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ABSTRACT 

Organisms rely on a stable genome in their germ cells to successfully establish cellularly 

competent offspring. However, the mobilization of many transposons and retroviruses called 

retrotransposons can interrupt important or essential genes in the host’s genome, rendering the 

effected germ cells mutagenized. Such attacks are so common that retrotransposon-derived 

sequences make up nearly 40% of most mammalian genomes. To combat the possibly deleterious 

effects of these mobile elements, metazoans have evolved a robust genome defense system housed 

in their germ cells. This defense system is composed of thousands of endogenously encoded small 

non-coding RNAs called piRNAs. A PIWI Argonaute protein traffics piRNAs to mRNA targets 

that share sequence complementarity and helps regulate their expression. 

In the first chapter of this dissertation, I review the current literature on small non-coding 

RNA pathways in general, and how those pathways function in the C. elegans germline in 

particular. I then discuss the connection between germline small RNA pathways and phase 

separated condensates enriched in animal germ cells called germ granules. Finally, I outline what 

is currently known about how particular mRNAs become targeted and silenced by small RNAs. 

In the second chapter, I demonstrate that a reporter assay can successfully uncover novel 

components involved in piRNA mediated gene silencing. I discuss where in the pathway each 

factor likely functions, and further characterize how each factor likely plays a role in gene 

silencing. This chapter demonstrates that highly conserved and ancient cellular machinery that is 

essential for snRNA biogenesis, pre-mRNA splicing, nuclear protein import, and nuclear pore 

formation has evolved to also contribute to small RNA mediated germline defense. 

In the third chapter, I discuss the role that the hallmark of animal germ cells, the germ 

granule, plays in the piRNA pathway. I show that, surprisingly, these highly conserved, phase 
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separated structures are largely dispensable for small RNA-mediated gene silencing. However, 

without germ granules, competing small RNA pathways lose robustness, allowing a subset of 

typically silenced genes to become expressed and a subset of typically expressed genes to become 

silenced. This mis-regulation likely contributes to the deleterious fertility phenotypes associated 

with germ granule loss described here and in previous work. 

In the fourth chapter, I characterize signals that determine whether particular germline 

transcripts will become targeted and silenced by the piRNA pathway. The coding region of 

germline mRNAs rather than the untranslated regions are uniquely vulnerable to piRNA targeting. 

This finding suggests that the piRNA pathway has evolved to target regions of mRNAs which are 

less likely to escape detection due to genetic drift. 

In the fifth chapter, I present a collaborative effort to make the suite of tools used to perform 

the complex analyses discussed in this dissertation available to the scientific community. Many 

analyses involved in parsing next generation sequencing data require advanced domain knowledge 

to replicate. We have made these tools available in a convenient graphical format for the 

community to use without specific knowledge of the underlying code required to use them. I hope 

that the availability of such tools will become a standard in academia to allow for greater 

transparency and to open barriers closed to many biologists who do not have the bioinformatic 

expertise necessary to analyze the data already available to the community. 

In the final chapter, I discuss several important implications of this work for the field of 

small RNA biology. I address how the findings presented here influence our understanding of 

piRNA-mediated transcriptome regulation, and I suggest future work that could further clarify our 

understanding of how self and non-self is determined for germline mRNAs. 
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CHAPTER 1 

INTRODUCTION 

1.1 Gene regulation by small RNA pathways 

To preserve the fidelity of development and reproduction, organisms must regulate and fine tune 

the various gene expression programs which orchestrate essential cellular events. RNA molecules 

perform many of these functions by transmitting messages from a cell’s DNA code to become 

proteins as mRNA. This class of RNA molecule is referred to as coding RNA, as these molecules 

will eventually be translated into protein. Remarkably, less than 2% of our genomes are transcribed 

into coding RNA, while much of the remainder is transcribed into non-coding RNA [18,45]. Non-

coding RNA, perform a myriad of other functions by for example forming the structural basis of 

the ribosome machine that manufactures proteins (tRNA), or by controlling the stability of other 

