 0 to 1). Middle 
and Right, Impact of kd on [m]/[p] versus [m]i/[p]i. Increases and decreases in the ratios of mRNA 
to pre-mRNA (above versus below the dotted line) can occur in response to both poor (<10% with 
0.9 < kd < 1.0, middle) and good (>90% with 0.0 < kd < 0.1, right) knockdown. While it appears 
that most cases of efficient knockdown are associated with a decrease in the ratio of mRNA to pre-
mRNA (i.e., only one point above dotted line in right), increasing the numbers of parameter sets 
explored could reveal additional examples. (E) (left) Same as in (D, right) except only values that 
were to the left and above the dotted line. Instead of one million simulated values, one hundred 
million values were simulated to better examine the range of possible values in this group. (center) 
Same as in (B) but for the values culled in (E, left). (F) Constants (k1 to k5) do not appear to show 
strong correlations with one another, except for k2 and k4. The lack of values in the bottom left 
corner comparing k2 to k4 (bottom graphs) reflects the expectation that efficient silencing is not 
possible when both the primary and secondary binding constants are low. 
 

We tested parameters that would result in varying levels of target RNA knockdown (790 

of 1 million simulated parameters resulted in [m]i < [m], [m]i > 0, and [p]i > 0; Figure 2-7B). Under 

this simple model, we found that (1) RNAi can result in different residual concentrations of RNAs 

for different genes (Figure 2-7C); (2) for a given gene, silencing can alter the ratio of pre-mRNA 

to mRNA (Figure 2-7D and 2-7E); and (3) effective targeting of mRNA by primary or secondary 

small RNAs is required for strong silencing (Figure 2-7F). These observations hint at the influence 

of gene-specific factors on the functional outcome of RNAi and impel the exploration of a more 

detailed dynamic model. 
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Figure 2-8. A quantitative model allows exploration of parameters for RNAi in C. elegans. 
(A) RNAi can be modeled to understand (from left) the responding populations of animals, the 
outline of mechanism, the process highlighting RNA species, the biochemical sub-steps (e.g., 2º 
siRNA production using pUG RNA, right). This study focuses on the overall RNA-mediated 
processes that accompany RNAi. (B) Schematic (left) and ordinary differential equations (right) 
describing the production and turnover of different RNA species. Rate constant for 1º siRNA 
processing from dsRNA (k1), binding constant for 1º siRNA binding target mRNA (k2), rate 
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constant for pUG RNA production (k3), rate constant for 2º siRNA production (k4), binding 
constant for 2º siRNAs binding mRNA (k5) or pre-mRNA (k6), rate constant for export and 
splicing of transcripts from the nucleus (k7), rate constant for repression of transcription (k8), and 
rate constant for new transcript production (k9). Other terms are described in the figure. (C) 
Relative changes in the concentrations of each RNA ([RNA] vs. time in a.u.; dsRNA, mRNA, pre-
mRNA, pUG RNA, 1º siRNA, and 2º siRNA) for an example set of parameters (all turnover rates 
= 0.05, k1 = 1, k2 = 0.01, k3 = 1, k4 = 0.05*lm = 0.5, k5 = 0.01, k6 = 0.01, k7 = 0.1, k8 = 0.05, 
k9 = 7.5) are illustrated. A reduction to 10% of initial mRNA concentration is designated as the 
threshold for detecting a defect upon knockdown ([m]kd), the time needed to reach the threshold 
(tkd) and the time for which mRNA levels remain below the threshold (tkd) are also indicated. (D) 
Relationship between the duration of knockdown and the time to knockdown (tkd and tkd are as in 
(C)). (E) Relationship between mRNA concentration and 2º siRNA accumulation. The minimum 
mRNA concentrations and maximum 2º siRNA concentrations reached for different transcripts 
with two different binding constants of 2º siRNAs binding to mRNA (k5 = 0.1, red and k5 = 0.01, 
blue) are plotted. Also see Fig. 2-9. (F) Impact of doubling transcription on transcripts with 
different knockdown parameters. Each transcript is colored based on its initial duration of 
knockdown (tkd, blue to red gradient) before a 2-fold increase in the rate constant for transcription 
(k9) and the resultant fractional change in the duration of knockdown tkd is plotted against that in 
the time to knockdown tkd. (G) Genes with higher turnover are harder to knockdown. Response of 
mRNAs and their respective 1º siRNA with the same steady-state concentrations but with different 
rates of mRNA turnover (solid lines: Tm = 0, large dashes: Tm = 0.05, small dashes: Tm = 0.5) upon 
addition of 10 molecules of dsRNA are shown. (inset) Relationship of the minimum concentration 
of mRNA ([mRNA]min) with its Tm in response to a fixed amount of dsRNA. 
 

A qualitative outline of the molecular mechanism for RNAi in C. elegans has been deduced 

based on a variety of studies over the last two decades (mechanism outline; 2-8A, left), but the 

cellular, subcellular, and kinetic details of every step remain obscure. Quantitative modeling of 

RNAi - or indeed any process of interest - could be done at many scales (2-8A, right) based on the 

level of understanding sought and experimental data available for testing predictions. For example, 

the responses of different animals in a population to dsRNA exposure (population model; 2-8A, 

right) or the changes in key RNA species after entry of dsRNA into the cytosol (process model; 2-

8A, right) could be modeled. At yet greater detail, one step such as the amplification of small 

RNAs using pUG RNA templates could be modeled by incorporating sequence bias, processivity 

of RdRP, etc. (biochemical model; 2-8A, right). Of these scales, we focused on the process model 

because early process models of RNAi (e.g., ref. (138)) were proposed before crucial discoveries 

on the biogenesis of 2º siRNAs without forming long dsRNA (100) and the stabilization of mRNA 
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templates as pUG RNAs (95, 96). Therefore, we incorporated these recent developments and 

modeled how the addition of dsRNA could disrupt the steady-state RNA metabolism of the 

targeted gene using ordinary differential equations (2-8B). The steady-state levels of pre-mRNA 

and mRNA - which depend on production, maturation, and turnover - could be altered upon the 

addition of matching dsRNA through the generation of new RNA species (1º siRNA, 2º siRNA, 

pUG RNA) that are also subject to turnover. To accommodate these known intermediates and 

interactions, we used six differential equations to describe the rate of change of key RNA species 

(dsRNA (ds), 1º siRNA (pri), pUG RNA (ug), 2º siRNA (sec), pre-mRNA (p), and mRNA (m)) 

with rate or binding constants for different processes (k1 through k9), turnover rates for different 

RNAs (Tpri, Tug, Tsec, Tp, Tm), and variables for the lengths of RNAs (lds - dsRNA; lm - mRNA). For 

example, the rate of change over time for 1º siRNA is modeled as  

𝑘1. [𝑑𝑠].
𝑙)*
22 − 𝑘2.

[𝑝𝑟𝑖]. [𝑚] − 𝑇234. [𝑝𝑟𝑖] 

which includes the idea that 1º siRNAs are cleaved into 22nt sequences at a certain rate dependent 

on the dsRNA concentration (𝑘1. [𝑑𝑠]. 567
88

), the amount of 1º siRNAs that can bind target transcripts 

(𝑘2. [𝑝𝑟𝑖]. [𝑚]), and the turnover of the 1º siRNAs (𝑇234. [𝑝𝑟𝑖]), which notably is dependent on the 

concentration of the 1º siRNAs.  

To illustrate the relative dynamics of different RNA species upon the addition of dsRNA, 

we computed the concentrations of dsRNA, 1º siRNA, pUG RNA, 2º siRNA, pre-mRNA, and 

mRNA using the equations after assigning arbitrary values for the different constants (2-8B; see 

legend for parameter values). To account for the non-negative values of all RNA species within 

cells, we ensured that the values of incremental change dx for any species x was only added if 

(x+dx) > 0 and set to be 0 if (x+dx) ≤ 0. This bounding of the rate equations allows for any 

approach to zero.  As expected, the levels of dsRNA decrease (2-8B, red) as it is processed into 1º 
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siRNA (2-8B, purple), which eventually decays because of turnover. This transient accumulation 

of 1º siRNA is followed by that of pUG RNAs (2-8B, green) and of 2º siRNA (2-8B, brown). 

Silencing of the target is reflected in the lowered levels of mRNA (2-8B, blue) and pre-mRNA (2-

8B, orange). However, these levels eventually recover upon turnover of the silencing intermediates 

(1º siRNA, pUG RNA, 2º siRNA). Although we assumed the turnover of 1º siRNA, 2º siRNA, 

and pUG RNA for the modeling, the experimental demonstration of recovery (either of individual 

RNA species or of the entire phenotype) from RNA silencing in non-dividing cells would be 

needed to support the existence of such turnover mechanisms for these different types of RNAs.  

For any gene, the time to knockdown (tkd) and the duration of knockdown (tkd) could be 

used to evaluate the efficiency of RNAi (knockdown = 10% of initial mRNA concentration in 2-

8B). The different RNA species made downstream of 1º RNA binding in C. elegans provide the 

opportunity for multiple parameters to differ between genes. Therefore, we varied each parameter 

and examined tkd and tkd as indicators of efficiency (Figure 2-9). Overall, tkd and tkd were 

uncorrelated (2-8C), with cases of rapid but transient knockdown, which would necessitate 

multiple dosing of dsRNA for sustained effects. While loss of function through the reduction of 

mRNA levels is often the intended goal of knockdown, RNA intermediates could serve as 

convenient and quantitative measures of molecular changes. For example, the abundant 2º siRNAs 

have been a widely used molecular indicator of silencing (e.g., ref. (111)). However, the maximal 

amount of 2º siRNAs that accumulate is not correlated with strong silencing as measured by the 

minimal amount of mRNA during knockdown (2-8D). Additionally, an increase in transcription 

generally resulted in poorer knockdown through changes in both tkd and tkd (2-8E), consistent with 

the obvious expectation that a gene with transcriptional upregulation during exposure to dsRNA 

will be more difficult to knockdown.  
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Figure 2-9. Impact of model parameters on the time to knockdown (tkd) and the duration of 
knockdown (tkd). A low (blue) and high (red) value was selected for each parameter and the tkd 
and tkd that result upon similarly varying all other parameters were plotted. Comparisons for 1º 
siRNA production ((A), k1 = 0.1 vs. 1.0), recognition of transcripts and1º siRNAs ((B), k2 = 0.01 
vs. 0.1), pUG RNA production ((C), k3 = 0.1 vs. 1.0), 2º siRNA production ((D), k4 = 0.1 vs. 1.0), 
binding of transcripts and 2º siRNAs ((E), k5 = 0.01 vs. 0.1), transcript maturation, i.e., splicing 
and export out of the nucleus ((F), k6 = 0.01 vs. 0.1), downregulation of transcription ((G), k8 = 
0.01 vs. 0.1), length of dsRNA ((H), lds = 220 vs. 440), length of target mRNA ((I), lm = 1 vs. 10), 
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mRNA turnover ((J), Tm = 0.005 vs. 0.05), pre-mRNA turnover ((K), Tp = 0.005 vs. 05), 1º siRNA 
turnover ((L), Tpri = 0.005 vs. 0.05), 2º siRNA turnover ((M), Tsec = 0.005 vs. 0.05), and pUG RNA 
turnover ((N), Tug = 0.005 vs. 0.05) are shown.  

 

Efficient silencing using dsRNA is possible in many organisms, including mammals, 

despite silencing relying on mostly post-transcriptional degradation of mRNA without the 

production of pUG RNA or 2º siRNA (139). To explore differences between genes that could 

impact the efficiency of RNA silencing universally in any system, we simulated knockdown 

through the post-transcriptional loss of mRNA alone by eliminating production of pUG RNAs, 

and thus downstream secondary small RNAs and transcriptional silencing (2-8B, k3 = 0). When a 

fixed amount of dsRNA was exposed to different genes with the same amount of mRNA at steady 

state, genes with higher mRNA turnover rates showed less efficient knockdown (2-8F). This 

inverse relationship is expected because to maintain the same steady state levels, genes with higher 

mRNA turnover must also have higher mRNA production. As a result, for the same amount of 

added dsRNA and the same steady-state level of mRNA before exposure to dsRNA, the mRNA 

levels will recover faster for genes with higher production coupled with higher turnover. 

In summary, varying a few gene-specific parameters clarified the diversity of outcomes that are 

possible in response to the same dose of dsRNA. Gene-specific differences make the time to 

knockdown and the duration of knockdown uncorrelated and reduce the utility of key intermediates 

of RNA silencing as predictors of knockdown efficiency. Increases in transcription during 

exposure to dsRNA and high turnover of mRNA coupled with high production at steady state 

reduce the efficiency of knockdown. While the predictions of the model include quantitative 

relationships that will require advances in the quantitative measurement of many steps during 

RNAi, the model also makes some qualitative predictions that can be immediately tested.  
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2.4.4 Changing cis-regulatory elements of a gene impacts its requirements for silencing by 

dsRNA. 

A key realization from the exploration of the dynamic model for RNAi is that pre-existing 

RNA regulation of a gene impacts the response to dsRNA. However, the individual impacts of the 

many features of a gene that together set its RNA metabolism (e.g., promoter, 3′ cis-regulatory 

regions, introns, genomic location, etc.) are 

usually unknown. Nevertheless, as tests of this 

possibility, we altered target genes using Cas9-

mediated genome editing and examined 

changes, if any, in the genetic requirement for 

NRDE-3 for silencing by ingested dsRNA.  

Figure 2-10. Changing cis-regulatory regions 
or open reading frames can alter the 
observed dependence on NRDE-3 for 
silencing by dsRNA. (A) Schematics (as in Fig. 
1) of the hybrid genes created to test the role of 
3′ and 5′ cis-regulatory sequences in the 
response to dsRNA (see Methods for details). 
(B) The need for NRDE-3 to cause silencing 
using bli-1-dsRNA is reduced when the 3′ cis-
regulatory sequences of bli-1 are replaced with 
that of unc-22 (bli-1(jam307)). Fractions 
silenced, numbers scored, comparisons, 
asterisks, and error bars are as in Fig. 1 (C) 
Representative images (DIC, top; GFP 
fluorescence, bottom) of the head region of bli-
1p::gfp::cye-1 3′cis animals either in response 
to a control vector (pL4440, left) or in response 
to gfp-dsRNA (right)). The presence or absence 
of gfp in the head region was used to score the 
fraction silenced in (D). Scale bar = 100µm. (D) 
Use of the bli-1 promoter alone does not confer 
the genetic requirements for silencing bli-1. 
Silencing of GFP expressed from the bli-
1p::gfp::cye-1 3′cis transgene (bli-
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1p::gfp(jam297)) by gfp-dsRNA was measured in a wild-type background, in animals lacking 
NRDE-3 (nrde-3(jam205)), in animals lacking RDE-10 (rde-10(jam206)), in animals lacking 
MUT-16 (mut-16(jam148)), and in animals lacking both MUT-16 and RDE-10 (mut-16(jam148) 
rde-10(jam196)). Fractions silenced, numbers scored, comparisons, asterisks, and error bars are as 
in Figure 2-1. 

 

First, we swapped the 3′ cis-regulatory regions of bli-1 and unc-22 (Figure 2-10A, 2-11A). 

Animals with the unc-22 3′cis sequence in place of the bli-1 3′cis (bli-1p::bli-1::unc-22 3′cis) 

showed a much reduced dependence on NRDE-3 (Figure 2-10B), Animals with the bli-1 3′cis 

sequence downstream of the coding sequence of unc-22 (unc-22p::unc-22::bli-1 3′cis) showed 

substantial twitching even without unc-22 RNAi (Figure 2-11B). Yet, we were able to discern an 

enhancement upon addition of unc-22 dsRNA. This enhancement was absent in animals lacking 

NRDE-3. Together, these results provide evidence for prior regulation (potentially mediated via 

the 3′ UTR) impacting the genetic requirements for silencing.  

Next, we used the bli-1 5′ cis-regulatory regions (promoter) and the cyclin E 3′ cis-

regulatory regions to drive gfp expression in hypodermal cells (Figure 2-10A; bli-1p::gfp::cye-1 

3′cis). Animals with this gene showed expression of GFP in the hypodermis, which is most easily 

visible in the head region and is detectably silenced by ingested gfp-dsRNA in a wild-type 

background (Figure 2-10C).  

Figure 2-11. Replacing the unc-22 3′ cis-
regulatory sequence with that of bli-1 results in 
defects that show a NRDE-3-dependent 
enhancement when exposed to unc-22-dsRNA. 
(A) Schematic depicting the removal of the 
endogenous unc-22 3′ cis-regulatory region and the 
addition of the bli-1 3′ cis-regulatory region. (B) 
Silencing in response to unc-22-dsRNA (orange) or 
the control vector (grey). Fractions silenced, 
numbers scored, comparisons, asterisks and error 
bars are as in Figure 2-1. Disruption of the unc-22 3′ 
cis-regulatory region results in animals that show 
twitching in 3mM levamisole even without the 
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addition of unc-22 dsRNA. Addition of unc-22-dsRNA resulted in significantly more animals with 
altered cis-regulatory regions (unc-22(jam300), unc-22(jam301)) showing twitching. This 
enhancement was not observed in animals that also lack NRDE-3 (unc-22(jam300); nrde-
3(jam205)). Given the low effect size for NRDE-3 dependence, we do not interpret these results 
as conclusive, but rather present the data for completeness. 
 

Similar silencing was detectable in animals lacking NRDE-3 (Figure 2-10D), but the 

silencing in animals lacking MUT-16 or RDE-10 was much weaker (Figure 2-10D). These 

observations are in contrast to the observed lack of detectable silencing of the wild-type bli-1 gene 

in response to bli-1-dsRNA in animals lacking NRDE-3, MUT-16, or RDE-10 (Figure 2-1D and 

2-3B), suggesting that the bli-1 promoter is not sufficient to confer these requirements on all genes. 

An F1 only feed showed similar results (Figure 2-12) suggesting that these requirements are not 

dependent on dsRNA entering the embryo as occurs from a P0->F1 feed. 

Figure 2-12: F1 only bli-1p::gfp RNAi yields 
similar graded requirements for MUT-16, 
RDE-10, and NRDE-3 for silencing. Feeding 
RNAi of gfp where only the F1 (not the parent) 
were exposed to dsRNA and the presence or 
absence of GFP expression was scored in the 
hypodermis. Fractions silenced, numbers 
scored, comparisons, asterisks and error bars are 
as in Figure 2-1. Animals that lack MUT-16 
(mut-16(jam148)) showed the least silencing, 
followed by animals that lack RDE-10 (rde-
10(jam206)), and then NRDE-3 (nrde-

3(jam205)) which was comparable to wild type.  
 
Together, these results reveal that two different genes expressed under the same promoter 

within the same tissue can have different requirements for silencing in response to dsRNA (bli-1 

vs gfp under the control of bli-1p). These initial attempts to change the requirements for the 

response to dsRNA by altering the pre-existing regulation of target genes encourage the 

exploration of additional factors predicted to differentially influence RNA silencing of different 

genes (Figure 2-8, Figure 2-9).  
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2.4.5 Gene expression can recover after knockdown despite the presence of amplification 

mechanisms. 

The dynamic model (Figure 2-8) assumes that all key RNA intermediates (1º siRNA, 2º 

siRNA, and pUG RNA) are subject to turnover. If this assumption is true, animals should be able 

to recover from RNA silencing in non-dividing cells despite the production of abundant 2º siRNAs 

using RNA-dependent RNA polymerases. Experimental detection of the re-establishment of wild-

type phenotype after a pulse of RNAi would provide evidence not only for the recovery of mRNA 

levels but also the subsequent production of functional protein. To test this possibility, we exposed 

wild-type animals to a 1-hr pulse of dsRNA matching the sensitive target unc-22 and examined 

them for the Unc-22 defect every 24 hours (Figure 2-13A). With this limited exposure to dsRNA, 

we observed only ~80% silencing after the first 24 hours, which reached ~100% by day 3, 

suggesting that it takes a couple of days after exposure to small amounts of dsRNA to observe 

complete silencing. This delay could be driven by the time required for the buildup of RNA 

intermediates required for silencing (1º siRNA, 2º siRNA, and/or pUG RNA), for the turnover of 

UNC-22 protein, and/or for the dissipation of events downstream of the molecular role of UNC-

22. Consistent with recovery, silencing was only observed in ~50% of the animals on day 5, which 

dropped to ~36% by the eighth day after RNAi. In contrast, animals that were continually fed unc-

22 RNAi showed ~100% silencing even at day 7 (Figure 2-13A), suggesting that the RNAi 

machinery remains functional in aging animals. Thus, these results support the turnover of all key 

RNA intermediates generated during RNAi – 1º siRNA, 2º siRNA, and pUG RNA, and highlights 

for the first time that a target gene can recover from RNAi even in non-dividing cells, meaning 

that dilution of RNAi intermediates cannot explain this recovery.  
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Figure 2-13. Animals recover from a pulse of RNAi and production of pUG RNAs is 
restricted despite continuous exposure to dsRNA. (A) Response to a pulse of feeding RNAi. 
(top) Schematic of assay. Animals were exposed to unc-22 RNAi for one hour and then returned 
to OP50 plates. (bottom) A separate cohort of animals was scored for silencing after each 
subsequent 24hr period. Fractions silenced, numbers scored, comparisons, asterisks, and error bars 
are as in Fig. 1. A weak Unc-22 defect indicates animals that were nearly completely still except 
for a slight twitch of the head or of the tail. (B) pUG RNA production in response to continuous 
exposure to unc-22 dsRNA. (top) Schematic depicting the PCR primers used for the  RT-PCR to 
detect pUG RNAs. Two sets of primers (0kb, purple; 1kb, blue) positioned 5′ of the unc-22-dsRNA 
(orange), combined with an RT primer that contains nine CA repeats were used. (bottom) 
Populations of small RNAs that might be detected by pUG-PCR as above. Population I would 
suggest that amplified 2º siRNAs in addition to 1º siRNAs are capable of guiding target mRNA 
cleavage and poly-UG addition. Population II would suggest only 1º siRNAs can initiate pUG 
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RNA production. (C) (left) Distribution of DNA amplified from pUG RNAs. Lanes with PCR 
products amplified from total RNA of animals fed unc-22 dsRNA (unc-22) or L4440 dsRNA 
(control) isolated from three biological replicates each (1-3), or a no-template control (NTC) with 
no added RNA (-) are shown. Different bands are detected for each primer set (0kb, top vs. 1kb, 
bottom). A gene with a poly-UG sequence encoded in the genome (gsa-1) serves as a loading 
control. (right) Schematic of siRNA production in somatic cells. Successive rounds of amplified 
small RNAs would map progressively closer to the 5′ end of the target transcript. Since we did not 
detect poly-UG addition upstream of the region homologous to the dsRNA trigger, it is unlikely 
that 3º siRNAs are being produced.  
 

2.4.6 Sequences in mRNA that match the trigger dsRNA are hot zones of pUG RNA 

production. 

Of the RNA intermediates generated during RNAi, pUG RNAs have been proposed to be 

used as stable templates to produce small RNAs (96). Sustained production of small RNAs could 

occur if the targeting of mRNA by 2º siRNA resulted in further pUG RNA production, subsequent 

3º siRNA production, and so on, thereby providing a way for silencing to persist despite the 

turnover of all RNA species. However, the production of such 3º siRNA has been observed only 

when targeting a germline gene (140) and not when targeting a somatic gene (135). To examine 

whether such repeated rounds of pUG RNA production occur during RNAi of unc-22, we fed wild-

type worms bacteria that express unc-22 dsRNA or control dsRNA (L4440) and looked for the 

presence of pUG RNAs. These RNAs are detected as a heterogenous mixture using RT-PCR with 

a poly-CA 3′ primer and gene-specific 5′ primers. Consistent with the production of pUG RNAs 

upon targeting by 1º siRNAs, we detected pUG RNAs generated after cleavage within the unc-22 

mRNA sequence that matches the dsRNA (Figure 2-13B, 0kb 5′ primer). Since, 2º siRNAs are 

made with a 5′ bias on the mRNA template (100, 135) pUG RNAs generated in response to 

targeting by 2º siRNAs are expected to include mRNAs cleaved upstream of the sequence 

matching the dsRNA. Surprisingly, all pUG RNAs detected using a 5′ primer ~1kb upstream of 

the target sequence were larger than 1 kb (Figure 2-13B, 1kb 5′ primer), suggesting that there is a 
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dearth of pUG RNA formation through cleavage within 1 kb upstream of sequences targeted by 

dsRNA. Notably, this absence is despite the expected relative ease of amplifying shorter sequences 

when compared with amplifying longer sequences using the same primers. This lack of detectable 

pUG RNAs upstream suggests that, during RNAi in somatic cells, the addition of pUG tails is 

enriched within a zone on target mRNAs that share homology with the dsRNA trigger (“pUG 

zone”). This restricted production of pUG RNAs supports the idea that amplification is not 

perpetual and that mRNA levels can thus recover over time. 

 

2.5 Discussion 

Our results suggest that an intersecting network of regulators formed by the intrinsically 

disordered protein MUT-16, the Maelstrom-domain protein RDE-10, the nuclear Argonaute 

NRDE-3, and other Argonaute proteins can explain silencing of somatic targets by RNA 

interference despite stark differences in the genetic requirements for silencing different genes. The 

requirement for NRDE-3 can be overcome by enhanced dsRNA processing or by changing the cis-

regulatory sequences of the target gene. However, the combined loss of both MUT-16 and RDE-

10 eliminates all detectable silencing and this requirement cannot be overcome by enhancing 

dsRNA processing. Animals can recover from silencing in non-dividing cells, which supports the 

turnover of all key RNA intermediates (1º siRNA, 2º siRNA, and pUG RNA). Consistent with the 

ability to recover from silencing, unlimited rounds of siRNA amplification is curbed by 

restricting the cleavage and tailing of mRNAs for making pUG RNAs to ′pUG zones′ that match 

the dsRNA sequence.  
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2.5.1 Universal and gene-specific requirements for RNAi.  

RNAi requires the entry of dsRNA into cells, the processing of dsRNA into small RNAs, 

recognition of target mRNA, generation of additional small RNAs, and downstream gene silencing 

mechanisms. The upstream processes of entry, processing, and recognition do not depend on the 

mRNA being targeted and are thus presumably universal. Consistently, the dsRNA importer SID-

1, the endonuclease DCR-1, and the primary Argonaute RDE-1 are required for all RNAi. In 

contrast, since the mRNA is used as a template to generate the abundant secondary small RNAs in 

C. elegans (135) or additional dsRNAs in other systems (e.g., in plants ref. (141)), the silencing of 

different mRNAs could diverge through the selective recruitment of different collections of 

regulators. In support of this possibility, the two model genes we analyze in this study, unc-22 and 

bli-1, show stark differences in the requirements of some RNAi factors for silencing (Figure 2-1).  

Figure 2-14. Graphical summary of Chapter 2. (left) Amplification of small RNAs occurs 
through an intersecting network of regulators (orange arrows) and in response to somatic RNAi, 
the addition of poly-UG repeats (green) is restricted to a ‘pUG zone’ (red) that is homologous to 
the dsRNA trigger. (right) In response to a pulse of dsRNA (red), levels of the target mRNA (blue) 
recover, suggesting that the RNA silencing intermediates (1º siRNAs, purple; pUG RNAs, green; 
2º siRNAs, brown) undergo turnover.  
 

While these differences could be attributed to their expression in different tissues, the 

ability to bypass some requirements (Figure 2-5) argues against this possibility. Specifically, if the 
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requirement for NRDE-3 for silencing bli-1 (hypodermal gene) but not unc-22 (muscle gene) is 

because of the lack of a parallel regulator in the hypodermis but not in the muscle, then enhancing 

dsRNA processing would be unable to bypass the NRDE-3 requirement (Figure 2-5).  Neither the 

silencing of dpy-7 nor the silencing of bli-1p::gfp requires NRDE-3 for silencing despite their 

expression in the hypodermis (Figure 2-3F, Figure 2-10D). Strikingly, changing the 3′cis-

regulatory sequences of bli-1 also made its silencing largely independent of NRDE-3 (Figure 2-

10B), providing direct evidence for the prior regulation of a gene dictating the genetic requirements 

for silencing in response to dsRNA. The fact that any two of MUT-16, NRDE-3, and RDE-10 - 

three very structurally and functionally different proteins - are required for unc-22 silencing 

suggests that each of these proteins could be contributing to silencing of any RNAi target. Despite 

this potential use of an intersecting network for silencing all somatic genes, different genes could 

critically depend on different regulators because of differences in their mRNA metabolism and/or 

subcellular localization (summarized as threshold differences in Figure 2-3). Intermediate steps 

that require the participation of mRNA such as the production of 2º siRNA could have complex 

dependencies, making RNA intermediates poor predictors of silencing efficiency (2-8D). For 

example, the subcellular localization of mRNA could increase or decrease its interaction with 

RdRPs and thus influence the levels of 2º siRNAs made. Future studies that address the dynamics 

and subcellular localization of target mRNA before RNAi and the subcellular localization of 

components of the RNAi machinery are required to test these hypotheses. 

 

2.5.2 Production of 2º siRNAs.  

Multiple small RNA species of defined lengths and 5′-nt bias have been detected in C. 

elegans. Of these, 22G RNAs (2º siRNAs) are the most abundant and arise from amplification 
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downstream of exposure to dsRNA and in multiple endogenous small RNA pathways (111). Our 

results suggest that production of 2º siRNAs in response to dsRNA is eliminated in animals that 

lack both MUT-16 and RDE-10 (Figure 2-5C). While the precise mechanisms of amplification are 

unknown, MUT-16 is thought to nucleate perinuclear foci (74, 104) that recruit many additional 

components – RDE-2, MUT-7, MUT-14, MUT-15, NYN-1, NYN-2, RDE-8, RDE-3/MUT-2 etc. 

(80, 104). Of these, the roles of most proteins remain obscure, but RDE-8 (142) and RDE-3/MUT-

2 (96) have demonstrated roles in the cleavage and pUGylation of mRNAs, respectively. Yet, the 

observation of silencing in the absence of MUT-16 that is eliminated upon additional loss of RDE-

10 suggests that RDE-10 and associated proteins (e.g., RDE-11, RDE-12) play and independent 

role in the amplification of 2º siRNAs (102, 103). The subcellular localization of RDE-10 and 

whether small RNAs that require RDE-10 for production also rely on RDE-8 and RDE-3/MUT-2 

as expected for amplification using pUG RNA templates remains to be determined. 
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Figure 2-15. The predicted structure of the Maelstrom domain of RDE-10 is similar to that 
of the 3′-5′ exonuclease ERI-1. (A) Predicted structure of the Maelstrom domain (teal; Pfam: 
PF13017) of RDE-10. RDE-10 residues were colored based on studies of the Drosophila MAEL 
protein (143). The zinc-binding ECHC motif (dark blue), the Serine residue mutated in rde-
10(jam248) (red), residues homologous to the catalytic residues of the Lassa virus exonuclease 
(purple), and residues homologous to those required for single-stranded RNA endonuclease 
activity (green) are shown. (B) Alignment of maelstrom domain-containing proteins from multiple 
species. Asterisks indicate conserved residues, colon indicates residues with strongly similar 
properties and a period indicates residues with weakly similar properties (130). Residues of interest 
are shaded as in (A). (C) Structural alignments of the Maelstrom domain of RDE-10 with the 3′-5′ 
exonuclease domains of ERI-1 (left) and MUT-7 (right). Template modeling scores (TM = 0.5 for 
ERI-1 and TM = 0.36 for MUT-7) and regions of high homology (blue and orange) are shown.  
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Loss of RDE-10 reduces the production of 22G RNAs downstream of exogenous dsRNA 

and downstream of endogenous small RNAs called 26G RNAs that are 26-nt long and have a 5′ G 

(102, 103). Current models for the production of 26G RNAs (92, 144) propose that the RdRP RRF-

3 transcribes long antisense RNA from internal C nucleotides on template mRNA, the phosphatase 

PIR-1 converts the 5′ triphosphate of the RdRP product into 5′ mono phosphate, the template is 

then trimmed by the 3′-5′ exonuclease ERI-1 to generate a blunt-ended dsRNA, which is then 

cleaved by DCR-1 to generate the mature 26G RNAs that are bound by the Argonaute ERGO-1. 

While a similar preference by RdRPs can explain the 5′G bias of the downstream 22G RNAs, the 

mechanism(s) for generating RNA that are precisely 22 nucleotides long remain unclear. This 

precision could be achieved either through the trimming of template mRNAs into 22-nt long pieces 

or through the trimming of secondary small RNAs made by RdRPs into 22-nt long pieces. The 

detection of long pUG RNAs with no detectable shorter pUG RNAs upstream of sequences 

matching the dsRNA (Figure 2-13C) argues against the 3′ trimming of mRNA templates to 

generate shorter RNAs that then get pUGylated to become stabilized templates for RdRPs and 

against pUG RNA generation driven by successive rounds of 22G RNA production in somatic 

cells. Furthermore, potential 5′ trimming or endonucleolytic cleavage of long pUG RNA to 

generate a 22-nt template for RdRPs cannot explain the 5′ G bias of 22G RNAs. Since Argonautes 

bind the 5′ end of small RNAs and can associate with RNAs of different lengths (90), we suggest 

a model whereby RDE-10 and downstream Argonautes together play a role in the maturation of 

22-nt siRNAs from longer RdRP products.  

RDE-10 has a conserved Maelstrom domain that shares homology with the DnaQ-H 3′–5′ 

exonuclease family (145) and the mutation we identified as disrupting silencing by dsRNA (Figure 

2-1D) alters a residue located near the highly conserved ECHC zinc-binding motif (Figure 2-2C). 
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Intriguingly, the Maelstrom domain of RDE-10 shares high structural homology with the 3′-5′ 

exonuclease domain of ERI-1 (Figure 2-15C, left) but not the exonuclease domain of MUT-7 

(Figure 2-15C, right). ERI-1 can trim single-stranded RNA overhangs in vitro (119), and is 

required for the production of 26G RNAs (146) and for the maturation of rRNAs (147). While no 

3′–5′ exonuclease activity of RDE-10 or its orthologs has been demonstrated, Maelstrom domain-

containing proteins in insects exhibit single-stranded RNA endonuclease activity in vitro (143). 

Furthermore, RDE-10 could interact with other parts of the RNA silencing machinery (e.g., the 

Argonaute ERGO-1 as seen using immunoprecipitation (102, 103)) to recruit nucleases (e.g., NYN 

family exonucleases such as ERI-9 (142)) that trim pre-22G RNAs to the 22-nt size preferred by 

Argonaute proteins. In support of such exonucleolytic trimming in conjunction with Argonaute 

binding, the 3′-5′ exonuclease SND1 has been shown to trim the 3′ ends of miRNAs bound to 

AGO1 in Arabidopsis (148). Furthermore, piRNA maturation in Drosophila and mice suggests a 

model where piwi-type Argonautes bind the 5′ end of the pre-piRNA followed by endonucleolytic 

cutting and exonucleolytic trimming to generate consistently sized mature piRNAs (149). Finally, 

human ERI1 can trim Ago2-bound micro RNAs to 19-nt (150). 

Therefore, we propose that the production of 22G RNAs in response to the addition of 

dsRNA occurs as follows: (1) non-processive RdRPs (e.g., RRF-1 (151)) make a heterogenous 

mixture of short RNAs, (2) 2º Argonautes bind the 5′ end of these pre-secondary siRNA, (3) RDE-

10 and/or associated protein(s) remove excess 3′ sequence to generate 22-nt siRNAs that are 

effectively retained by the mature siRNA-Argonaute complex. Similar mechanisms could be used 

to generate other 22G RNAs that are independent of RDE-10 (102, 103). Future studies are needed 

to test each aspect of the model. 
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2.5.3 Trade-offs in RNA interference. RNAi is now a widely applied tool for gene silencing in 

plants, insects, and humans. Like C. elegans, plants (141) and some insects (152) have RdRPs that 

could be used to make 2º siRNAs, but many other animals, including humans, do not have RdRPs 

and thus are unlikely to produce 2º siRNAs. However, silencing can fade despite the production 

of 2º siRNAs (Figure 2-13A), highlighting the importance of dosage for all systems. Two 

parameters of importance for the acute efficacy of any dsRNA-based drug are the time to 

knockdown (tkd in 2-8B) and duration of knockdown (tkd in 2-8B). The various values of tkd  that 

are possible for each tkd (2-8C) cautions against using a rapid onset of silencing (low tkd) as the 

sole indicator of promise during early stages of drug development when long-term effects of a 

drug are often not evaluated in the interest of expedience. In short, a drug that takes longer to cause 

an effect could have a more long-lasting effect. Since a dsRNA drug can be synthesized for any 

target with equal effort, considerations for the choice of target could be worthwhile because 

differences in RNA metabolism between two targets of equal importance can influence the efficacy 

of the dsRNA drug in all systems. If two genes are at steady state, then the gene with higher mRNA 

turnover will be more difficult to knockdown because of higher rates of mRNA production (2-8F). 

Similarly, in the absence of a steady state, a gene undergoing upregulation of transcription, 

splicing, and/or mRNA export during the administration of the drug will be difficult to knockdown 

(e.g., 2-8E).  

In the longer term, a concern for any drug is the development of resistance. When a gene with a 

high threshold for silencing is targeted, it could rely on multiple regulators that act in parallel to 

contribute to silencing (e.g., bli-1 in this study), making resistance through the mutation of any 

one regulator more likely and necessitating another round of drug development. In contrast, genes 

with a lower threshold may not require all the regulators for silencing (e.g., unc-22 in this study), 
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making them ideal targets that remain silenced despite single mutations in many regulators of 

RNAi (e.g., RDE-10, MUT-16, or NRDE-3 in this study). These trade-offs inform the choice of 

therapeutic targets and dosage for sustained use of dsRNA-based drugs in agriculture and in human 

health. Anticipating mechanisms for the development of resistance before widespread use of an 

RNAi-based drug or treatment will be crucial for avoiding futile cycles of innovation. The ideal 

drug would require a minimal dose and use multiple intersecting paths to silence the target gene. 