RNA molecules by guiding effector proteins to sites of regulation. This last category of gene 

expression control is performed by small non-coding RNAs including microRNAs (miRNAs), 

PIWI-interacting RNAs (piRNAs), and small interfering RNAs (siRNAs). Small non-coding 

RNAs associate with a family of proteins called Argonautes, originally named for the mutant 

phenotype caused by loss of the first discovered Argonaute protein in Arabidopsis thaliana which 

results in leaves taking on the appearance of a small squid called Argonauta argo  [19]. This RNA-

protein complex, referred to as the RNA induced silencing complex (RISC), regulates gene 

expression by finding complementary or partially complementary sequences, typically mRNAs, 

using the bound single stranded small RNA molecule and either cleaving the targeted RNA directly 

or recruiting effector proteins to degrade the target [28]. The first discovered class of small non-

coding RNA that regulates gene expression using this method, miRNAs, regulate the expression 

of many if not most endogenously expressed mRNAs [13,88]. miRNA driven regulation of gene 
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expression falls into the broad and highly diverse category of a mode of regulation called RNA 

interference (RNAi).  

In addition to endogenously expressed mRNAs that perform functions for cells at specific 

times in specific places, there are also many deleterious nucleic acids that can become expressed 

throughout development, including repetitive elements and transposons. Organisms must defend 

against the invasion of viral and transposon derived sequences which can disrupt and destabilize 

the genome by integrating into DNA [114]. Indeed, throughout evolutionary history, repetitive 

elements have frequently moved about genomes, representing about 15% of the Drosophila 

melanogaster genome, 6% of the Caenorhabditis elegans genome, and up to half of human and 

mouse genomes [74,120].  

Organisms have devised methods to defend against the expression of non-self genes that 

are evolutionarily ancient. In fact, the emergence of siRNA-based RNAi  pathways likely predates 

the divergence of eukaryotes from prokaryotes [136]. siRNA-based RNAi differs from the miRNA 

pathway in several important ways. As alluded to already, miRNAs principally regulate the 

expression of endogenous, self genes. There are examples of siRNA-based RNAi pathways that 

also regulate endogenous gene expression, but siRNA-based mechanisms likely evolved to defend 

against exogenous, non-self nucleic acids. Additionally, siRNA-based mechanisms typically rely 

on an array of sequence-distinct small RNAs targeting particular RNA sequences to quickly and 

effectively shut off gene expression. This potent effect relies on signal amplification to become 

manifest. In many organisms, signal amplification comes from the use of targeted molecules as 

potentiators of the silencing signal. Signal amplification results in heritability of the RNAi effect, 

resulting from amplified siRNA molecules that can both destroy target RNAs post-
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transcriptionally, as well as from the recruitment of nuclear factors to modify chromatin and 

silence targets transcriptionally [67].  

Germ cells are particularly vulnerable to non-self elements and important to preserve, as 

they house the reproductive genome that will be passed on across generations. Genome stability 

of germ cell DNA is paramount for the survival of a species. As a result, organisms have evolved 

genome defense pathways specific to the germline to preserve genomic stability. One such small 

RNA-based germline pathway evolved by metazoans relies on endogenously encoded piRNAs 

which interact with the highly evolutionarily conserved Argonaute protein PIWI [21,40,53]. 

Highly diverse organisms that have lost PIWI due to mutation uniformly show fertility defects 

[38].  

Caenorhabditis elegans is an ideal model system to study siRNA-based RNAi pathways. 