 

Table 2-1: Strains used in Chapter 2 
Strain name Genotype 
N2 wild type 
AMJ174  oxSi487[mex-5p::mCherry::H2B::tbb-2 3′UTR::gpd-2 

operon::GFP::H2B::cye-1 3′UTR + unc-119(+)] dpy-2(jam29) II; 
unc-119(ed3)? III; lin-2(jam30) X 

AMJ183 rde-4(ne301) III; nrde-3(tm1116) X 
AMJ285 jamSi1 [mex-5p::rde-4(+)] II; rde-4(ne301) III 
AMJ345 jamSi2 [mex-5p::rde-1(+)] II; rde-1(ne219) V 
AMJ422 jamSi6 [nas-9p::rde-4(+)] II; unc-119(ed) III 
AMJ489 nrde-3(tm1116) X; eri-1(mg366) IV 
AMJ565 
AMJ611 

jamSi6 [Pnas-9::rde-4(+)::rde-4 3′UTR] II; unc-119(ed3) III rde-
4(ne301) III 
jamSi6 [nas-9p::rde-4(+)::rde-4 3′UTR] II; rde-4(ne301) III; nrde-
3(tm1116) X 

AMJ1023 mut-16(jam138) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-
2(jam30) X 

AMJ1025 mut-16(jam139) rde-10(jam248) I; oxSi487 dpy-2(jam29) II; unc-
119(ed3)? III; lin-2(jam30) X 

AMJ1035 mut-16(jam140) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-
2(jam30) X 

AMJ1042 mut-16(jam141) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-
2(jam30) X 

AMJ1091 mut-16(jam247) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-
2(jam30) X 

AMJ1195 jamSi59 [Pmex-5::gfp::cye-1 3′UTR + unc-119(+)] II; unc-119(ed3) 
III 

AMJ1397 mut-16(jam148) I 
AMJ1470 mut-16(jam148) rde-10(jam196) I 
AMJ1489 rde-10(jam206) I 
AMJ1510 nrde-3(jam205) X 
AMJ1545 mut-16(jam148) I; nrde-3(jam205) X 
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AMJ1568 rde-10(jam206) I; nrde-3(jam205) X 
AMJ1611 mut-16(jam240) rde-10(jam206) I 
AMJ1614 rde-10(jam243) I 
AMJ1621 eri-1(mg366) IV; nrde-3(jam205) X  
AMJ1622 rde-10(jam206) I; eri-1(mg366) IV 
AMJ1623 rde-10(jam206) I; eri-1(mg366) IV 
AMJ1624 rde-10(jam206) I; eri-1(mg366) IV; nrde-3(jam205) X 
AMJ1625 rde-10(jam206) I; eri-1(mg366) IV; nrde-3(jam205) X 
AMJ1631 mut-16(jam148) I; eri-1(mg366) IV; nrde-3(jam205) X 
AMJ1632 mut-16(jam148) I; eri-1(mg366) IV; nrde-3(jam205) X 
AMJ1657 mut-16(jam240) rde-10(jam206) I; eri-1(jam260) IV 
AMJ1658 mut-16(jam240) rde-10(jam206) I; eri-1(jam261) IV 
AMJ1659 mut-16(jam240) rde-10(jam206) I; eri-1(jam262) IV 
AMJ1660 eri-1(jam263) IV 
AMJ1661 eri-1(jam264) IV 
AMJ1672 mut-16(jam265) I; eri-1(jam263) IV  
AMJ1673 mut-16(jam266) I; eri-1(jam264) IV 
AMJ1674 mut-16(jam267) I; eri-1(jam264) IV 
AMJ1675 mut-16(jam268) I 
AMJ1709 jam297[bli-1p::gfp::cye-1 3′utr + unc-119(+)] II; unc-119(ed3) III 
AMJ1721 mut-16(jam148) I; jamSi6 [nas-9p::rde-4(+)] II; unc-119(ed)?  III  
AMJ1722 mut-16(jam148) I; jamSi6 II; unc-119(ed)? III; eri-1(jam263) IV 
AMJ1723 rde-10(jam206) I; jamSi6 II; unc-119(ed)? III 
AMJ1724 rde-10(jam206) I; jamSi6 II; unc-119(ed)? III; eri-1(mg366) IV 
AMJ1725 rde-10(jam206) I; jam297[bli-1p::gfp::cye-1 3′utr + unc-119(+)] II; 

unc-119(ed3)? III 
AMJ1726 jam297[bli-1p::gfp::cye-1 3′utr + unc-119(+)] II; unc-119(ed3)? III; 

nrde-3(jam205) X 
AMJ1727 mut-16(jam148) I; jam297[bli-1p::gfp::cye-1 3′utr + unc-119(+)] II; 

unc-119(ed3)? III 
AMJ1728 mut-16(jam148) rde-10(jam196) I; jam297[bli-1p::gfp::cye-1 3′utr + 

unc-119(+)] II; unc-119(ed3)? III 
AMJ1730 unc-22(jam300) IV 
AMJ1731 unc-22(jam301) IV 
AMJ1754 bli-1(jam307) II 
AMJ1755 bli-1(jam308) II 
AMJ1757 unc-22(jam300) IV; nrde-3(jam205) X 
AMJ1758 bli-1(jam307) II; nrde-3(jam205) X 
AMJ1771 bli-1(jam308) II; nrde-3(jam205) X 
EG6787 oxSi487 II; unc-119(ed3) III 
GR1373 eri-1(mg366) IV 
WM27 rde-1(ne219) V 
WM49 rde-4(ne301) III 
WM156 nrde-3(tm1116) X 
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Table 2-2: Oligonucleotides used (5′ to 3′) in Chapter 2 

Primer Sequence 
P1 atttaggtgacactatagaaatgctcagagatgctcggttttagagctagaaatagcaag 
P2 tcactttcttcgtgcgttcc 
P3 ggagaaccactcccagaatg 
P4 aatcaatcggctgtccacac 
P5 atttaggtgacactatagctggatcacctgggaatccgttttagagctagaaatagcaag 
P6 aatcgcaaacgagtgggtac 
P7 cgggctagatcataatgagg 
P8 ggaccacgtggagttccaggacatccaggttttccaggtgacccaggagagtatggaatt 
P9 gaatatttttcgaaaatata 
P10 cggcacatgcgaatattttccgaaaatagaaggatattcttcaactcgatccagaaaaac 
P11 gctaccataggcaccgcatg 
P12 cacttgaacttcaatacggcaagatgagaatgactggaaaccgtaccgcatgcggtgcctatggtagcggag

cttcacatggcttcagaccaacagccta 
P13 cacaaacgccaggaaaggaag 
P14 catttctgcgttgttgtggacc 
P15 gttgtaacggatatctctgc 
P16 aagattgaatgttgtaacgaatatttcagcaggatacgatgaaagcttattgattgatgg 
P17 ccgaaatccagatgagttcc 
P18 gcatctggataaaaccaagc 
P19 ccgatacaatcagaatgatc 
P20 agcaaggccaccgatacaatcagaatgattaggcagacaaggatattatgacaagatatt 
P21 ggcattcgagccaataatgc 
P22 cgttgtgctcggcaacttct 
P23 acaccacgtacaaatgtttg 
P24 tgcgtcatccacaccacgtacaaacgtttagggcactgcaaaaaagccatccagccaaca 
P25 gactgtgctgacgctgtttt 
P26 ctcccagtggctttcgtttt 
P27 tgtggacacggaatcagatc 
P28 gaaacagtcgatgctgctccatatttccgataggatcttcaacggctgtacacatggatg 
P29 cctatgtccgacctgtcaga 
P30 caattccggatttctgaagag 
P31 cagacctcacgatatgtggaaa 
P32 ggaacatatggggcattcg 
P33 caactttgtatagaaaagtt 
P34 acaagtttgtacaaaaaagc 
P35 gattacgccaagctatcaactttgtatagaaaagttgcctaccaaagtagaaattcc 
P36 acaactccagtgaaaagttcttctcctttactcatgatgaggttagatcacacta 
P37 tttcgctgtcctgtcacactc 
P38 tacgcggtaagacccaaatg 
P39 gaacgcgtcgaggtgatagc 
P40 ataaggagttccacgcccag 
P41 ctagtgagtcgtattataagtg 
P42 tgaagacgacgagccacttg 
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P43 ctagaaacttctcataatag 
P44 ggatacgagagaagccaaat 
P45 cttttacaggaaccactattatgagaagtttctagtttaatcatcctgccaccaccactt 
P46 ccttatcttctgcggttttcccaactctccgcttcttccaaacatttctcagtcaacag 
P47 catacagaaggagaaatcgc 
P48 gttgtagtacagtgtcgcat 
P49 gcgtcccaattcttgaatca 
P50 ggtggcaggatgattagaca 
P51 aattctcactcaaaatttgc 
P52 tgcaaaatatgcggcagctcttctccttgtctaataactaaaaaaaacttctagtctaac 
P53 tgtctttcaaattctcactcaaaatttgctggtatcgatttggcttctctcgtatcc 
P54 gacgacgacggcatctatgt 
P55 gctatggctgttctcatggcggcgtcgccatattctacttcacacacacacacacaca 
P56 gctatggctgttctcatggc 
P57 gagttctacgatcacattct 
P58 tgctccgtggagcaactcgc 
P59 gagcacactattctgtgcat 
P60 ggcgtcgccatattctactt 
P61 cacttgctggaaagacaagg 
P62 cgcaagcatgctggtttgta 
P63 gcattccatctgcaatgcga 
P64 cagtgtgcttgtaaatcggc 
P65 tgctcttcggcagttgcttc 
P66 gcaaagaatcttgcagcatgg 
P67 gaacacacccagactgaaga 
P68 gacgagcaaatgctcaacg 
P69 tcgtcttcggcagttgcttc 

 

Table 2-3: Statistics for comparisons in Chapter 2 

Figure Comparison Total 

n 

Silenced 

n 

p value 
 

Strains  notes 

2-1B bli-1 wild type vs 
mut-
16(jam138) 

757, 
229 

391, 0 <0.00001, * EG6787, 
AMJ1023 

pooled EG6787 
from separate 
experiments 

2-1B bli-1 wild type vs 
mut-
16(jam140) 

757, 
277 

391, 0 <0.00001, * EG6787, 
AMJ1035 

pooled EG6787 
from separate 
experiments 

2-1B bli-1 wild type vs 
mut-
16(jam141) 

757, 
124 

391, 0 <0.00001, * EG6787, 
AMJ1042 

pooled EG6787 
from separate 
experiments 
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2-1B bli-1 wild type vs 
mut-
16(jam247) 

757, 
446 

391, 1 <0.00001, * EG6787, 
AMJ1091 

pooled EG6787 
from separate 
experiments 

2-1B bli-1 wild type vs 
mut-
16(jam139) 
rde-10(jam248) 

757, 
412 

391, 1 <0.00001, * EG6787, 
AMJ1025 

pooled EG6787 
from separate 
experiments 

2-1B unc-22 wild type vs 
mut-
16(jam139) 
rde-10(jam248) 

309, 
173 

282, 0 <0.00001, * EG6787, 
AMJ1025 

pooled EG6787 
from separate 
experiments 

2-1B unc-22 mut-
16(jam138) vs 
mut-
16(jam139) 
rde-10(jam248) 

180, 
173 

111, 0 <0.00001, * AMJ1023, 
AMJ1025 

pooled EG6787 
from separate 
experiments 

2-1B unc-22 mut-
16(jam140) vs 
mut-
16(jam139) 
rde-10(jam248) 

91, 173 50, 0 <0.00001, * AMJ1035, 
AMJ1025 

pooled EG6787 
from separate 
experiments 

2-1B unc-22 mut-
16(jam141) vs 
mut-
16(jam139) 
rde-10(jam248) 

267, 
173 

208, 0 <0.00001, * AMJ1042, 
AMJ1025 

pooled EG6787 
from separate 
experiments 

2-1B unc-22 mut-
16(jam247) vs 
mut-
16(jam139) 
rde-10(jam248) 

100, 
173 

84, 0 <0.00001, * AMJ1091, 
AMJ1025 

pooled EG6787 
from separate 
experiments 

2-1D bli-1 wild type vs 
mut-
16(jam148) 

202, 
126 

159, 0 <0.00001, * N2, 
AMJ1397 

  

2-1D bli-1 wild type vs 
mut-
16(jam148) 
rde-10(jam196) 

202, 
209 

159, 0 <0.00001, * N2, 
AMJ1470 

  

2-1D bli-1 wild type vs 
rde-10(jam206) 

202, 
209 

159, 0 <0.00001, * N2, 
AMJ1489 

  

2-1D unc-22 wild type vs 
mut-
16(jam148) 

206, 
121 

204, 119 0.58802, ns N2, 
AMJ1397 

  

2-1D unc-22 wild type vs 
mut-

206, 
146 

204, 0 <0.00001, * N2, 
AMJ1470 
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16(jam148) 
rde-10(jam196) 

2-1D unc-22 wild type vs 
rde-10(jam206) 

206, 
190 

204, 185 0.21023, ns N2, 
AMJ1489 

  

2-3B bli-1 wild type vs 
nrde-3(jam205) 

295, 
274 

172, 16 <0.00001, * N2, 
AMJ1510 

  

2-3B bli-1 wild type vs 
rde-
10(jam206); 
nrde-3(jam205) 

295, 
219 

172, 0 <0.00001, * N2, 
AMJ1568 

  

2-3B bli-1 wild type vs 
mut-
16(jam148); 
nrde-3(jam205) 

295, 
121 

172, 0 <0.00001, * N2, 
AMJ1545 

  

2-3B unc-22 wild type vs 
nrde-3(jam205) 

129, 
110 

127, 108 0.87221, ns N2, 
AMJ1510 

  

2-3B unc-22 wild type vs 
rde-
10(jam206); 
nrde-3(jam205) 

129, 
111 

127, 0 <0.00001, * N2, 
AMJ1568 

  

2-3B unc-22 wild type vs 
mut-
16(jam148); 
nrde-3(jam205) 

129, 
101 

127, 0 <0.00001, * N2, 
AMJ1545 

  

2-3E 
wild type vs 
mut-
16(jam148) 

183, 
107 179, 5 <0.00001, * N2, 

AMJ1397   

2-3E wild type vs 
rde-10(jam206) 

183, 
116 179, 16 <0.00001, * N2, 

AMJ1489   

2-3E wild type vs 
nrde-3(jam205) 

183, 
105 179, 72 <0.00001, * N2, 

AMJ1510   

2-3E 
mut-
16(jam148) vs 
rde-10(jam206) 

107, 
116 5, 16 0.0190241, 

* 
AMJ1397, 
AMJ1489   

2-3E 
rde-10(jam206) 
vs nrde-
3(jam205) 

116, 
105 16, 72 <0.00001, * AMJ1489, 

AMJ1510   

2-3F unc-54 wild type vs 
mut-
16(jam148) 

148, 
124 

142, 2 <0.00001, * N2, 
AMJ1397 

 

2-3F unc-54 wild type vs 
rde-10(jam206) 

148, 
128 

142, 2 <0.00001, * N2, 
AMJ1489 

 

2-3F unc-54 wild type vs 
nrde-3(jam205) 

148, 
263 

142, 49 <0.00001, * N2, 
AMJ1510 

Fed on a different 
day with similar N2 
silencing 164/171 
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animals showing 
Unc-54 

2-3F unc-54 wild type vs 
mut-
16(jam148) 
rde-10(jam196) 

148, 
159 

142, 0 <0.00001, * N2, 
AMJ1470 

 

2-3F unc-54 wild type vs 
mut-
16(jam148); 
nrde-3(jam205) 

148, 
166 

142, 0 <0.00001, * N2, 
AMJ1545 

Fed on a different 
day with similar N2 
silencing 164/171 
animals showing 
Unc-54 

2-3F unc-54 wild type vs 
rde-
10(jam206); 
nrde-3(jam205) 

148, 
206 

142, 0  <0.00001, * N2, 
AMJ1568 

Fed on a different 
day with similar N2 
silencing 164/171 
animals showing 
Unc-54 

2-3F unc-54 nrde-3(jam205) 
vs mut-
16(jam148) 

263, 
124 

49, 2 <0.00001, * AMJ1510, 
AMJ1397 

 

2-3F unc-54 nrde-3(jam205) 
vs rde-
10(jam206) 

263, 
128 

49, 2 <0.00001, * AMJ1510, 
AMJ1489 

 

2-3F dpy-7 wild type vs 
mut-
16(jam148) 

322, 
130 

279, 34 <0.00001, * N2, 
AMJ1397 

 

2-3F dpy-7 wild type vs 
rde-10(jam206) 

322, 
159 

279, 2 <0.00001, * N2, 
AMJ1489 

 

2-3F dpy-7 wild type vs 
nrde-3(jam205) 

322, 
126 

279, 3 <0.00001, * N2, 
AMJ1510 

 

2-3F dpy-7 wild type vs 
mut-
16(jam148) 
rde-10(jam196) 

322, 
184 

279, 0 <0.00001, * N2, 
AMJ1470 

 

2-3F dpy-7 wild type vs 
mut-
16(jam148); 
nrde-3(jam205) 

322, 99 279, 0 <0.00001, * N2, 
AMJ1545 

 

2-3F dpy-7 wild type vs 
rde-
10(jam206); 
nrde-3(jam205) 

322, 
180 

279, 0 <0.00001, * N2, 
AMJ1568 

 

2-3F dpy-7 mut-
16(jam148) vs 
rde-10(jam206) 

130, 
159 

34, 2 <0.00001, * AMJ1397, 
AMJ1489 

 



 65 

2-3F dpy-7 mut-
16(jam148) vs 
nrde-3(jam205) 

130, 
126 

34, 6 <0.00001, * AMJ1397, 
AMJ1510 

 

2F wild type vs 
mut-
16(jam148) 

183, 
107 

179, 5 <0.00001, * N2, 
AMJ1397 

 

2F wild type vs 
rde-10(jam206) 

183, 
116 

179, 16 <0.00001, * N2, 
AMJ1489 

 

2F wild type vs 
nrde-3(jam205) 

183, 
105 

179, 72 <0.00001, * N2, 
AMJ1510 

 

2F mut-
16(jam148) vs 
rde-10(jam206) 

107, 
116 

5, 16 0.0190241, 
* 

AMJ1397, 
AMJ1489 

 

2F rde-10(jam206) 
vs nrde-
3(jam205) 

116, 
105 

16, 72 <0.00001, * AMJ1489, 
AMJ1510 

 

3B wild type vs eri-
1(mg366) 

200, 
200 

134, 145 0.231163, 
ns 

N2, 
GR1373 

N2 from a second 
experiment showed 
comparable values 
(219/304), GR1373 
from a second 
experiment showed 
comparable values 
(169/213) 

3B nrde-3(jam205) 
vs eri-
1(mg366); 
nrde-3(tm1116) 

143, 
200 

3, 167 0.000132, * N2, 
AMJ489 

 

3B mut-
16(148/268) vs  
mut-
16(jam265-7); 
eri-1(jam263) 

172, 
354 

0, 0 >0.5, ns AMJ1397, 
AMJ1675, 
AMJ1672-
4 

AMJ1397 (0/110) 
and AMJ1675 
(0/123) were 
pooled; AMJ1672 
(0/130), AMJ1673 
(0/88), and 
AMJ1674 (0/111) 
were pooled 

3B rde-10(jam206) 
vs rde-
10(jam206); 
eri-1(mg366) 

233, 
329 

0, 0 >0.5, ns AMJ1489, 
AMJ1622, 
AMJ1623 

AMJ1622 (0/171) 
and AMJ1623 
(0/183) were pooled 

3B nrde-3(jam205) 
vs eri-
1(mg366); 
nrde-3(jam205) 

143, 
169 

3, 130 <0.00001, * AMJ1510, 
AMJ1621 

 

3C mut-
16(jam148/240) 

149,  
191 

1, 10 0.01826, * AMJ1470, 
AMJ1611, 

AMJ1470 (0/32) 
and AMJ1661 
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rde-
10(jam196/206) 
vs. mut-
16(jam240) 
rde-10(jam 
206); eri-
1(jam260-2) 

AMJ1657-
9 

(1/116) were 
pooled; AMJ1657 
(9/75), AMJ1658 
(0/56), and 
AMJ1659 (1/50) 
were pooled 

3C rde-
10(jam206); 
nrde-3(jam205) 
vs rde-
10(jam206); 
eri-1(mg366); 
nrde-3(jam205) 

113,  
265 

6, 18 0.58837, ns AMJ1568, 
AMJ1624, 
AMJ1625 

AMJ1624 (4/135) 
and AMJ1625 
(14/112) were 
pooled 

3C mut-
16(jam148); 
nrde-3(jam205) 
vs mut-
16(jam148); 
eri-1(mg366); 
nrde-3(jam205) 

28, 110 4, 1 0.00072, * AMJ1545, 
AMJ1631, 
AMJ1632 

AMJ1631 (1/52) 
and AMJ1632 
(0/57) were pooled 

3D bli-1 wild type vs 
rde-1(ne219) 

50, 37 41, 0 <0.00001, * N2, 
WM27 

N2 data from rde-
4(-) experiment; N2 
data from rde-1(-) 
experiment (not 
shown) is 
comparable with 
41/50 silenced 

3D bli-1 wild type vs 
rde-4(ne301) 

40, 50 40, 0 <0.00001, * N2, 
WM49 

N2 data from rde-
4(-) experiment; N2 
data from rde-1(-) 
experiment (not 
shown) is 
comparable with 
41/50 silenced 

3D bli-1 wild type vs 
Si[mex-5p::rde-
1(+)]/+; rde-
1(ne219) 

50, 33 41, 0 <0.00001, * N2, 
AMJ345 

N2 data from rde-
4(-) experiment; N2 
data from rde-1(-) 
experiment (not 
shown) is 
comparable with 
41/50 silenced 

3D bli-1 wild type vs 
Si[mex-5p::rde-
4(+)]/+; rde-
4(ne301) 

40, 41 40, 41 >0.5, ns N2, 
AMJ285 

N2 data from rde-
4(-) experiment; N2 
data from rde-1(-) 
experiment (not 
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shown) is 
comparable with 
41/50 silenced 

3D unc-22 wild type vs 
rde-1(ne219) 

25, 25 25, 0 <0.00001, * N2, 
WM27 

  

3D unc-22 wild type vs 
rde-4(ne301) 

25, 25 25, 0 <0.00001, * N2, 
WM49 

  

3D unc-22 wild type vs 
Si[mex-5p::rde-
1(+)]/+; rde-
1(ne219) 

25, 24 25, 2 <0.00001, * N2, 
AMJ345 

  

3D unc-22 wild type vs 
Si[mex-5p::rde-
4(+)]/+; rde-
4(ne301) 

25, 24 25, 16 0.001600, † N2, 
AMJ285 

† indicates 
statistical 
significance vs. 
wild type and vs. 
rde-4(ne301) 
mutant 

3D unc-22 rde-4(ne301) vs 
Si[mex-5p::rde-
4(+)]/+; rde-
4(ne301) 

25, 24 0, 16 <0.00001, † WM49, 
AMJ285 

† indicates 
statistical 
significance vs. 
wild type and vs. 
rde-4(ne301) 
mutant 

3E wild type vs 
rde-4(ne301); 
nrde-3(tm1116) 

150, 
200 

142, 0 <0.00001, * N2, 
AMJ183 

  

3E wild type vs 
rde-4(ne301); 
nrde-
3(tm1116); 
Si[nas-9p::rde-
4(+)] 

150, 
150 

142, 98 <0.00001, † N2, 
AMJ611 

† indicates 
statistical 
significance vs. 
wild type and vs. 
rde-4(ne301); nrde-
3(tm1116) mutant 

3E rde-4(ne301); 
nrde-
3(tm1116);  vs 
rde-4(ne301); 
nrde-
3(tm1116); 
Si[nas-9p::rde-
4(+)] 

200, 
150 

0, 98 <0.00001, † AMJ183, 
AMJ611 

† indicates 
statistical 
significance vs. 
wild type and vs. 
rde-4(ne301); nrde-
3(tm1116) mutant 

3F wild type vs eri-
1(mg366); 
nrde-3(jam205) 

282, 
140 

85, 69 0.0001199, 
* 
 

N2, 
AMJ1621 

 

3F  wild type vs 
rde-

282, 
279 

85, 0 <0.00001, * N2, 
AMJ1622 
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10(jam206); 
eri-1(mg366) 

3F  wild type v 
Si[nas-9p::rde-
4(+)]; rde-
10(jam206) 

282, 
180 

85, 6 <0.00001, * N2, 
AMJ1723 

 

3F  wild type v 
Si[nas-9p::rde-
4(+)]; rde-
10(jam206); 
eri-1(mg366) 

282, 
202 

85, 0 <0.00001, * N2, 
AMJ1724 

 

3F  wild type vs 
mut-
16(jam148); 
eri-1(mg366) 

282, 70 85, 0 <0.00001, * N2, 
AMJ1672 

 

3F  wild type v 
Si[nas-9p::rde-
4(+)]; mut-
16(jam148) 

282, 
152 

85, 0 <0.00001, * N2, 
AMJ1721 

 

3F  wild type v 
Si[nas-9p::rde-
4(+)]; mut-
16(jam148); 
eri-1(mg366) 

282, 
187 

85, 0  <0.00001, * N2, 
AMJ1722 

 

5B wild type vs bli-
1(jam307) 

488, 
443 390, 425 <0.00001, * N2, 

AMJ1754   

5B wild type vs bli-
1(jam308) 

488, 
245 390, 185 0.170996, 

ns 
N2, 
AMJ1755   

5B wild type vs 
nrde-3(jam205) 

488, 
377 390, 111 <0.00001, * N2, 

AMJ1510   

5B 

bli-1(jam307) 
vs bli-
1(jam307); 
nrde-3(jam205) 

443, 
459 425, 313 <0.00001, * AMJ1754, 

AMJ1758   

5B 

nrde-3(jam205) 
vs bli-
1(jam307); 
nrde-3(jam205) 

377, 
459 111, 313 <0.00001, * AMJ1510, 

AMJ1758   

5B 

bli-1(jam308) 
vs bli-
1(jam308); 
nrde-3(jam205) 

245, 
117 185,38 <0.00001, * AMJ1755, 

AMJ1771   

5B wild type vs bli-
1(jam307) 

488, 
443 390, 425 <0.00001, * N2, 

AMJ1754   

5D bli-1p::gfp vs 
mut-

21, 25 21, 6 <0.00001, * AMJ1709, 
AMJ1727 
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16(jam148); 
bli-1p::gfp  

5D bli-1p::gfp vs 
rde-
10(jam206); 
bli-1p::gfp 

21, 25, 21, 9 <0.00001, * AMJ1709, 
AMJ1725 

 

5D bli-1p::gfp vs 
nrde-
3(jam205); bli-
1p::gfp 

21, 25 21, 23 0.18508, ns 
 

AMJ1709, 
AMJ1726 

 

5D bli-1p::gfp vs 
mut-
16(jam148)rde-
10(jam196); 
bli-1p::gfp 

21, 20 21, 0  <0.00001, * AMJ1709, 
AMJ1728 

 

6A 1 vs 2 days post 
RNAi 

94, 91 76, 86 0.00489, * N2  

6A 1 vs 3 days post 
RNAi 

94, 92 76, 89 0.00062, * N2  

6A 1 vs 4 days post 
RNAi 

94, 93 76, 89 0.001627, * N2  

6A 5 days post 
RNAi versus 7 
days on RNAi 

110, 55 63, 51 <0.00001, * N2  

6A 6 days post 
RNAi versus 7 
days on RNAi 

104, 55 61, 51 <0.00001, * N2  

6A 7 days post 
RNAi versus 7 
days on RNAi 

112, 55 60, 51 <0.00001, * N2  

6A 8 days post 
RNAi versus 7 
days on RNAi 

124, 55 45, 51 <0.00001, * N2  

S2B wild type vs 
rde-10(jam243) 

115, 
102 

115, 100 0.13140071, 
ns 

N2, 
AMJ1614 

 

S2B wild type vs 
mut-
16(jam240) 
rde-10(jam206) 

115, 
137 

115, 5 <0.00001, * N2, 
AMJ1611 

 

S2C wild type vs 
mut-
16(jam268) 

322, 74 279, 20 <0.00001, * N2, 
AMJ1675 

From the same feed 
in Fig. 2E 

S6B wild type unc-
22 vs wild type 
pL4440 

138, 
116 

138, 0 <0.00001, * N2  
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S6B wild type unc-
22 vs nrde-
3(jam205) unc-
22 

138, 
110 

138, 79 <0.00001, * N2, 
AMJ1510 

 

S6B unc-22(jam300) 
unc-22 vs unc-
22(jam300) 
pL4440 

101, 
113 

101, 101 0.00128, * 
 

AMJ1730  

S6B unc-22(jam301) 
unc-22 vs unc-
22(jam301) 
pL4440 

101, 65 101, 49 <0.00001, * AMJ1731  

S6B unc-
22(jam300); 
nrde-3(jam205) 
unc-22 vs unc-
22(jam300); 
nrde-3(jam205) 
pL4440 

82, 108 70, 83 0.14214, ns 
 

AMJ1757  

S6B unc-
22(jam300); 
nrde-3(jam205) 
unc-22 vs unc-
22(jam300) 
unc-22 

82, 101 70, 101 <0.00001, * AMJ1757, 
AMJ1730 

 

S6B unc-
22(jam300); 
nrde-3(jam205) 
unc-22 vs nrde-
3(jam205) unc-
22 

82,110 70, 79 0.02592, * 
 

AMJ1757, 
AMJ1510 
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Chapter 3: Disruption of small RNA-based regulation results in nuclear morphology defects 

in the germline 

 

3.1 Preface  This work builds upon initial observations of mutants from the genetic screen 

(as described in Chapter 2) which was performed by Pravrutha Raman and Farida Ettefa, with 

mutant validation done by Mary Chey. Rotation student Simoné Parn created the strain AMJ1756, 

and took the images represented in Figure 3-7A. Antony Jose generated the heatmap in Figure 3-

5G. The schematics of the C. elegans germline are adapted from (133). All other data was 

generated by Daphne Knudsen-Palmer. For simplicity, the oxSi487 transgene (mex-

5p::mCherry::h2b::sl2::gfp::h2b II) will be referred to as “T”. 

 

3.2 Introduction 

Understanding what controls nuclear size has remained a question in biology for well over 

100 years. As Theodor Boveri noted: 

“The constant, which we must accept as something given and not at present further 
analyzable, is the fixed proportion between nuclear volume and protoplasmic volume, namely the 
karyoplasmic ratio.” (153) 

 
Since the early 1900′s, many studies have been done to understand which processes could 

maintain this seemingly fixed ratio of cytosolic volume to nuclear volume. In yeast, mutants that 

affect nucleocytoplasmic transport (154), the LINC complex, or RNA processing (155) can disrupt 

this ratio. In the ciliate Tetrahymena thermophila, a small, transcriptionally inactive micronucleus 

(MIC) and a large, transcriptionally active macronucleus (MAC) exist within the same volume of 

cytosol, suggesting that nuclear size could be actively controlled (reviewed in (156)).  
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The C. elegans germline is comprised of two gonad arms and provides an ideal system to 

be able to study germ cell development (reviewed in (157)) and nuclear morphology. The distal 

end of each arm is a syncytium, where many mitotic nuclei share the same cytosol. The gene 

expression throughout the germline must be carefully spatiotemporally controlled, to allow for the 

proper development of germ cells (e.g. (158)), including the change from mitosis to meiosis. Some 

of this gene expression is mediated by small RNAs (e.g. (159)), that can accumulate in foci around 

the nuclear periphery (reviewed in (80)).  

Here we define a connection between small RNA-based regulation and control of nuclear 

size in the C. elegans germline. We find that the loss of MUT-16 results in some germline nuclei 

that are enlarged, and also show an increase of histone signal. Preliminarily, we report defects in 

the nuclear envelope and in the nucleolus in mutants of 2º siRNA amplification. Finally, we 

suggest candidates to explain the nuclear defects based on transcriptomic data. Together, these 

examples of both normal-sized and enlarged nuclei together in a fixed cytosolic volume suggest 

that control of nuclear size is an active process.  

 

 

3.3 Methods 

3.3.1 Strains and oligonucleotides 

All strains (listed in Table 3-1) were cultured on Nematode Growth Medium (NGM) plates 

seeded with 100 μl of OP50 E. coli at 20ºC and strains made through mating were generated using 

standard methods (122). Oligonucleotides used are in Table 3-2. For PCR of C17F4.7 (Figure 3-

6C), primers (P1) and (P2) were used.  
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3.3.2 Germline dissections and DAPI staining 

Animals were staged at the L4 stage and dissected 24±1 hours later in PBS-Tween plus 

0.25 mM levamisole. Incisions were made immediately posterior of the pharynx. Dissected 

germlines were fixed in PBS-Tween plus 2% formaldehyde for 10 minutes at room temperature. 

After two washes (PBS-Tween), germlines were incubated for 10 minutes in 70% ethanol on ice. 

DAPI (1 µg/mL) was added and germlines were incubated in the dark for 30 minutes at room 

temperature. Germlines were then washed and mounted on a coverslip and put on a slide with a 

2% agarose pad.  

 

3.3.3 Microscopy 

Epifluorescence microscopy: Animals were mounted in 10 µl of 3 mM levamisole on a 2% 

agar pad and imaged under a coverslip using a Nikon AZ100 microscope and Photometrics Cool 

SNAP HQ2 (Figure 3-1B) or Prime BSI Express sCMOS camera (Figure 3-7A). A C-HGFI 

Intensilight Hg Illuminator was used to excite GFP (filter cube: 450 to 490 nm excitation, 495 

dichroic, and 500 to 550 nm emission) or mCherry (filter cube: 530–560 nm excitation, 570 

dichroic, and 590–650 nm emission) Representative images for mCherry expression were adjusted 

to identical levels in Fiji (NIH) for presentation. 

Scanning confocal microscopy: (Figures 3-1D, 3-2B): Dissected germlines were imaged 

using a Leica SP5X confocal microscope with the 63x oil immersion objective. Z stacks were 

taken with 1µm steps to encompass the entire diameter of the germline. DAPI was excited using a 

405 nm UV laser, GFP fluorescence was captured using a 488 nm argon laser, and mCherry 

fluorescence was captured using a white light laser set to 594 nm. (Figure 3-2C): Dissected 

germlines were imaged using a Leica Stellaris 8 confocal microscope with the 63x oil immersion 



 74 

objective. Z stacks were taken with 0.5 µm steps to encompass the entire diameter of the germline. 

DAPI was excited using a 405 nm UV laser, GFP fluorescence and mCherry fluorescence was 

captured using a white light laser set to 488nm and 594 nm, respectively. 

Transmission electron microscopy: Germlines were dissected as described above (Chapter 

3.3.2) and placed in primary fix (2.5% glutaraldehyde and 1% paraformaldehyde in 0.05 M 

cacodylate buffer with 0.1 M sucrose) overnight at 4ºC. Samples were washed 3x for 10 minutes 

in 0.2 M cacodylate buffer and then placed in secondary fix (1% osmium tetroxide in 0.1 M 

cacodylate with 0.5% potassium ferrocyanide) for 60 minutes at room temperature. Samples were 

then washed 3x for 10 minutes in double distilled water and then placed in 2% aqueous uranyl 

acetate for 60 minutes at room temperature. Samples where next dehydrated in 35%, 50%, 70%, 

and 95% ethanol, sequentially, each for 10 minutes and then 3x 10 minutes in 100% ethanol. 

Samples were then treated 3x for 10 minutes in propylene oxide, then incubated in propylene 

oxide:Spurr′s Resin at a ratio of 1:1, 1:2, 1:3, and then 100% Spurr′s Resin, sequentially, for at 

least 60 minutes and up to overnight. Samples were embedded in Spurr′s Resin and incubated at 

70ºC before sectioning and imaging. Images were taken using a Hitachi HT7700 Transmission 

Electron Microscope (Laboratory for Biological Ultrastructure, University of Maryland, with Tim 

Maugel).   

 

3.3.4 Genome editing 

The gonads of adult C. elegans were injected with nuclear-localized Cas9 (PNA Bio) 

preincubated at 37°C for 10 min with a hybridized crRNA/tracrRNA (Integrated DNA 

Technologies), as well as an oligonucleotide or PCR-amplified homology repair template. Plates 

with successfully edited F1 animals were identified by screening the Dpy or Rol animals obtained 
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when using dpy-10 editing as a co-CRISPR (123, 124) or for Rol animals when using the pRF4 

plasmid as a co-injection marker (125). 

To introduce a premature stop codon in mut-16: Injection of a crRNA with the target 

sequence (P3) (Integrated DNA Technologies), tracrRNA, Cas9, a mut-16(-) homology repair 

template (P4) mimicking the mutation in mut-16(jam139), predicted amino acid change Y294*, 

and dpy-10 crRNA (P5) and dpy-10(-) homology repair template (P6) into EG6787 and subsequent 

screening were performed as described above. Genotyping for mut-16(jam330) was performed 

using duplex PCR (P7, P8) followed by restriction digestion with BstBI. The nonsense mutations 

in different strains (AMJ1780, AMJ1781) were verified by Sanger sequencing. Generation of 

AMJ1397 was described in Chapter 2.  

To make the mut-16(-) rde-10(-) double mutants: Injection of a crRNA with the target 

sequence (P9) (Integrated DNA Technologies), tracrRNA, Cas9, a rde-10(-) homology repair 

template (P10) mimicking the mutation in rde-10(jam248), and dpy-10 crRNA (P5) and dpy-10(-

) homology repair template (P6) into AMJ1397 (mut-16(jam148)) and subsequent screening were 

performed as described above. Genotyping for rde-10(-) was performed using duplex PCR (P11, 

P12) followed by restriction digestion with DpnII. Strains with mutations in rde-10 that results in 

at least one early stop codon were designated as AMJ1682 and AMJ1683. Generation of AMJ1470 

and AMJ1611 were described in Chapter 2.  