C. elegans are highly genetically tractable, allowing for simple and quick development of targeted 

mutations and generation of reporter strains. Additionally, C. elegans have a short generation time, 

which is a necessity in studying the highly transgenerational processes initiated by small RNA 

pathways. C. elegans are also hermaphroditic, which is an ideal feature for transgenerational 

studies that can often be hampered by introduced genetic or environmental variation from 

differences in parentage, confounding the interpretation of epigenetic phenomena. C. elegans also 

share the core conserved RNAi machinery mentioned above. Intriguingly, the piRNA system in 

C. elegans, which relies on the sole PIWI Argonaute in the organism PRG-1, can initiate a highly 

robust and heritable silencing signal against the expression non-self genes. Understanding 

components essential for the function of that system and the experimental complications that come 

from studying such a highly heritable phenomenon are the focus of the second chapter of this 

dissertation.  
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Not only does C. elegans possess the conserved RNAi machinery referenced so far, but it 

has also evolved even more diverse Argonaute proteins and effector pathways, making it a highly 

effective combatant against non-self sequences. Downstream of the exogenous RNAi and piRNA 

pathways, silencing signals are amplified though the production of secondary siRNAs. Two RNA-

dependent RNA polymerases, EGO-1 and RRF-1, produce secondary siRNAs termed 22G-RNAs 

for their 22 nucleotide length and 5’ guanosine bias [95,143]. EGO-1 and RRF-1 act partially 

redundantly to produce the 22G-RNA pools loaded onto myriad Argonaute proteins, particularly 

CSR-1 and WAGO Argonautes.  

Production of 22G-RNAs triggered by a silencing signal, such as a PRG-1 targeting event, 

is dependent on the Mutator class of proteins, so called due to their necessity in preventing 

transposon activation and therefore mutagenesis [118]. One such Mutator protein, MUT-2 (also 

called RDE-3), has recently been shown to polymerize repetitive UG tails on the 3’ ends of mRNA 

fragments cleaved by RNAi pathway [142]. These polyUG tailed fragments are sufficient to trigger 

22G-RNA production through recruitment of RRF-1. Mutator-dependent 22G-RNAs are bound 

by a wide variety of silencing secondary Argonaute proteins which are evolutionarily expanded in 

C. elegans and thus termed worm-specific AGOs (WAGOs) [183]. These silencing 22G-RNA 

WAGO complexes can trigger gene silencing by further targeting mRNAs post-transcriptionally 

in the cytoplasm and recruiting degradation factors, while other WAGO complexes, namely those 

containing the WAGO Argonautes HRDE-1 or NRDE-3, can translocate into nuclei and recruit 

chromatin modifiers to transcriptionally silence targeted loci [8,23,141]. The production of 22G-

RNAs upon silencing is so robust that when silencing is established by exogenous RNAi or by 

PRG-1, that silencing signal can be inherited for many generations even in the absence of the initial 

silencing trigger. One reason for this robust transgenerational silencing effect is due to the 
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production of tertiary 22G-RNAs, produced in response to WAGO targeting and further loaded 

onto WAGO Argonautes [8,169,181].  

While EGO-1 and RRF-1 can help trigger and potentiate gene silencing by synthesizing 

Mutator-dependent 22G-RNAs, the majority of 22G-RNAs are actually produced from germline 

expressed genes specifically by EGO-1 and loaded onto the Argonaute CSR-1 [33]. Because CSR-

1 bound 22G-RNAs mostly target mRNAs that are abundantly expressed in the germline, it was 

initially hypothesized to represent a licensing signal that preserves the expression of endogenous 

genes in the face of converging silencing small RNA pathways. Indeed, in the absence of CSR-1, 

many germline expressed mRNAs do become targeted by PRG-1 [137]. However, CSR-1 certainly 

has other roles in the germline that are at odds with its characterization solely as a licensing factor. 

For example, like many Argonaute proteins (WAGO family Argonautes excepted) CSR-1 contains 

an active slicer domain, and CSR-1 slicer activity acts to clear maternal mRNAs following 

embryogenesis [122]. Also, csr-1 depletion has been shown to lead to an upregulation of sperm 

gene expression in adult hermaphrodites, suggesting that CSR-1 helps to repress the expression of 

these genes in the adult oogenic germline [25]. 