 

3.3.5 RNA extraction and transcriptomics 

Total RNA was extracted using TRIzol (Fisher Scientific) from pellets of mixed-stage 

animals collected from non-starved but crowded plates in biological triplicate for each strain. The 

aqueous phase was then washed with an equal amount of chloroform and precipitated overnight at 
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-20°C with 10 µg glycogen (Invitrogen) and 1 ml of isopropanol. RNA pellets were washed twice 

with 70% ethanol and resuspended in 25 µl of nuclease free water. 

3.3.5.1 For poly-A RNA-seq (Figure 3-4): PolyA+ RNAs were purified and converted to 

DNA libraries by Omega Bioservices using the Illumina TruSeq Library Preparation Kit. FASTQ 

files were processed using the command “cutadapt -j 0 -a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCA -A 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT -m 20 -q 20 -o cutread.gz fasta1.gz” 

(160). Reads were assigned transcript IDs and counted using the command “salmon quant -i 

celegans.index -l A -r cutread.gz -p 8 –validateMappings -o quant_file” (161). Transcript IDs were 

converted to gene IDs using tximport (162) in R and only genes with more than 0.1 counts per 

million for at least 2 samples were used for subsequent analysis. Samples were normalized using 

the trimmed mean of M-values method (163). Differential expression analysis was performed 

using limma(voom) (164) in R. Volcano plots were generated with ggplot2 in R. 

3.3.5.2 For total RNA-seq (Figure 3-5): Total RNAs were depleted for ribosomal RNAs 

and then converted to DNA libraries by the Advanced Genomic Technologies Core (part of the 

Brain and Behavior Institute, University of Maryland). FASTQ files were processed using the 

command “cutadapt -j 0 -a CTGTCTCTTATACACATCT -A CTGTCTCTTATACACATCT -m 

20 -q 20 -o cutread.gz fasta1.gz” (160). Reads were assigned transcript IDs and counted using the 

command “salmon quant -i celegans.index -l A -r cutread.gz -p 8 –validateMappings -o quant_file” 

(161) or mapped to the genome using hisat2 using the command “hisat2 -p 8 -x Ccelegans.index -

1 cut_reads_R1.fastq.gz -2 cut_reads _R2.fastq.gz -S sam1” (165). Transcript IDs were converted 

to gene IDs using tximport (162) in R and only genes with more than 0.1 counts per million for at 

least 2 samples were used for subsequent analysis. Samples were normalized using the trimmed 
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mean of M-values method (163). Differential expression analysis was performed using 

limma(voom) (164) in R. Hisat2 reads were visualized in Integrative Genomics Viewer (IGV, v. 

2.11.3). Volcano plots were generated from reads generated by Salmon with ggplot2 in R. The 

chromosome phenogram (Figure 3-5B) was adapted from an image generated from PhenoGram 

Plot (166). 

 

 3.4 Results 

3.4.1 Loss of Mutator foci components results in some germline nuclei that are enlarged.  

From a genetic screen looking for components involved in long-term epigenetic silencing 

that was previously described (see Chapter 2, (112)), we isolated 15 fertile mutants, each of which 

were sent for whole genome sequencing. Briefly, we screened for mutants that showed a 

reactivation of transgene expression (mex-5p::mCherry::h2b::sl2::gfp::h2b, “T”) that had been 

subjected to long-term silencing. In addition to the five mut-16(-) mutants we previously reported 

(112), we also found mutants of other regulators of small RNA-based regulation, including 

Mutator foci components MUT-2, MUT-7, and MUT-15, and the germline nuclear Argonaute 

HRDE-1. When examining the germlines of these mutants, we found several mutants that showed 

some germline nuclei that were both enlarged and appeared to have an increase in mCherry::H2B 

fluorescence (Figure 3-1B), a defect that has not been previously reported in these mutants. In 

addition to instances of enlarged nuclei, many of the Mutator foci mutants showed instances of 

germlines that appeared much shorter and had fewer total nuclei (for example, mut-16(jam247)). 

The mutants with instances of enlarged nuclei were all components of Mutator foci (mut-

16(jam138), mut-16(jam139) rde-10(jam248), mut-16(jam140), mut-16(jam141), mut-

16(jam247), mut-2(jam322), mut-2(jam325), mut-7(jam327), mut-7(jam328), mut-15(jam330)).  
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Figure 3-1. Disruption of small RNA-based regulation results in germline defects. (A) 
Schematic depicting the adult C. elegans germline. The distal mitotic region is highlighted in blue 
(adapted from (133)). (B) One arm of the germline of L4 animals, where the distal part of the 
germline is on the top of the image. Mutants that disrupt siRNA amplification are colored in 
orange; mutants that affect 2º siRNA binding or recognition are shown in pink. Scale bar = 50µm. 
(C) Quantification of enlarged nuclei in some Mutator foci components and one hrde-1(-) allele. 
The number of enlarged nuclei were divided by the total number of nuclei in the distal half of the 
germline. The anterior (dark gray) and posterior (light gray) arms of the germline were analyzed 
separated. n=10 animals; error bars indicate 95% CI.  (D) Representative cross sections of wild 
type (T) or mut-16(jam138); T dissected germlines stained with DAPI and expressing 
mCherry:H2B, n > 5 germlines. Red arrowheads indicate nuclei that are enlarged and show an 
increase in mCherry signal. Scale bars = 10µm.  
 

Notably, not all mutants that disrupt small RNA machinery and/or the maintenance of long-

term silencing show this defect (e.g. hrde-1(jam326), hrde-1(jam329)). One strain, AMJ1043, has 

no obvious candidates for causative mutations and needs to be explored further, but does not 

obviously appear to have enlarged nuclei. For some of the strains with the perceived highest 

penetrance of enlarged nuclei, we plotted the percentage of enlarged nuclei on the distal half of the 

germline (Figure 3-1C). While there is no observable difference between arms of the gonad, 

animals that lack MUT-16 show the highest penetrance of enlarged nuclei, showing above 30% 

nuclei that are enlarged for some alleles, followed by the alleles of mut-2(-), with hrde-1(-) mutants 

showing a very modest effect if any. This suggests that not all disruptions of epigenetic silencing 

can cause defects in nuclear size, and perhaps disruption of Mutator foci or specifically 

amplification of 2º siRNAs is responsible for this defect.  

To ask whether these enlarged nuclei had additional copies of the genome, we dissected 

germlines of mut-16(-) mutants and performed a DAPI stain to compare the DNA, GFP::H2B, and 

mCherry::H2B signals throughout the whole tissue by using confocal microscopy (Figure 3-1D). 

In animals with a wild-type background and the transgene T, each of the nuclei seem to be of 

uniform size and intensity across all channels. While not all nuclei were affected, some nuclei in 

mut-16(-) mutant germlines were much larger than those surrounding. These nuclei did not appear 
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to have a brighter DAPI signal; rather the DAPI signal was dimmer, suggesting these nuclei are 

not endoreduplicated. Consistent with the observations on the epifluorescent microscope, we 

observed an increase of mCherry::H2B signal in the nuclei that were enlarged.  

 To ensure the observed enlarged nuclei are being caused by the loss of MUT-16 and not 

due to any number of potential background mutations from the strains isolated from the screen, 

nor due to the combination of the lack of MUT-16 in the presence of the transgene, we generated 

a new mut-16(jam148) mutant using CRISPR-Cas9-based editing in a wild type background, 

which is predicted to result in an early stop codon. We dissected germlines from animals 24 hours 

post-L4, fixed them, and stained them with DAPI to examine nuclear diameter (Figure 3-2A). We 

measured the diameter of each nucleus in the most distal 50µm of the dissected germlines by 

measuring the diameter of each nucleus at its maximum throughout a Z-stack of the germline, and 

called anything that was 5µm or greater as enlarged (Figure 3-2B). Freshly generated mut-

16(jam148) mutants in fact do show enlarged nuclei, with a penetrance of 5-10%. Given the 

potential for Tc1 transposon hopping in the absence of MUT-16 (101), we outcrossed this new 

allele to two variants of the transgene T (Tcherry and Tcherry-mex) in an attempt to remove 

potential background mutations. In each of these cases, germlines that lack MUT-16 show some 

instances of enlarged nuclei, again with around 10% penetrance.  
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Figure 3-2. Newly generated mut-16(-) mutants show some enlarged nuclei. (A) Schematic to 
describe dissection of C. elegans germline. An incision is made below the pharynx (red) which 
causes the insides of the worm, including the germline, to spill out of the body cavity. Tissues 
were then fixed in formaldehyde and stained with DAPI (see Methods section 3.3.2). Images were 
taken from the most distal end of the germline syncytium. (B) Quantification of nuclear diameter 
from dissected germlines that were stained with DAPI, with box plots showing the lower quartile, 
median and upper quartile across all points. Wild type animals with or without the transgene (N2, 
EG6787), two replicates of a newly generated mut-16(jam148) mutant, a strain from the screen 
(mut-16(jam138;T)), two variants of the transgene (Tcherry, Tcherry-mex), and two out crossed 
strains of the new mutant (mut-16(jam148); Tcherry, mut-16(jam148);Tcherry-mex), are shown. 
Nuclear diameter is plotted in microns on the x-axis, and any nucleus with a diameter of greater 
than or equal to 5µm was considered enlarged (red points). The nuclei in the most distal 50µm 
from the distal tip cell were quantified from n = 5 germlines. The percentage of nuclei above 5µm 
within the total nuclei within the most distal 50µm is shown for each genotype (right). (C) 
Representative images of cross sections from dissected germlines. (top) Wild type animals with 
the transgene T comparing DAPI, GFP, and mCherry signal with all channels merged on the right. 
(bottom) Same as in (top), but for a new mutant of mut-16(jam330) created in the EG6787 
background. n = 5. Scale bars = 10µm.  
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To ensure the observed enlarged nuclei are being caused by the loss of MUT-16 alone and 

not the combination of MUT-16 loss and some background mutation in our lab’s wild type N2 

strain, we generated a new mut-16(jam330) mutation in animals that contain the transgene T, a 

strain which was obtained from a different lab (EG6787). Germlines were dissected and stained 

with DAPI, and even only four generations after losing MUT-16, we again see instances of 

enlarged nuclei, again accompanied by diffuse DAPI signal but an increase in mCherry::H2B. 

While the lack of DAPI signal does not obviously suggest the presence of more DNA, we cannot 

rule out the possibility that there is more DNA but the DAPI concentration was not high enough 

to fully saturate the enlarged nuclei. Further experiments are needed to make conclusions about 

the DNA content in these large nuclei. 

 Taken together, we conclude that the loss of MUT-16 and associated loss of Mutator foci 

results in disruption of nuclear integrity in the germline.  

 

3.4.2 The loss of MUT-16 and RDE-10 suggests defects in the nuclear envelope and in the 

nucleolus. 

 To characterize defects of the enlarged nuclei further, we wanted to look at the 

ultrastructure using transmission electron microscopy. Cross sections of the distal part of the 

germline may allow for many nuclei to be compared simultaneously (Figure 3-3A). While we were 

unable to distinguish normal-sized nuclei from enlarged nuclei (too small of a sample size to say 

whether differences in diameter were due to the overall size of the nucleus or due to the plane of 

the cross section hitting or not hitting the true center of the nucleus), we did notice some stark 

differences between wild-type nuclei and nuclei from mut-16(jam139) rde-10(jam248) mutants 
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(Figure 3-3B). First, the nuclear envelope is clearly visible along the entire periphery of wild-type 

nuclei.  

, 

 

Figure 3-3. Disruption of small RNA amplification in mut-16(-) rde-10(-) double mutants 
shows deformed nuclear envelopes and deformed nucleoli. (A) Schematic depicting the C. 
elegans germline. (left) Each gonad arm of the germline contains a syncytium in the distal region, 
which eventually leads to the development of oocytes, sperm, and embryos in the proximal region. 
(right) Schematic of a cross section of the distal syncytium, where nuclei (in different planes) can 
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be seen around the periphery of the tissue with a shared cytosol in the center. (B) Representative 
images of cross sections of germlines dissected from either wild type (left) or mut-16(jam139) rde-
10(jam248); T mutants (right). Scale bar = 10µm. (C) (left) Representative nuclei from the cross 
sections in (B). Green arrows indicate mitochondria. (center) Images of five nuclei that have been 
straightened by selecting eight points around the circumference of the nuclei with a 100µm width 
(Fiji). (right) Zoomed in sections of the nuclear envelope in (center) with respective colors 
showing selection. n = 1 germline per genotype. White scale bars = 2.0µm; black scale bars = 
0.2µm. 
 

In contrast, in mut-16(jam139) rde-10(jam248) mutants, the nuclear envelope can be 

visible in some parts, but appears to be dissipated or otherwise changed in each nucleus. Second, 

the nucleolus in wild type animals was consistently both round and well-centered within the 

nucleus, whereas in the double mutant nuclei the nucleolus seemed misshapen and often resided 

much closer to the periphery. Note that the total diameter of the double mutant germline seems to 

be much smaller than that of the wild type germline, which could either be a characteristic of mut-

16(-) rde-10(-) mutants, or that the section in the wild type sample was taken more proximally 

within the syncytium.  

To illustrate this across more nuclei, we straightened images to show a 100µm border 

centered around the nuclear envelope by selecting eight points around the circumference of the 

envelope (Figure 3-3C). For each of the wild type nuclei, the nuclear envelope is traceable 

throughout the length of the images. The mut-16(-) rde-10(-) double mutant in contrast has some 

places where the nuclear envelope is visible, but often places where it is lacking. The straightened 

images of the double mutant also have the nucleolus visible, suggesting it is closer to the nuclear 

periphery than the wild-type nucleoli, which are absent from the straightened images. Two 

explanations could support these observed differences: 1. the loss of both MUT-16 and RDE-10 

could be leading to breakdown of the nuclear envelope or 2. something about the loss of MUT-16 

and RDE-10 causes the nuclear envelope to stain more poorly than in wild type. It is also worth 
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considering the possibility that the double mutant germlines did not get stained as well as the wild 

type germlines during sample preparation, however the mitochondria surrounding the nuclei look 

equally well-stained in both genotypes (green arrows).  
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Figure 3-4. The loss of MUT-16 disrupts thousands of genes . (A) Principal component analysis 
of all replicates. Biological triplicates for each genotype are plotted: wild type (green), Tcherry 
(purple), mut-16(jam148) (red), and mut-16(jam148); Tcherry (blue). (B) Venn diagram 
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comparing genes that change more than 2-fold and have an adjusted p-value of less than 0.01 
among mut-16(-) vs N2 (red), mut-16(-) vs Tcherry (purple), and mut-16(-); Tcherry vs N2 (blue), 
created using BioVenn (167). (C-F) Volcano plots showing gene expression changes among 
various comparisons. Genes that change more than 2-fold and have an adjusted p-value of less 
than 0.01 are colored in black; genes that are significantly regulated by both MUT-16 in each of 
D-F and in Figure 3-5C are colored in purple; all insignificantly affected genes are colored in gray. 
(C) Comparison of Tcherry RNA-seq data versus wild type. (D) Comparison of mut-16(-) RNA-
seq data versus wild type. (E) Comparison of mut-16(-); Tcherry RNA-seq data versus wild type. 
(F) Comparison of mut-16(-) RNA-seq data versus Tcherry). (G) Heat map showing the top 20 
most significantly affected genes found in the following comparisons: 1. mut-16(-) vs wild type 
(N2) from the total RNA-seq experiment in Figure 3-5, 2. mut-16(-);Tcherry vs wild type (N2) 3. 
mut-16(-) vs Tcherry and 4. mut-16(-) vs wildtype (N2). The log fold change is displaced as a 
gradient from lowest (blue) to highest (red).  
 

The electron microscopy provided an excellent preliminary look at both the nuclear 

envelope and the nucleolus. Future experiments will investigate the nuclear envelope and the 

nucleolus via light microscopy. To accomplish this, we can generate a strain that expresses SUN-

1::GFP under the sun-1 (inner nuclear envelope protein) promoter (derived from OCF62, a gift 

from Orna Cohen-Fix), and expresses a split wrmScarlet, tagging fib-1 (nucleolar protein) 

exclusively in the germline (168) . In this background, we can generate new mut-16(-), rde-10(-), 

and mut-16(-) rde-10(-) double mutants to ask whether the loss of these regulators disrupts the 

envelope or nucleolus. 

 

3.4.3 Genes that are redundantly affected by MUT-16 and RDE-10 suggest candidates for 

explaining defects in nuclear integrity.   

 The loss of MUT-16 results in hundreds, if not thousands, of misregulated genes (60, 74). 

Indeed, a poly-A selected RNA sequencing experiment in our hands revealed over 2,000 genes 

that were misregulated in some comparisons with conservative cutoffs (a log foldchange of greater 

than 2, with an adjusted p value of less than 0.01), with 797 of those genes being consistent among 

three comparisons (Figure 3-3B). While it does seem that the enlarged nuclei arise because of the 
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lack of MUT-16, it is difficult to decide which of the many targets to test in subsequent 

experiments.  

 

Figure 3-5. Total RNA sequencing reveal genes that are regulated by both MUT-16 and 
RDE-10. (A) Principal component analysis of all replicates. Biological triplicates for each 
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genotype are plotted: wild type (blue), rde-10(jam206) (purple), mut-16(jam148) (red), and mut-
16(jam148) rde-10(jam196) (green). (B) Schematic of each C. elegans chromosome with labels 
for each of the MUT-16- and RDE-10-depenent genes. (C-F) Volcano plots showing gene 
expression changes among various comparisons. Genes that change more than 2-fold and have an 
adjusted p-value of less than 0.01 are colored in black; genes that are significantly regulated by 
both MUT-16 and RDE-10 together are colored in orange; all insignificantly affected genes are 
colored in gray. (C) Comparison of mut-16(jam148) RNA-seq data versus wild type. (D) 
Comparison of rde-10(jam206) RNA-seq data versus wild type. (E) Comparison of mut-
16(jam148) rde-10(jam196) RNA-seq data versus wild type. (F) Comparison of mut-16(jam148) 
rde-10(jam196) RNA-seq data versus mut-16(jam148). (G) Heat map showing genes that are 
significantly affected in groups of comparisons: 1. mut-16(jam148) rde-10(jam196) vs mut-
16(jam148), 2. In mut-16(jam148) rde-10(jam196) vs wild type, but not in mut-16(jam148) vs 
wild type, and 3. In  mut-16(jam148) rde-10(jam196) vs rde-10(jam206) but not in mut-
16(jam148) vs rde-10(jam206). The log fold change is displaced as a gradient from lowest (blue) 
to highest (red).  
 

Given that MUT-16 and RDE-10 have been shown to redundantly regulate targets of 

exogenous RNAi (Chapter 2, (112)), it seems plausible that there may be endogenous genes that 

could also be regulated by MUT-16 and RDE-10 together. We performed total RNA-seq with 

Ribodepletion on wild type, mut-16(jam148), rde-10(jam206), and mut-16(jam148) rde-

10(jam196) mutants in triplicate. While rde-10(jam206) mutants did not appear drastically 

different than wild type, there was variance between mut-16(jam148) single mutants and mut-

16(jam148) rde-10(jam196) double mutants, suggesting there could be a class of targets that is 

regulated by the two regulators together (Figure 3-5A). When comparing mut-16(jam148) mutants 

to wild type, hundreds of genes were misregulated, as expected (Figure 3-5C). To get a more 

stringent list of candidate genes, we used conservative cutoffs, where we called genes that changed 

by a fold-change of greater than two and had an adjusted p-value of less than 0.01 as significant 

(black). As suggested by the PCA plot (Figure 3-5A), the loss of RDE-10 did not drastically alter 

endogenous gene expression (Figure 3-5D), which is also consistent with what others have 

suggested, besides the loss of RDE-10 maybe having a modest effect on 22G RNAs that are 

downstream of 26G primary siRNAs (102, 103).  
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Figure 3-6. A nearly 60kb deletion on Chromosome II  is present in  mut-16(jam148) rde-
10(jam196) double mutants. (A-B) Browser shots of  RNA-seq reads from experiment in 3-5 but 
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mapped to the genome using hisat2. Biological triplicate runs are shown for each genotype (mut-
16(jam148), orange; rde-10(jam206), blue; mut-16(jam148) rde-10(jam196), green; wild type, 
gray) and the height of peaks (y-axis) represents abundance (reads per million, rpm). (A)  A section 
of Chromosome II that shows minimal to no reads in the mut-16(jam148) rde-10(jam196) mutants 
is nearly 60kb (kilobases) in length. The y-axis range is 0-2000 rpm. (B) A close look at the reads 
mapping to C17F4.7. The y-axis range is 0-10 rpm.  (C) Polymerase chain reaction (PCR) from 
pooled worm lysates to amplify ~1kb which includes part of the 5′ cis-regulatory region and part 
of the C17F4.7 gene. The double mutant that was used for total RNA sequencing (mut-16(jam148) 
rde-10(jam196)) was unable to amplify this region, but three other double mutants (mut-
16(jam240) rde-10(jam206), mut-16(jam148) rde-10(jam274), mut-16(jam148) rde-10(jam275)) 
could successfully amplify this region. NTC = non-template control. 
 

The double mutant showed many genes that were changed as well (Figure 3-5E), and a 

comparison to the mut-16(jam148) single mutant suggests there are some genes that are uniquely 

regulated by both MUT-16 and RDE-10 (Figure 3-5F). To get the highest confidence list of 

candidates, we selected genes that were significantly misregulated in three comparisons: 1. the 

double mutant versus mut-16(jam148), 2. in the double mutant vs wild type, but not in mut-

16(jam148) versus wild type, and 3. in the double mutant versus rde-10(jam206) but not in mut-

16(jam148) vs rde-10(jam206) (Figure 3-5G). This list of twenty genes spans across the genome, 

but 4 genes that are significantly downregulated (C17F4.7, C17F4.8, wht-4, fbxc-50) are clustered 

together on Chromosome II (Figure 3-5B). This high confidence list of genes did not yield any 

significant results from a GO-term analysis (data not shown).  

 Upon further examination of the section of Chromosome II encompassing C17F4.7, 

C17F4.8, wht-4, and fbxc-50, it appears there is a nearly 60 kilobase region in the mut-16(jam148) 

rde-10(jam196) double mutant that shows a large depletion of reads (Figure 3-6A). C17F4.7 is a 

very highly expressed gene, and even when examining potential low levels of expression (0-10 

rpm), there appears to be little to no expression in the double mutant (Figure 3-6B). This lack of 

reads, particularly over such a large region (up to ~60kb) could suggest a genomic deletion. 

Notably, mut-16 and rde-10 are located on Chromosome I, and a BLASTN search of the 
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crisprRNAs used to make those mutants does not suggest any 

homology to anywhere else in the worm (data not shown), so this 

~60kb region likely was deleted due to unexplained off-target effects 

of CRISPR-Cas9 editing or de novo deletion after generation of the 

mutant. In Tetrahymena, siRNAs are required to target specific 

genomic deletions (58). A tantalizing possibility is that the drastic 

reduction of siRNAs due to the lack of MUT-16 and RDE-10 is 

resulting in a specific genomic deletion. 

Figure 3-7. The loss of RDE-10 does not result in enlarged nuclei. 
(A) Representative images of L4 germlines of either wild type T or 
rde-10(jam206); T animals. The distal part of the germline is on the 
top of the image. Scale bars = 25µm. n > 20. (B) Representative cross 
sections of germlines that were dissected and stained with DAPI 24 
hours post L4 in either wild type N2 or rde-10(jam206) animals. 
Scale bar = 10µm. n > 5. 
 

To ask whether this region could have been deleted in the double mutant, we attempted to 

amplify a region near C17F4.7 using PCR. For comparison, we also looked at single mutants of 

ether mut-16 or rde-10, as well as three additional mut-16(-) rde-10(-) double mutant alleles 

(Figure 3-6C). Each of the mutants except the double mutant that was prepped for RNA-seq (mut-

16(jam148) rde-10(jam196)) was able to amplify this region, consistent with a genomic deletion 

in this particular mutant is possible. Follow-up experiments where we test mRNA levels via qPCR 

of targets in this region in other double mutants would be required to say whether these genes are 

actually redundantly regulated by MUT-16 and RDE-10, or if they only appear significant due to 

the likely genomic deletion on Chromosome II. The possibility that a specific genomic region is 

targeted for silencing in the mut-16(-) rde-10(-) mutant could still exist, perhaps at a low frequency, 
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which would require testing in individual animals. Future experiments are needed to determine 

precisely what has been deleted.  

 

3.4.4 The loss of RDE-10 does not appear to affect nuclear size. 

 Given that RDE-10 and MUT-16 can work together at the level of siRNA amplification 

(112) and we preliminarily observe nuclear envelope and nucleolar defects in mut-16(-) rde-10(-) 

double mutants (Figure 3-3), we wondered whether the loss of RDE-10 alone is sufficient to cause 

nuclear defects. We took newly generated missense mutants of rde-10(jam206) that have 

previously been shown to be RNAi defective (112) and crossed them to animals with the T 

transgene. These animals did not appear to have any abnormal nuclei (Figure 3-7A, n > 20). 

Similarly, in dissected germlines, we saw no incidences of enlarged nuclei (Figrue 3-7B) in 

contrast to the newly generated mut-16(jam148) single mutants which showed 5-10% of nuclei 

that were enlarged (Figure 3-2B). We conclude that the loss of RDE-10 alone is not sufficient to 

disrupt nuclear size, and future experiments are needed to ask whether the loss of RDE-10 in a 

mut-16(-) mutant background enhances the penetrance of nuclear defects.  

 

3.5 Discussion 

 Here we show that the loss of MUT-16 results in some nuclei that are enlarged in the distal 

part of the germline. These enlarged nuclei show an accumulation of H2B, suggesting defects in 

either nucleocytoplasmic transport and/or nuclear envelope integrity. Preliminarily, electron 

microscopy suggests defects in both the nuclear envelope and the nucleolus. Taken together, these 

observations provide an example to study wild type and defective nuclei side-by-side within a 
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syncytium and show for the first time that MUT-16 and small RNA-based regulation is required 

to maintain nuclear integrity in the C. elegans germline.  

 

3.5.1 Small RNAs and phase separation 

 Two hypotheses could explain the defects that are observed when MUT-16 is lost: 1. genes 

that are regulated by MUT-16 are no longer operating as they do in wild type, leading to the defects 

or 2. the loss of MUT-16 results in structural changes, both within the nucleus and at the nuclear 

periphery.  

 Of the genes that are redundantly regulated by MUT-16 and RDE-10, some genes provide 

interesting candidates. F10G7.10, while uncharacterized in C. elegans, is the homolog of UBR3, 

an E3 ubiquitin ligase in mammals (169), zebrafish, and in Drosophila involved in Hedgehog 

signaling (170). Although the targets of F10G7.10 are unknown in C. elegans, speculatively, 

perhaps the lack of this putative ubiquitin ligase is causing cell cycle and/or cell differentiation 

defects in the developing mitotic germ cells. Another interesting candidate is gad-3 (gastrulation 

defective), which is a predicted xanthine dehydrogenase (171). WormBase predicts gad-3 to be 

involved in the IRE-1-mediated unfolded protein response in mitochondria (172, 173), a process 

which is closely tied to RNA interference (174). Among some of the comparisons from the poly-

A -selected RNA-seq experiment (Figure 3-4), histone H1-like genes hil-1, hil-7, and hil-8 were 

significantly affected. Another histone-like protein hil-4 has been shown by others to be affected 

by MUT-16 (60). Histone-like proteins in prokaryotes can cause topological modifications of the 

genome (reviewed in (175)), so it is possible that the downregulation of histone-like genes in the 

absence of small RNA-mediated regulation could result in topological genome defects, potentially 
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enough to disrupt nuclear size. Future experiments are needed to investigate these and other 

candidates to determine the cause of the enlarged nuclei we observe in the absence of MUT-16.  

P granules have been shown to associate with nuclear pores (69) and require the presence 

of RNAs in order to form phase-separated granules in vitro (76, 77) and while this has not been 

explicitly tested for Mutator foci, the intrinsically disordered regions of MUT-16 are required for 

phase separation. It is possible that the loss of MUT-16 results in such a drastic reduction of 

siRNAs that it disrupts the phase-separation of P granules and disrupts nuclear pores, providing 

one possible hypothesis to explain the nuclear envelope defects. In addition to phase-separation 

around the nuclear periphery, phase-separation also occurs within the nucleus, forming the 

nucleolus. Indeed, loss of antiribosomal siRNAs (risiRNAs, (176, 177)) can lead to defects in the 

nucleolus in C. elegans (178), so it is possible that the loss of MUT-16 and associated reduction 

of siRNAs could also explain the nucleolar defects. Future experiments are needed to examine 

what happens to other granules (P, Z, SIMR) when Mutator foci are absent. 

  

3.5.2 “The Karyoplasmic Ratio” 

While nuclear size is almost always proportional to cytosolic volume, there are a few 

examples were different nuclear sizes can occur within the same cytosol. Tetrahymena (and all 

other ciliates), for example, have one large and transcriptionally active macronucleus and one 

small, transcriptionally inactive micronucleus, providing an example of two different sized nuclei 

in one cytosolic volume (reviewed in (156)). The size of both nuclei increase when chimeric 

proteins of nuclear pore proteins that only localize to one of the nuclei results in mis-localization 

of those proteins, likely disrupting proper nucleocytoplasmic transport (179). It is possible that the 

enlarged nuclei in mut-16(-) mutants are reflecting improper transport as well, especially given 
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that these nuclei also show increased mCherry::H2B signal. Perhaps more analogous to the 

enlarged nuclei in the syncytial germline are examples of differences in nuclear size in S. pombe 

cytokinesis mutants, where larger nuclei are surrounded by larger amounts of cytosol (180). 

Although the C. elegans germline is a syncytium, there are small “pockets” of partially sectioned 

cytosol surrounding the nuclei (most evident in Figure 3-2B). It is possible that the enlarged nuclei 

in mut-16(-) mutants are also associated with larger subsections of cytoplasm, but further 

experiments are needed to examine this hypothesis. While the precise causes of the nuclear defects 

remain to be determined, these mut-16(-) mutant germlines provide a prime example for studying 

control of nuclear size, where wildtype and enlarged nuclei can be compared simultaneously 

within the same tissue of the same animal. 

 

 

Table 3-1: Strains used in Chapter 3 
 
Strain name Genotype 
N2 wild type 
AMJ623 jfSi1[sun-1p::sun-1::GFP cb-unc-119(+)] II 
AMJ1021 mut-2(jam322) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-

2(jam30) X; rage(-) 
AMJ1023 mut-16(jam138) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-

2(jam30) X; rage(-) 
AMJ1025 mut-16(jam139) rde-10(jam248) I; oxSi487 dpy-2(jam29) II; unc-

119(ed3)? III; lin-2(jam30) X; rage(-) 
AMJ1031 mut-2(jam325) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-

2(jam30) X; rage(-) 
AMJ1032 oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; jam323[mut-15(-) hrde-

2(-) nmr-2(-)] V; lin-2(jam30) X; rage(-) 
AMJ1034 oxSi487 dpy-2(jam29) II; hrde-1(jam326) unc-119(ed3)? III; lin-

2(jam30) X; rage(-) 
AMJ1035 mut-16(jam140) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-

2(jam30) X; rage(-) 
AMJ1036 oxSi487 dpy-2(jam29) II; mut-7(jam327) unc-119(ed3)? III; lin-

2(jam30) X; rage(-) 
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AMJ1038 oxSi487 dpy-2(jam29) II;) hrde-1(jam332) unc-119(ed3)? III; lin-
2(jam30) X; rage(-) 

AMJ1042 mut-16(jam141) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-
2(jam30) X; rage(-) 

AMJ1043 oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-2(jam30) X; rage(-) 
AMJ1091 mut-16(jam247) I; oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; lin-

2(jam30) X rage(-) 
AMJ1094 oxSi487 dpy-2(jam29) II; mut-7(jam328) unc-119(ed3)? III; lin-

2(jam30) X; rage(-) 
AMJ1097 oxSi487 dpy-2(jam29) II; hrde-1(jam329) unc-119(ed3)? III; lin-

2(jam30) X rage(-) 
AMJ1098 oxSi487 dpy-2(jam29) II; unc-119(ed3)? III; mut-15(jam330) V; lin-

2(jam30) X rage(-) 
AMJ1170 jamSi37 [mex-5p::mCherry::cye-1 3’UTR] II; unc-119(ed3) III 
AMJ1397 mut-16(jam148) I 
AMJ1415 jamSi46[unc-119(+) mex-5p::mCherry::mex-5 3’utr] II; hrde-1(+)III 

AMJ1432 
mut-16(jam148) I; jamSi37 [mex-5p::mCherry::cye-1 3’UTR] II; unc-
119(ed3)? III 

AMJ1470 mut-16(jam148) rde-10(jam196) I 
AMJ1489 rde-10(jam206) I 

AMJ1503 
mut-16(jam148) I; jamSi48[unc-119(+) Pmex-5::mCherry::mex-5 
3'utr] II; hrde-1(+) III 

AMJ1611 mut-16(jam240) rde-10(jam206) I 
AMJ1614 rde-10(jam243) I 
AMJ1682 mut-16(jam148) rde-10(jam274) I 
AMJ1683 mut-16(jam148) rde-10(jam275) I 
AMJ1756 rde-10(jam206) I; oxSi487 II 
AMJ1780 mut-16(jam330) I; oxSi487 II 
CF4639 glh-1(sam140[glh-1::T2A::wrmScarlet(1-10)]) I; fib-

1(mu498[wrmScarlet11::fib-1]) V 
EG6787 oxSi487[mex-5p::mCherry::H2B::tbb-2 3′UTR::gpd-2 

operon::GFP::H2B::cye-1 3′UTR + unc-119] II; unc-119(ed3) III 
 

 

Table 3-2: Oligonucleotides used (5′ to 3′) in Chapter 3 

Primer Sequence 
P1 ccggacatctcaggtcttac 
P2 ggatttccagttcgtagggc 
P3 gaatatttttcgaaaatata 
P4 cggcacatgcgaatattttccgaaaatagaaggatattcttcaactcgatccagaaaaac 
P5 gctaccataggcaccgcatg 
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P6 cacttgaacttcaatacggcaagatgagaatgactggaaaccgtaccgcatgcggtgcctatggtagcgg
agcttcacatggcttcagaccaacagccta 

P7 cacaaacgccaggaaaggaag 
P8 catttctgcgttgttgtggacc 
P9 ccgatacaatcagaatgatc 
P10 agcaaggccaccgatacaatcagaatgattaggcagacaaggatattatgacaagatatt 
P11 ggcattcgagccaataatgc 

 
P12 cgttgtgctcggcaacttct 
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Chapter 4: General Discussion 

 

4.1 Toward the ideal drug 

 The perfect drug would be one that required only one dose and induced no off-target 

affects. The use of dsRNA as a therapeutic provides a very highly specific method for knocking 

down specific mRNAs (see Chapter 1.3). However, RNAi can cause off-target effects, particularly 

for genes of high homology (reviewed in (181)), so choosing a target with little homology to other 

genes is crucial for a therapeutic purpose, although choosing a target with homology to many genes 

could even be beneficial for a pesticide. 

 As suggested by our quantitative modeling (Chapter 2, Figures 2-8, 2-9), many factors 

aside from sequence can affect the efficacy of knockdown, including turnover rates of the target 

mRNA at steady-state (Figure 2-8G), changes in transcription rate (Figure 2-8F), but not 

necessarily the abundance of small RNAs (Figure 2-8E) as was previously used as a metric for 

strong silencing within the field (e.g. in  (60)). These considerations, while reasonable a priori, are 

not often explicitly considered, and looking for targets with a low steady-state turnover rate may 

yield more effective drugs. Additionally, we observe that mRNA levels can recover in response to 

a pulse of dsRNA despite the presence of amplification mechanisms (Figure 2-13), which is an 

important consideration for determining dosage of a drug that targets any RNAi system with RNA-

dependent RNA polymerases.  

 Aside from choice of target, one of the biggest challenges facing RNAi-based therapeutics 

is that of endosomal escape (reviewed in (182)). siRNA therapeutics have only been shown to 

release up to 0.3% of its cargo outside of the endosome, meaning that over 99% of the drug is 

ineffective (183). Despite this, inclisiran has been shown to be effective for only one dose per 
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every six months (184). However, this means the dose that is administered is likely much higher 

than would be needed if we can solve the issue of endosomal escape, which would likely cut down 

on the overall cost to produce the drug. Future siRNA therapeutics will improve by both choosing 

targets that are expected to be easily knocked down and improving the issues involved in 

endosomal escape.  

 

4.2 Non-infinite amplification of siRNAs 

 Amplification of secondary siRNAs (2º siRNAs) occurs when an RNA-dependent RNA 

Polymerase (RdRP) produces antisense RNAs downstream of primary siRNAs. While not found 

in humans, RdRPs are found in C. elegans (98, 185–187), plants (reviewed in (188)), fungi (189), 

and ciliates (190). While mechanisms of RdRP activity differ between systems, they are often a 

critical part of RNA interference.  

 In C. elegans, RdRP activity is required for both production of 2º siRNAs, and 3º siRNAs, 

which can arise in the germline and are the result of 2º siRNA-2º Argonaute recognition of a 

transcript, and re-initiation of RdRP activity (135, 140). For somatic targets of RNAi, the cleavage 

of target mRNAs appears to be restricted (Chapter 2, Figure 2-13) which nevertheless would allow 

for RdRPs to potentially make 2º siRNAs anywhere upstream of the cleavage. As with RNAi of 

germline targets, the highest abundance of 2º siRNAs accumulate near the trigger, towards the 3′ 

end of the target (140, 191). Tertiary siRNAs can arise if 2º siRNA-2º Argonaute complexes are 

capable of initiating cleavage and the addition of poly-UG repeats. Given that RdRP’s transcribe 

in the 5′ to 3′ direction, this means that 3º siRNAs must be antisense to even more upstream 

sections of the target, and each successive round of cleavage, poly-UG addition, and amplification, 
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can only occur closer and closer to the 5′ end of the target. Presumably, at some point there would 

be no template mRNA left to produce more siRNAs, resulting in epigenetic recovery. 