1.2 Small RNA pathways and germ granules 

Remarkably, the robust small RNA pathway activity outlined above that takes place in the adult 

C. elegans germline largely occurs within perinuclear, phase-separated condensates called germ 

granules. Germ granules are found in all animal germ cells and are critical for fertility [20,46]. 

Germ granules have been proposed to function as specialized transcriptome surveillance 

structures, owing to several key features. Germ granule formation and localization closely follow 

transcriptional activity in C. elegans germ cells, where quiescent early embryo germ granules first 

form in the cytoplasm then as transcription resumes, germ granules become perinuclear [135,162]. 
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Additionally, most mRNA passes through germ granules upon nuclear export in the adult germline 

[138]. Recently, it has been shown that recruitment of particular mRNAs to germ granules is 

sufficient to induce silencing [5]. And finally, as alluded to at the beginning of this section, 

important mRNA surveillance factors discussed so far such as PRG-1, WAGO-1, and CSR-1 

Argonautes all co-localize in germ granules [15,33,61]. 

Adult germ granules are made up of at least four distinct sub-compartments. The earliest 

studied germ granule substructure, the P granule, sits closest to the nuclear periphery, interfacing 

directly with nuclear pores [119]. Intriguingly, both PRG-1 and CSR-1 are found in the P granule, 

suggesting that self and non-self signals compete in this structure. The Z granule and Mutator are 

two more recently described compartments that are both important for silencing [118,169]. The 

Mutator factors essential for silencing small RNA production discussed above are all housed in 

Mutator foci, suggesting that this structure represents a specialized amplification compartment to 

accumulate silencing signals. The Z granule is more associated with specifically transgenerational 

silencing. The most recently described sub-compartment is characterized by the presence of a 

Tudor domain protein called SIMR-1 and is therefore referred to as the SIMR focus [94]. SIMR 

foci play a role in small RNA silencing by bridging piRNA silencing with Mutator-dependent 

siRNA accumulation.  

Interaction between factors that localize to these granules seems to be key for small RNA 

pathway function. For example, individual mutation of most Mutator proteins results in breakdown 

of Mutator foci and major defects in gene silencing [118]. Additionally, as discussed above, RRF-

1 and EGO-1 both contribute to 22G-RNA populations in the germline. While the strictly silencing 

22G-RNA manufacturer RRF-1 localizes to Mutator foci, EGO-1 seems to associate more with 

the P granule [160]. Further, EGO-1 has been shown to function even in the absence of a germ 
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granule environment to produce 22G-RNAs loaded onto CSR-1 in the cytoplasm [144]. These 

observations suggest that localization to germ granules and association with particular 

compartments of germ granules can be predictive of the function of particular small RNAs. The 

degree to which the germ granule itself helps to promote small RNA pathway function is the major 

focus of the third chapter of this dissertation. 

1.3 The determinants of gene silencing 

Small RNA pathways uniformly rely on base pairing between the small RNA and its target RNA 

to regulate gene expression. However, predicting the regulatory targets of small RNAs is not as 

simple as finding complementarity within possible target sequences. While some small RNA 

pathways rely on perfect base pairing between small RNA and target (i.e. exogenous RNAi and 

downstream 22G-RNAs), other small RNAs require comparatively little base pairing to 

successfully regulate a target. For example, miRNAs require several nucleotides of perfect 

matching in the so-called seed region, while complementarity within the majority of the small 

RNA sequence is largely supplementary [13]. piRNAs as well require only selective perfect base 

pairing, a characteristic that made piRNA targets notoriously difficult to predict as they perfectly 

complement exceedingly few transposon sequences [15,185]. 