 Some germline targets of RNA silencing can show inheritance of that silencing in 

subsequent generations, ranging from a couple to tens of generations (e.g., (120, 133, 192, 193)), 

but there are rare examples of cases where genes silencing appears to be permanent  (133). If we 

think about a gene that becomes silenced through small RNA-mediated processes seemingly 

permanently, it is reasonable to assume that 3º siRNAs must be involved.  

 

 

Figure 4-1. Amplification of siRNAs with 
respect to a target transcript (adapted from 
Figure 2-13). Target mRNAs (orange) act as a 
template for amplification by RdRPs (purple). 
Cleavage of a template is guided by the 1º 
siRNA-1º Argonaute complex (blue and pink), or 
by a 2º siRNA-2º Argonaute complex (black and 
lavender). 3º siRNAs (teal) will be unable to 
initiate further rounds of amplification if they are 
too far upstream on the template.  
 

 

 

If each new population of siRNAs is produced antisense closer to the 5′ end of the 

transcript, there could reach a point where the lack of mRNA to act as a template could result in a 

loss of siRNAs, allowing for recovery. Assuming this is true, a case of seemingly permanent 

epigenetic silencing (133) would suggest a constant or recurring trigger, in order to have effective 

silencing in each generation. Therefore, it is important not to associate the production of 3º siRNAs 
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with permanent silencing, and in cases of permanent epigenetic silencing, it is worth investigating 

whether there is a constant or reoccurring trigger.   

 

4.3 Is the control of nuclear size an active or a passive process? 

 A long-standing question among eukaryotes is understanding how nuclear size is 

controlled. For a given cell type in a given organism, there appears to be a fixed ratio between the 

nuclear volume and the cytosolic volume, or the karyoplasmic ratio ((153), see also Chapter 3).  

While many mutants have been observed that can disrupt this ratio, for example mutants that affect 

nucleocytoplasmic transport (154), the LINC complex, or RNA processing (155), it is unclear 

whether these processes are actively controlling nuclear size. Nuclear import seems to be highly 

correlated to nuclear size: disrupting normal import by making chimeric nuclear pore proteins 

increases the size of nuclei in Tetrahymena (179) and reducing nuclear import in pronuclei by 

removing the nuclear pore protein Ndc1 reduces nuclear size (194). We have observed some 

instances of enlarged nuclei in mut-16(-) mutants that also show an increase of mCherry::H2B 

(Figures 3-1, 3-2). In trying to understand this relationship of size to histone accumulation, it is 

impossible to discern whether the there is more histone because the nuclei are larger, or if the 

nuclei are enlarged because of the additional histones. Further experiments are needed to parse the 

cause and effect.  

 The enlarged nuclei we observed in the germline of animals that lack MUT-16 (Chapter 3) 

are not the only examples of differences in nuclear size within a syncytium. Cytokinesis mutants 

in S. pombe show differences in nuclear size (180) and mutants of the gnu gene in Drosophila 

show some enlarged nuclei within the syncytial blastoderm (195). Some mutants in C. elegans can 

disrupt the size of each nucleus, such as the knockdown of cyclin E homolog cye-1, resulting in 
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enlargement of each nucleus in the distal germline (196). In cases were each nucleus is enlarged, 

it is once again hard to entangle whether the enlarged nuclei are a by-product of the mutant, or if 

the mutant gene is normally directly involved in nuclear size control. For the examples where only 

some nuclei are disrupted, it seems plausible that control of nuclear size is an active process; while 

some nuclei become enlarged, the disruption is not great enough to inhibit the control of the 

surrounding nuclei. However, it may be difficult or impossible to distinguish between whether 

nuclear size is controlled passively by physical processes or whether biological processes must 

actively restrict nuclear size. Future experiments in the C. elegans germline and syncytial tissues 

in other systems may help shed light on the mechanics involved in controlling nuclear size.  
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Chapter 5: Future Directions 

 

5.1 Preface 

  All data generated in this chapter was generated by Daphne Knudsen-Palmer.  

 

5.2 Introduction 

 While a role for RDE-10 in somatic RNA interference has been further characterized in 

this work, namely in its contributions to 2º siRNA amplification along with MUT-16 (see Chapter 

2 for details), the mechanics of how and if RDE-10 functions in endogenous small RNA-based 

regulation remains unclear. While other Maelstrom domain containing homologs in mice and 

Drosophila localize to germ granules and have roles in piRNA-based silencing (64, 197), RDE-10 

itself has not been tagged and visualized. Additionally, the loss of RDE-10 alone seems to have a 

modest effect on endogenous RNA expression, if any (Figure 3-5, (102, 103)). 

 RDE-10 has been shown to associate with RSD-2 (102, 103), which is required for 

systemic RNAi and in turn associates with Tudor domain-containing protein RSD-6 (198). Vasa 

homolog and DEAD box helicase RDE-12 can localize to P granules, or to RSD-6-rich foci called 

R2 bodies (199, 200), so it is possible that RDE-10 localizes to these R2 granules as well. Here we 

consider the potential roles for RDE-10 in the germline and in regulating endogenous targets.  

 

5.3 Materials and methods 

 5.3.1 Strains  
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All strains (listed in Table 5-1) were cultured on Nematode Growth Medium (NGM) plates 

seeded with 100 μl of OP50 E. coli at 20ºC and strains made through mating were generated using 

standard methods (122). 

Table 5-1: Strains used in Chapter 5 
Strain name Genotype 
N2 wild type 
AMJ1489 rde-10(jam206) I 
AMJ1614 rde-10(jam243) I 
AMJ1709 jam297[bli-1p::gfp::cye-1 3′utr + unc-119(+)] II; unc-119(ed3) III 
AMJ1725 rde-10(jam206) I; jam297[bli-1p::gfp::cye-1 3′utr + unc-119(+)] II; 

unc-119(ed3)? III 
AMJ1726 jam297[bli-1p::gfp::cye-1 3′utr + unc-119(+)] II; unc-119(ed3)? III; 

nrde-3(jam205) X 
AMJ1727 mut-16(jam148) I; jam297[bli-1p::gfp::cye-1 3′utr + unc-119(+)] II; 

unc-119(ed3)? III 
AMJ1728 mut-16(jam148) rde-10(jam196) I; jam297[bli-1p::gfp::cye-1 3′utr + 

unc-119(+)] II; unc-119(ed3)? III 
EG6787 oxSi487 II; unc-119(ed3) III 

 

 5.3.2 Feeding RNAi 

Control RNAi by feeding E. coli containing the empty dsRNA-expression vector (L4440), 

which can generate a short dsRNA derived from the multiple cloning site but does not produce 

dsRNA against any C. elegans gene, was done in parallel with all RNAi assays. 

P0 and F1 feeding: Bacteria expressing dsRNA was cultured in LB media with 100 μg/μl 

carbenicillin overnight at 37ºC at 250 rpm. 100 μL of cultured bacteria was then seeded onto RNAi 

plates [NG agar plate supplemented with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 

(Omega) and 25 µg/ml carbenicillin (MP Biochemicals)]. Adult animals were passaged onto 

seeded RNAi plates and removed after 24hr. Progeny were scored for silencing by bacteria 

expressing dsRNA targeting gfp (defect evident as lack of detectable GFP expression). 
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F1 only feeding: Gravid adults were placed on RNAi plates that were seeded with 100 µL 

of bacteria expressing dsRNA (prepped as above), and bleached. Embryos from these bleached 

adults were scored once animals reached adulthood. 

 

 

 5.3.3 Microscopy 

Adult (Figures 5-1A, 5-1B) or L4 (Figure 5-1C)  animals were mounted in 10 µl of 3 mM 

levamisole on a 2% agar pad and imaged under a coverslip using a Nikon AZ100 microscope and 

Prime BSI Express sCMOS camera (Figures 5-1A, 5-1B) or Photometrics Cool SNAP HQ2 camera 

(Figure 5-1C). A C-HGFI Intensilight Hg Illuminator was used to excite GFP (filter cube: 450 to 

490 nm excitation, 495 dichroic, and 500 to 550 nm emission) or mCherry (filter cube: 530–

560 nm excitation, 570 dichroic, and 590–650 nm emission). 

 

5.4 Results 

 To ask whether RDE-10 is required for silencing of a germline target, dsRNA targeting gfp 

was fed to animals with a dual promoter transgene (bli-1p::mex-5p::gfp). This strain (used also in 

Figures 2-10, 2-12 to examine hypodermal silencing) expresses GFP both in the hypodermis and 

in the germline, and here we wanted to look at the requirements for silencing in the germline only. 

Following a P0 and F1 feed, RDE-10 and NRDE-3 did not appear to be required for silencing, 

whereas MUT-16 was strictly required (Figure 5-1A). While not many germline RNAi targets 

have been tested in rde-10(-) mutants, RDE-10 does appear to be required to silence  pos-1 (102, 

103). In contrast to the P0 and F1 feed, RDE-10 appears to be required for silencing gfp when only 

the F1 generation is exposed to gfp dsRNA (Figure 5-1B).  Given the association of RDE-10 with 
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RNAi Spreading Defective proteins RSD-2 and indirectly RSD-6, it is possible that RDE-10 plays 

a role in “spreading” ingested dsRNA from the soma to the germline.  

 We have previously shown that some components of RNAi machinery, including MUT-

16, MUT-2/RDE-3, and HRDE-1 were required to maintain long-term silencing (133). To ask 

whether RDE-10 is required to maintain this same long-term silencing, animals with a silenced 

transgene (T) and a Dpy marker were crossed to two rde-10(-) mutants, rde-10(jam206) which is 

predicted to cause a missense mutation (see Figure 2-2C), or rde-10(jam243) which is predicted 

to encode a premature stop codon. We found that both alleles of rde-10 did not result in a 

reactivation of the transgene, suggesting that the loss of RDE-10 is not sufficient to disrupt long-

term silencing.  

 Given the potential for RDE-10 to be involved in “spreading” RNAi due to its close 

associations with RSD-2 and RSD-6 (102, 103, 198), it is possible that RDE-10 is required to 

initiate long-term silencing (mating-induced silencing, as in (133)). Future experiments are needed 

to test this hypothesis.  
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Figure 5-1. Exploring roles for RDE-10 in the germline. (A) P0 and F1 RNAi feed. rde-
10(jam206) and nrde-3(jam205) mutants are comparable to wild type levels of silencing, but mut-
16(jam148) or mut-16(jam148) rde-10(jam196) mutants were completely deficient for silencing 
gfp in the germline. For each mutant, the fraction of animals that showed gfp silencing (fraction 
silenced) and the numbers of animals scored (n) are shown. Asterisks indicate p < 0.05 for each 
comparison (brackets) using Wilson′s estimates with continuity correction and error bars represent 
95% confidence interval. (B) F1 only RNAi feed. nrde-3(jam205) mutants are comparable to wild 
type levels of silencing, but mut-16(jam148), rde-10(jam206), or mut-16(jam148) rde-10(jam196) 
mutants were completely deficient for silencing gfp in the germline. Fractions silenced, numbers 
scored, comparisons, asterisks, and error bars are as in (A). (C) (left) Schematic to test for re-
activation of long-term silencing. Males that lack RDE-10 (rde-10(jam206) with a predicted amino 
acid change of Ser228Phe, or rde-10(jam243) with a premature stop codon) were mated with 
hermaphrodites containing a transgene that was silencing via mating-induced silencing with a dpy-
2(-) mutation as a marker. Heterozygous (non-Dpy) cross progeny were isolated, then F2 progeny 
were isolated and allowed to lay progeny. F3 progeny from parents that were Dpy (homozygous 
for the transgene) and homozygous for either rde-10(jam206) or rde-10(jam243) were imaged. 
(right) Loss of RDE-10 is not sufficient to re-activate long-term silencing of a transgene; 100% of 
animals show no detectable expression from the transgene.  
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 We have previously discussed the similarity of RDE-10 to other Maelstrom domain-

containing proteins (see Chapter 2). In Drosophila, Maelstrom has been shown to exhibit ssRNA 

endonuclease activity (143) and can also inhibit canonical transcription (93). RDE-10 has been 

shown to form a complex with RDE-11, where rde-10(-) mutants appear to have the same 

deficiencies in RNA silencing as rde-11(-) mutants (102, 103). We wondered whether RDE-11 

could be playing a similar role to the transcriptional repressive roles of Drosophila Maelstrom. We 

aligned the crystal structure of the MAEL domain from Drosophila (PDB: 4YGB) to the predicted 

structure of the MAEL domain of RDE-10 (UniProt: Q9N3S2) (Figure 5-2A). These structures 

overlap with a TM score of 0.63, suggesting these structures are the same shape (130). The MAEL 

domain accounts for about half of the Drosophila protein, the other half with a predicted HMG 

domain (UniProt: L0CQ14). The predicted structure of RDE-11 (UniProt: Q6BET5), while 

uncharacterized, could potentially have two domains (Figure 5-2B). We used Foldseek to search 

for structural homology to either half of the protein (201). Among the search results for the high 

confidence N terminal half of RDE-11 were proteins with predicted kinases domains in Glycine 

max (soybeans, UniProt: K7N228, I1KL68, A0A0R0G6N2, A0A0R0IPF3), L-type lectin-like 

proteins in Onchocerca volvulus (filarial nematode, UniProt: A0A044SFJ3), Strongyloides 

stercoralis (parasitic roundworm, UniProt: A0A0K0E1Q0) and many other species, and vesicular 

membrane proteins in mice (UniProt: Q9DBH5) and humans (UniProt: Q12907). Among the 

search results for the low confidence C terminal half of RDE-11 were RING-type E3 ubiquitin 

proteins in Danio rerio (UniProt: F1Q4N1), Glycine max (UniProt: I1MXG4) and Arabidopsis 

thaliana (UniProt: Q0WQX9), and Roquin-1 in mice (UniProt: Q4VGL6) and humans (UniProt: 

Q5TC82), a post-transcriptional repressor of mRNAs. Given that the predicted structure of RDE-

11 seems likely to have a function other than DNA-binding, it seems unlikely that RDE-11 could 
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be suppressing transcription as the Drosophila Maelstrom protein does. Future experiments are 

required to elucidate the biochemical roles of both RDE-10 and RDE-11.  

 

 

Figure 5-2. Structural speculations for RDE-10 and RDE-11. (A) Structural alignment of the 
predicted Maelstrom domain of RDE-10 with the crystal structure of the MAEL domain from the 
Drosophila Maelstrom protein (PDB: 4YGB), done using the Pairwise Structure Alignment from 
Protein Data Bank with rigid parameters (RMSD Cutoff 3; AFP Distance Cutoff: 1600; Fragment 
length: 8). Template modeling score (TM=0.63) and regions of high similarity (blue and orange) 
are shown. (B) Predicted structure of RDE-11 from AlphaFold (UniProt: Q6BET5) colored by 
confidence of the structure: very high (dark blue, pLDDT > 90), high (light blue, 90 > pLDDT > 
70), low (yellow, 70 > pLDDT > 50), and very low (orange, pLDDT < 50).  
 
 
 
5.5 Discussion 

 While it is clear that RDE-10 and RDE-11 are required for proper RNA silencing in 

response to imported dsRNA, the precise roles of these proteins remain unclear. Nuage 

components in Drosophila aside from Maelstrom (64) include Vasa, a DEAD-box helicase (202, 

203), Aubergine, an Argonaute (68, 204), and SPN-E, another helicase (205). While homologs for 

these proteins exist in C. elegans (RDE-12 is a DEAD-box helicase (199, 200), RDE-1 is a primary 

Argonaute(88)), there is not an obvious candidate for a Nuage component that is similar to RDE-

11. The RDE-10 homolog Maelstrom does localize to Nuage (64), and the mouse homolog MAEL 
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localizes to germ granules (67), however, the subcellular localization of RDE-10 has not been 

explicitly shown. Given the localization in germ granules homologs and the indirect association 

with RDE-12 through RSD-2 and RSD-6 (102, 103), it seems plausible that RDE-10 may localize 

to P granules and cytoplasmic R2 bodies, which are distinct from P bodies (199, 200). Taken 

together, it appears RDE-10 could be playing roles in RNA-based silencing in the germline along 

with RDE-11, and the details behind the mechanism of action for these two proteins remains to be 

investigated.  
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Appendix A: Exploration of an hrde-1(-) missense mutant.  

 

A.1 Preface 

 All data in this appendix was generated by Daphne Knudsen-Palmer. The genetic screen 

was performed by lab alumni Pravrutha Raman and Farida Ettefa as previously described (Chapter 

2). The strain AMJ975 was made by lab alumna Snusha Ravikumar and some primers were 

designed by lab member Mary Chey. 

 

A.2 Introduction 

 One of the mutants identified in the genetic screen (as described in Chapter 2) showed a 

resistance to silence bli-1 in response to feeding RNAi, but appeared to silence gfp and unc-22 

similarly to wild type levels (data not shown). When doing complementation tests with the mutants 

from this screen, one mutant appeared to be dominant-negative for bli-1 silencing (data by Mary 

Chey, not shown). After whole genome sequencing (as described in Chapter 2.3.4), this mutant 

strain (AMJ1097) was predicted to have a mutation in hrde-1 that results in a glycine 259 to 

aspartic acid change. This mutation (which will be referred to as G259D) was confirmed via Sanger 

sequencing. Through the investigation in this appendix, it seems there was a mix up of the mutant 

strain names, so AMJ1097 is not likely the strain that was found to be dominant-negative. 

Nevertheless this appendix highlights some structural aspects of Argonautes that may be relevant 

across species. 

 Argonautes are small RNA-binding proteins that can be found in a number of organisms. 

Argonautes are characterized by three main domains (PAZ, MID, PIWI), which are connected by 

two linkers (reviewed in (206)). The PIWI domain shares homology to RNase H domains, and the 
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MID and PAZ domains are responsible for binding the 5′ and 3′ ends of small RNAs, respectively. 

Mutations that alter the shape of the Argonaute have the potential to affect the binding affinity to 

small RNAs and thus may reduce downstream efficacy of RNA silencing.  

 To test whether this particular mutation in HRDE-1 could result in a mutant that is 

dominant-negative for bli-1 silencing, a new HRDE-1(G259D) mutant was created (AMJ1582) 

and tested the capabilities of the mutant in silencing bli-1. 

 

A.3 Materials and Methods 

 

A.3.1 Strains and oligonucleotides used 

All strains were cultured on Nematode Growth Medium (NGM) plates seeded with 100µl 

OP50 at 20°C (122). All strains used are listed in Table A-1 and all oligonucleotides used are listed 

in Table A-2. Heterozygous mutant worm strains were made by standard genetic crosses. 

 

Table A-1. Strains used in Appendix A. 
 
Strain Name Genotype 
N2 wild type 
AMJ975 sur-5(jam79[sur-5::gfp]) X 
AMJ1097 oxSi487 dpy-2(jam29) II; hrde-1(jam329) unc-119(ed3)? III; lin-

2(jam30) X rage(-) 
AMJ1397 mut-16(jam148) I 
AMJ1564 hrde-1(jam224) III 
AMJ1582 hrde-1(jam235) III 

 

Table A-2. Oligonucleotides used (5′ to3′) in Appendix A. 
 