In addition to partial or complete complementarity, there are other features of either small 

RNAs or their targets that determine successful regulatory events. The vast majority of miRNA 

targeting events occur in 3’UTRs of target mRNAs, demonstrating that the gene structure of a 

potential target plays a role in regulatory potential [13]. Additionally, it has recently been shown 

that the CSR-1 bound 22G-RNAs produced by EGO-1 in the absence of germ granules tend to act 

in the cytoplasm to cleave inefficiently translated mRNAs [144]. An extrapolation from this 

finding is that CSR-1 bound 22G-RNAs localized to germ granules specifically protect against 
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mRNA silencing, suggesting a functional divergence between CSR-1 complexes found in germ 

granules compared to those found in the cytoplasm. Also, changing the localization of an mRNA 

by tethering to P granule enriched PGL-1 proteins leads to small RNA-dependent post-

transcriptionally gene silencing of the tethered mRNA, even when its sequence was not changed 

[5]. Both of these examples illustrate the importance of subcellular localization in determining the 

regulatory outcome of small RNA pathways on mRNAs. Another example of this same principle 

has already been referenced in the different localizations of the two 22G-RNA producing RdRPs 

EGO-1 and RRF-1. Although these two proteins are partially redundant in producing 22G-RNAs, 

RRF-1 which uniquely localizes to Mutator foci only produces silencing 22G-RNAs while EGO-

1, more enriched in the P granule, is essential only for the production of CSR-1 bound 22G-RNAs. 

Therefore, not only subcellular localization but even germ granule sub-compartment localization 

can help to predict regulatory outcome. 

Although the trends outlined above can help us predict the role of particular small RNAs 

in the germline, whether those trends are causal or not is more difficult to determine. For example, 

22G-RNAs perfectly pair with their target mRNAs as a consequence of their being RdRP products. 

Mutator localization of RRF-1 correlates strongly with 22G-RNA production, but RRF-1 Mutator 

localization has only been disrupted by mutating other Mutator components that exist in the same 

pathway [118,160]. Similarly, the role of the germ granule itself in RNA homeostasis has proven 

difficult to determine as disruption of the germ granule has not been achieved without mutating 

necessary components, which conflates the functional impact of the granule itself with the function 

of its individual regulators. Therefore, the effort to understand what underlies small RNA mediated 

gene regulation is two-fold. The first step is to characterize trends that can help predict whether 

particular targeting events occur in vivo and lead to a regulatory consequence. The second step is 
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to determine whether the characteristics of targeting are causal in determining whether the 

targeting event will occur, or whether they are a consequence of some other feature of the pathway. 

1.4 Open questions and this dissertation 

Although much is known about small RNA-mediated transcriptome regulation in C. elegans, there 

are still key gaps in our knowledge that necessitate further understanding. In this work, I address 

four areas in small RNA biology. 

First, I identify and characterize the novel role of several components in the piRNA 

pathway. Finding novel piRNA pathway components has proven difficult due to the robust and 

multifaceted silencing initiated by piRNAs in the germline. As discussed at length above, piRNA 

silencing can be conducted independently by common downstream factors following the initiation 

of silencing. This remarkable feature of the pathway renders reporter assays insufficient to 

exhaustively identify novel components, as loss of many pathway members often does not lead to 

an immediate phenotype. In Chapter 2, I describe a specialized reporter that is immediately 

sensitive to loss of piRNA pathway function. Using this reporter system, I show that the Integrator 

complex, nuclear pore and nucleolus components, pre-mRNA splicing factors, and protein import 

components are essential for piRNA pathway function. 

Second, I address the role of germ granules in small RNA pathway function. In Chapter 3, 

I show that surprisingly germ granules are largely dispensable for small RNA silencing and only 

a small subset of mRNAs silenced by piRNAs rely on the presence of germ granules to maintain 

that silencing. However, another subset of typically expressed mRNAs become aberrantly targeted 

and silenced by piRNAs in the absence of germ granules. I show that rather than functioning as a 

silencing hub, the germ granule functions as an arbiter of self versus non-self in the adult germline, 
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helping to determine which mRNAs should be silenced and which should be protected from 

silencing.  

Third, I report a novel feature that helps determine piRNA targeting. Analogous to the 

3’UTR preference miRNAs show for target mRNAs, piRNAs prefer to bind to the coding regions 

(CDSs) of target mRNAs. This trend contradicts the pattern predicted by in silico methods that 

only use experimentally-derive sequence homology rules to determine targeting propensity. I show 

that this trend does not depend on licensing Argonaute CSR-1. I also show that the anti-silencing 

activity of CSR-1 works differently when combatting piRNA targeting versus WAGO 22G-RNA 

targeting: CSR-1 protects full transcripts from piRNA targeting uniformly across CSR-1 targeted 

transcripts, while CSR-1 protection only works locally within targeted transcripts to protect against 

WAGO 22G-RNA binding. 

Fourth, I describe three tools that can allow researchers without advanced knowledge of 

bioinformatic techniques to perform many of the analysis tasks described throughout this work. 

pirScan allows researchers to access and manipulate the in silico piRNA target prediction rules to 

predict potential targets of the piRNA pathway and to reduce the likelihood of that targeting by 

finding silent mutations that can be introduced to a given sequence to avoid piRNA targeting. 

piRTarBase allows researchers to exhaustively query known and potential piRNA targets within 

the C. elegans and C. briggsae transcriptomes. CLASH Analyst allows researchers to analyze 

complex chimeric read data to determine likely in vivo small RNA regulatory events. 

Together, this work attempts to address key missing features in our knowledge of germline 

small RNA pathways and adds valuable insights that will allow for a more complete understanding 

of how small RNAs promote RNA homeostasis. 
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CHAPTER 2 

IDENTIFICATION AND CHARACTERIZATION OF NOVEL PIRNA 

PATHWAY MEMBERS USING A REPORTER ASSAY 

2.1 Attributions 

This chapter has been adapted from: J.S. Brown, et al., Sensitized piRNA reporter identifies 

multiple RNA processing factors involved in piRNA-mediated gene silencing, bioRxiv (2023). 

Wenjun Chen performed piRNA reporter strain crosses to glh-1 glh-4 and meg-3 meg-4 mutant 

strains. Donglei Zhang created the prg-1 mutant piRNA reporter strain. The author conducted the 

other experiments and analyses. 

2.2 Abstract 

Metazoans guard their germlines against transposons and other foreign transcripts with PIWI-

interacting RNAs (piRNAs). Due to the robust heritability of the silencing initiated by piRNAs 

in C. elegans, previous screens using Caenorhabditis elegans were strongly biased to uncover 

members of this pathway in the maintenance process but not in the initiation process. To identify 

novel piRNA pathway members, we have utilized a sensitized reporter strain which detects 

defects in initiation, amplification, or regulation of piRNA silencing. Using our reporter, we have 

identified Integrator complex subunits, nuclear pore components, protein import components, 

and pre-mRNA splicing factors as essential for piRNA-mediated gene silencing. We found the 

snRNA processing cellular machine termed the Integrator complex is required for both type I and 

type II piRNA production. Notably, we identified a role for nuclear pore and nucleolar 

components in promoting the perinuclear localization of anti-silencing CSR-1 Argonaute, as well 

as a role for Importin factor IMA-3 in nuclear localization of silencing Argonaute HRDE-1.  

Together, we have shown that piRNA silencing is dependent on evolutionarily ancient RNA 
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processing machinery that has been co-opted to function in the piRNA mediated genome 

surveillance pathway. 