Oligo Sequence 
P1 GAAUAUUUUUCGAAAAUAUAGUUUUAGAGCUAUGCU 
P2 CGGCACATGCGAATATTTTCCGAAAATAGAAGGATATTCTTC

AACTCGATCCAGAAAAAC 
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P3 gctaccataggcaccgcatg 
P4 cacttgaacttcaatacggcaagatgagaatgactggaaaccgtaccgcatgcggtgcctatggtagc

ggagcttcacatggcttcagaccaacagccta 
P5 CACAAACGCCAGGAAAGGAAG 
P6 CATTTCTGCGTTGTTGTGGACC 
P7 AATGAGGATTACTTACAATT 
P8 AAAGCTCAACAATGAGGATTACTTATAATTTGGTAATGCCAC

ATTCCCACGTCTTTCTCC 
P9 GTGTCGAAGTTGTCTCGCAG 
P10 ACGGTATCCACCACGAGAG 
P11 GCTATTTCGGAGATCCGCTC 
P12 GGAACCTGATGCTATTTCGGAGATCCGCTCCGATTTTGCGAA

AGTATCTCGTCTATCGCA 
 

 

A.3.2 P0 and F1 feeding RNAi 

Bacteria expressing dsRNA was cultured in LB media with 100 μg/μL carbenicillin 

overnight at 37ºC at 250 rpm. 100 μL of cultured bacteria was then seeded onto RNAi plates. Adult 

animals were passaged onto seeded RNAi plates and removed after 24hr; progeny were scored for 

silencing by bacteria expressing dsRNA targeting bli-1 (blisters) or expressing L4440 as an empty 

vector control. 

 

A.3.3 Making heterozygous mutants for feeding RNAi.  

 L4 AMJ975 males (sur-5::gfp) were placed on a plate with hermaphrodites (of either N2, 

AMJ1564, or AMJ1582, at a male:hermaphrodite ratio of 9:3) on plates seeded with 10 μL of 

OP50 and allowed to mate for 24 hr after which all worms were transferred to RNAi plates seeded 

with bli-1 RNAi. Once progeny reached adulthood, they were placed in 15 μL of 3mM levamisole 

on a 2% agar pad and imaged; animals showing gfp expression were scored as heterozygous cross-

progeny. Imaging was done using a Nikon AZ100 microscope and Photometrics Cool SNAP HQ2 
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camera. A C-HGFI Intensilight Hg Illuminator was used to excite GFP (filter cube: 450 to 490 nm 

excitation, 495 dichroic, and 500 to 550 nm emission). 

 

A.3.4 CRISPR Cas9-based genome editing 

Genome editing was performed by injecting nuclear-localized Cas9 (PNA Bio) 

preincubated at 37°C for 10 min with a hybridized crRNA/tracrRNA (preincubated at 95°C for 1 

min, Integrated DNA Technologies), as well as an oligonucleotide or PCR-amplified homology 

repair template, into the C. elegans distal gonad. Animals were injected 24hr post-L4 stage. 

Screening for plates with successfully edited F1 animals was performed using either dpy-10 co-

CRISPR (123, 124) or the pRF4 plasmid used as a co-injection marker (125). 

To make a premature stop codon in mut-16: A mut-16-targeted crRNA P1, tracrRNA, 

Cas9, a mut-16(-) homology repair template P2, dpy-10 crRNA P3 and dpy-10(-) homology repair 

template P4 were injected into N2 animals. F1 animals showing the “roller” phenotype (indicative 

of heterozygous dpy-10(-/+)) were isolated and allowed to lay progeny. F2 animals that were non-

dumpy and non-rollers were genotyped for mut-16(-) using duplex PCR with primers P5 and P6 

and restriction digestion with enzyme BstBI (New England BioLabs). Once animals appearing 

homozygous for the mutation via PCR/restriction digest were isolated, the nonsense mutation was 

verified by Sanger sequencing. 

To make a premature stop codon (Q234*) in hrde-1: A hrde-1-targeted crRNA P7, 

tracrRNA, Cas9, a hrde-1(null) homology repair template P8, and the pRF4 plasmid were injected 

into N2 animals. F1 animals showing the “roller” phenotype (indicative of successful injection) 

were isolated and allowed to lay progeny. Animals were genotyped for hrde-1(null) using duplex 

PCR with primers P9 and P10 and restriction digestion with enzyme PsiI-v2 (New England 
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BioLabs). Once animals appearing homozygous for the mutation via PCR/restriction digest were 

isolated, a strain with a several premature stop codons was designated as AMJ1564. 

To make a missense mutation (G259D) in hrde-1: A hrde-1-targeted crRNA P11, 

tracrRNA, Cas9, a hrde-1(mis) homology repair template P12, and the pRF4 plasmid were injected 

into N2 animals. F1 animals showing the “roller” phenotype (indicative of successful injection) 

were isolated and allowed to lay progeny. Animals were genotyped for the missense mutation 

(G259D) and verified via Sanger sequencing and designated as AMJ1582. 

 

A.3.5 Sequence Alignments  

The protein sequence for each C. elegans protein was obtained from WormBase; all other 

sequences were obtained from UniProt. The alignment was created using EMBL-EBI Clustal 

Omega. 

 

A.3.6 Protein domain identification and Pymol 

Pymol (v. 2.4.1) was used to modify PDB files. The HRDE-1 (UniProt: Q09249)  PDB file 

is based on predictions from AlphaFold. Ago2 (UniProt: Q9UKV8) was modified from the crystal 

structure determined by (207)  (PDB: 4W5O). Protein domains were colored based on homology 

to domains as found in the EMBL-EBI Pfam database (MID: PF16487,  Argonaute Linker 1: 

PF08699, Argonaute Linker 2: PF16488, PIWI: PF02171, PAZ: PF02170). 

 

A.4 Results 

A.4.1 Sequence alignment of protein-coding Argonautes suggests that a glycine in the 

L1 domain is highly conserved. We first asked whether the predicted amino acid change in the 
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hrde-1(-) mutant (glycine at position 259, switched to an aspartic acid) could be in a region that is 

highly conserved among Argonautes and whether this mutation could disrupt small RNA binding. 

A protein sequence alignment revealed that a glycine at this position in the Linker 1 (L1) domain 

is strongly conserved among all 20 of the C. elegans protein-coding Argonautes, the four H. 

sapiens Argonautes, D. melanogaster Argonautes PIWI, Aubergine, and Ago2, D. rerio AGO2, 

and A. thaliana AGO2 (red, Figure A-1). While not as highly conserved as the glycine, we also 

noted a relatively well-conserved phenylalanine also in the L1 domain (blue, Figure A-1), 

suggesting that these sites could be important for the overall function of the Argonaute.  

 The predicted structure of HRDE-1 (AlphaFold: Q09249) suggests that mutations of the 

G259 amino acid may cause steric hinderance with other parts of the linker domain (Figure A-2A, 

G259 red, F240 blue). Two possible orientations of aspartic acid are shown to mimic what was 

found in the strain from the screen. Each orientation appears to clash with the F240 residue on 

another beta sheet.  

 While Argonautes in C. elegans have not yet been crystallized, a crystal structure of the 

human Ago2 with parts of both small RNA and mRNA has been achieved (PDB: 4W5O, (207)).  
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Figure A-1. Protein-coding Argonautes share a conserved glycine within the Linker 1 
domain. Amino acid sequences of protein-coding Argonautes in various species were aligned and 
a portion of the L1 domain for each protein is shown. D. melan, A. thaliana, D. rerio, and H. 
sapiens represent Drosophila melanogaster, Arabidopsis thaliana, Danio rerio, and Homo 
sapiens, respectively. Protein names without species designations are from Caenorhabditis 
elegans. The conserved glycine residue is highlighted in the bottom (red) and the phenylalanine 
residue that is likely close to the conserved residue in the folded protein is highlighted in the top 
(blue). The number of the right-most amino acid is noted at the end of each row. 
 

Given this structure, we wondered whether a mutation in the homologous glycine could potentially 

disrupt the Argonaute′s ability to bind either type of RNA (Figure A-2B). While the G201D 

mutation looks like it could sterically hinder a phenylalanine within the L1 domain (F182), it does 

not appear that this residue nor any missense mutation in the L1 domain could drastically affect 

small RNA or mRNA binding by the Argonaute. However, the likely hinderance in the L1 domain 

may be sufficient to disrupt function of the Argonaute. 

 

A.4.2 Mutation within a conserved residue does not disrupt bli-1 silencing capability.  

To ask whether the missense mutation found in the strain from the rage screen was 

resulting in an RNAi defect, the mutant was recreated in a wild type background using CRISPR-

Cas9 (hrde-1(jam235)). For comparison, we also generated a null mutant to ask whether a null 

mutant of the germline Argonaute would result in somatic RNAi defects (hrde-1(jam224)). In 

response to dsRNA targeting bli-1, we found that both the hrde-1(jam235) and hrde-1(jam224) 

mutants showed silencing comparable to wild type levels (Figure A-3). Since the complementation 

tests suggested that the unknown mutant could be acting in a dominant-negative manner, we tested 

heterozygous animals by crossing in a wildtype copy of HRDE-1 in a strain with a GFP marker 

(sur-5::gfp) to identify cross-progeny. We found that heterozygous hrde-1(jam235/+) or hrde-

1(jam224l/+) also did not show any differences in bli-1 silencing compared to wild type animals. 
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Animals that lack MUT-16 (mut-16(jam148)) in contrast showed no animals that blistered. Taken 

together, these data suggest that HRDE-1 does not play a role in the silencing of bli-1.   

  

 

Figure A-2. Disruption of the conserved glycine has the potential to disrupt folding of the L1 
domain. (A-B) Structures of Argonautes with conserved domains highlighted: Piwi (dark teal), 
PAZ (light teal), MID (green),  L1 (yellow), L2 (orange). (A) Predicted structure of HRDE-1. The 
zoomed and simplified image highlights the wild type glycine (G259, red) and a nearby 
phenylalanine (F240, blue). The right images show two possible orientations of aspartic acid in 
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place of the conserved glycine (red). (B) Same as in A except shown in the crystal structure of 
Homo sapiens AGO2 (G201, red; F182, blue). A few nucleotides of a guide siRNA (black) and 
the target mRNA (magenta) are shown.  
 

We wondered whether the strain designated as AMJ1097 was in fact the strain with the 

predicted HRDE-1(G259D) mutation, so we sent a portion of the hrde-1 gene for Sanger 

sequencing. we confirmed that the strain AMJ1097 does have the expected missense mutation in 

hrde-1 (Figure A-4) but does not have a defect in silencing bli-1 (data not shown). We conclude 

that AMJ1097 and newly created missense mutants are not defective for bli-1 silencing, and the 

strain that appears to be dominant-negative for silencing bli-1 must be a different rage mutant.  

 

A.5 Discussion  

Despite not identifying a mutant that is deficient in RNAi, we have bioinformatically 

identified a residue that is conserved across Argonautes of many species.  

 
 
Figure A-3. Animals lacking HRDE-1 do not show a 
defect in bli-1 silencing. Fraction of animals that 
showed observable silencing in response to bli-1 RNAi. 
Asterisks indicate p < 0.05 when compared to the wild 
type N2 using Wilson′s estimates with continuity 
correction and error bars represent 95% confidence 
interval. 
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The most likely explanation for these results is that the rage mutant that was shown to be 

dominant-negative for bli-1 silencing must be a strain other than AMJ1097, and one that likely 

contains a mutation in a gene other than HRDE-1. While it is enticing that a dominant-negative 

Argonaute mutant could exist, given the abundance of Argonaute paralogs in C. elegans (105), it 

is more likely that this mutant is one of the other mutants of RNAi machinery, perhaps the mut-

7(jam328), which is predicted to encode a missense mutation (Glu437Gly).  A systematic test for 

bli-1 silencing capability would help identify this mutant, although each of the mut-16(-) mutants 

(AMJ1023, AMJ1025, AMJ1035, AMJ1042, AMJ1091) have already been retested (Figure 2-1B) 

and indeed were resistant to bli-1 silencing.  

 

 

Figure A-4. Sanger sequencing of AMJ1097. A portion of the hrde-1 gene was amplified and 
sent for sequencing that includes the mutation predicted to cause a G259D amino acid change. The 
adenine highlighted in blue reflects a mutation that is different from wild type; gray represents 
homology to the wildtype gene. 
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Appendix B: Ectopic expression of a germline gene in the intestine 

 

B.1 Preface 

 The observations in this appendix were first noted by Farida Ettefa and then repeated by 

Daphne Knudsen-Palmer.  

 

B.2 Introduction 

 Different cell types rely on the expression of different genes in order to maintain function 

and identity. In C. elegans, other germline-specific genes such as PGL-1 can be misexpressed in 

the soma when the retinoblastoma (Rb/lin-15b) pathway has been disrupted (208). It has 

previously been observed in the lab that hrde-1(-) mutants can cause misexpression of a germline 

promoted fluorescent transgene within some nuclei in the intestine. We wanted to further explore 

this potential misexpression, to ask whether it is observed in other RNAi mutants.  

 Intestinal cells have been shown to be mosaic, particularly for components of the RNAi 

pathway including the RNA-dependent RNA polymerases RRF-1 and EGO-1 (82). Since not all 

intestinal cell show misexpression of the germline transgene in hrde-1(-) mutants at high 

temperatures, it is worth exploring whether these cells have a dependency on RRF-1, EGO-1, or 

neither.  

 

B.3 Materials and methods 

B.3.1 Strains and oligonucleotides 
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All strains (listed in Table B-1) were cultured on Nematode Growth Medium (NGM) 

plates seeded with 100 μl of OP50 E. coli at 20ºC and strains made through mating were 

generated using standard methods (122). Oligonucleotides used are in Table B-2.  

 

Table B-1. Strains used in Appendix B. 
 
Strain Name Genotype 
N2 wild type 
AMJ977 rrf-1(ok589) I; qtIs49 III; sur-5(jam79[sur-5::gfp]) IV 

AMJ1025 
mut-16(jam139) rde-10(jam248) I; oxSi487 dpy-2(jam29) II; unc-
119(ed3)? III; lin-2(jam30) X; rage(-) 

AMJ1045 oxSi487 II; unc-119(ed3)? hrde-1(tm1200) III 
AMJ1522 oxSi487 II; qtIs49 III; sur-5::gfp X 
AMJ1600 rrf-1(ok589) I; oxSi487 II; qtIs49 III; sur-5::gfp X 
AMJ1601 rrf-1(ok589) I; oxSi487 II; qtIs49 III; sur-5::gfp X 
AMJ1602 rrf-1(ok589) I; oxSi487 II; qtIs49 III; sur-5::gfp X 
AMJ1603 rrf-1(ok589) I; oxSi487 II; sur-5::gfp X 
AMJ1604 rrf-1(ok589) I; oxSi487 II; sur-5::gfp X 
AMJ1605 rrf-1(ok589) I; oxSi487 II; sur-5::gfp X 
AMJ1606 oxSi487 II; sur-5::gfp X 
AMJ1607 oxSi487 II; sur-5::gfp X 
AMJ1608 oxSi487 II; sur-5::gfp X 
EG6787 oxSi487 II 

 

Table B-2. Oligonucleotides used (5′ to 3′) in Appendix B. 
 
Oligo Sequence 
P1 ataaggagttccacgcccag 
P2 ctagtgagtcgtattataagtg 
P3 tgaagacgacgagccacttg 
P4 tgccatcgcagatagtcc 
P5 tggaagcagctaggaacag 
P6 ccgtgacaacagacattcaatc 
P7 aacaggttcaggcaatgagc 
P8 cagccattgtttctaaactcc 
P9 gtgtccaagaatgtttccatc 
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B.3.2 Heat shock 

 Three L4 animals were passaged on NG plates and placed at 25ºC and kept at 25ºC until 

the F1 progeny reached L4 stage when they were selected for imaging.   

 

B.3.3 Microscopy  

Animals were mounted in 10 µl of 3 mM levamisole on a 2% agar pad and imaged under 

a coverslip using a Nikon AZ100 microscope and Photometrics Cool SNAP HQ2 camera. A C-

HGFI Intensilight Hg Illuminator was used to excite GFP (filter cube: 450 to 490 nm excitation, 

495 dichroic, and 500 to 550 nm emission) or mCherry (filter cube: 530–560 nm excitation, 570 

dichroic, and 590–650 nm emission). Representative images for mCherry expression were 

adjusted to identical levels in Fiji (NIH) for presentation. 

 

B.3.4 Creation of rrf-1(-);T strains 

 EG6787 males were crossed with AMJ977 hermaphrodites. F1 worms were isolated and 

allowed to lay progeny. The qtIs49 allele induces a Rol phenotype, so selection for or against this 

transgene was done by selecting plates 100% with or 100% without the Rol phenotype in the F2 

generation. Primers P1, P2, and P3 were used to detect the presence of oxSi487 (T). Primers P4, 

P5, and P6 were used to distinguish rrf-1(ok589) from wild type. Primers P7, P8, and P9 were 

used to distinguish sur-5::gfp from wild type. Genotyping the strains once thawed to check the 

correct genotype is recommended.  
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B.4 Results  

 Previously, hrde-1(-); T animals where shown to show expression of T in the intestine 

when the strain was grown at an elevated temperature (Farida Ettefa, data not shown). To ask 

whether this result was reproducible and to ask whether other mutants in the RNAi pathway could 

cause this result, animals with the transgene T of various genotypes were grown for one generation 

at 25ºC. Wild type animals show normal expression of the transgene even when grown at 25ºC 

(Figure B-1). In contrast, animals that lack HRDE-1 show some somatic expression, particularly 

noticeable in intestinal cells when grown at 25ºC. While the germlines of mut-16(-) rde-10(-) 

double mutants appeared to have defects at both 20ºC and 25ºC, it is unclear whether there is 

expression in the intestinal cells or in coelomocytes.  

 

Figure B-1. Loss of HRDE-1 at high temperatures leads to misexpression of a germline gene 
in the soma. Images of representative L4 worms after one generation of heat shock at 25ºC (right) 
or maintained at 20ºC (left) (top, DIC; bottom, mCherry). Scale bars = 100µm. Intestinal 
misexpression of the transgene is indicated with red arrowheads.  
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B.5 Discussion 

We are able to reproducibly find intestinal expression of the germline transgene T in the 

absence of HRDE-1 at high temperatures. It is possible that in a wild type animal, HRDE-1 is 

responsible for preventing expression of T in the soma, despite being considered a “germline 

Argonaute.” An alternate hypothesis to the germline misexpression is that transcripts of the 

transgene are being absorbed as part of programmed cytoplasm engulfment by intestinal cells 

(209). 

 An immediate future direction for this observation would be to use CRISPR-Cas9 to create 

an hrde-1(-) mutant in strains AMJ1522, AMJ1600, AMJ1603, and AMJ1606 to ask whether the 

cells that misexpress T in the intestine are RRF-1 dependent (see Appendix A for oligos to create 

an hrde-1(null)). Future studies are required to understand the nature of this misexpression and to 

understand why HRDE-1 loss would cause this effect when loss of 2º siRNA amplification (loss 

of MUT-16 and RDE-10) would not.   
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