2.3 Introduction 

To defend against invading nucleic acids, organisms must identify and silence foreign RNAs 

while preserving the expression of endogenous RNAs. When organisms fail to combat virus and 

transposon derived invasive nucleic acids, these elements can destabilize the genome and lead to 

widespread mutagenesis and infertility (1). One system animals have evolved to combat foreign 

nucleic acids is comprised of PIWI Argonaute and its associated small noncoding RNAs 

(piRNAs) (2–4). In C. elegans, piRNAs are able to initiate a robust silencing signal against 

mRNAs deemed as non-self (GFP, for example) which can be inherited for as many as 20 

generations after the loss of the initiating PIWI protein complex (5). Because piRNA-initiated 

gene silencing is heritable independent of the initiation factors, piRNA reporters that rely on 

activation of a piRNA-silenced GFP transgene are biased to detect components that are required 

for maintaining and amplifying the already initiated silencing signal. For this reason, some of the 

requirements for the piRNA pathway in C. elegans likely remain unknown. 

 Here, we present a candidate RNAi screen in C. elegans using a reporter that relies on the 

previously characterized phenomenon that particular GFP transgenes have distinct propensities 

to be silenced when challenged with a perfectly complementary piRNA (6). We used this piRNA 

reporter to test for the involvement of snRNA processing factors, mRNA processing factors, 

germ granules components, and protein transport factors in piRNA-mediated silencing. We 

further characterized components from each of these categories to better understand how they 

mediate silencing in C. elegans. Our data suggest that the more recently evolved piRNA pathway 

utilizes highly evolutionarily conserved snRNA processing, pre-mRNA splicing, and protein 
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import factors to carry out small RNA silencing, including the biogenesis of piRNAs and the 

regulation of Argonaute localization. Taken together, our results demonstrate that our piRNA 

reporter can identify various factors involved in distinct steps of the piRNA pathway. Our results 

also showed that proper piRNA-mediated transcriptome-wide surveillance relies on various 

regulatory factors that are not directly required for gene silencing. 

2.4 Results 

2.3.1 piRNA reporter detects loss of piRNA-dependent silencing factors 

As described above, because piRNA targeting initiates a robust and stable silencing signal that 

persists even in the absence of the PIWI Argonaute protein PRG-1, previous reporter-based 

strategies have been biased to detect downstream components of the piRNA pathway (5,7). To 

remove this bias and increase the sensitivity of our screen, we aimed to establish a GFP reporter 

that is silenced in a piRNA dependent manner. We relied on previous observations that different 

GFP transgenes show distinct capacities to become silenced by the piRNA pathway (6). Our 

reporter strain contains two separate GFP transgenes with contrasting silencing propensities. One 

transgene, cdk-1::gfp, becomes stably silenced when challenged by an artificial piRNA 

(integrated into endogenously encoded piRNA locus 21ur-5499) that perfectly complements a 

20nt site within the gfp coding sequence (8). A second transgene, oma-1::gfp, cannot be silenced 

by a perfectly complementary piRNA (6). When we crossed these two lines to one another to 

obtain a strain that contains both GFP transgenes as well as the perfectly complementary piRNA, 

both transgenes are silenced. We hypothesized that because this strain contains one transgene 

that is vulnerable to piRNA silencing and another that resists piRNA silencing, then perhaps the 

silenced state of GFP is less stable and easily perturbed. To test this hypothesis, we introduced a 

frameshift mutation to the sole PIWI Argonaute prg-1 using the CRSIPR/Cas9 system. We found 
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that both transgenes became expressed at the first generation of prg-1 homozygosity (F2 

generation) after injection (Figure 2.1A). Therefore, this reporter can successfully detect loss of 

prg-1, suggesting that a screen using this sensitized reporter would be sensitive to loss of 

upstream factors in the piRNA pathway. 

 Although many factors in the C. elegans piRNA pathway have been characterized, there 

are likely unknown components of this pathway that have not yet been discovered due to the use 

of less sensitive reporters in genetic screens. We therefore sought to use our sensitized reporter to 

identify components involved in the pathway both at the piRNA biogenesis level and at the 

effector level (Supplementary Figure 2.8). We used a candidate approach by selecting specific 

factors to knockdown using RNAi (Figure 2.1B). To ensure that this approach can successfully 

identify the loss of factors at both of these levels, we performed RNAi against known piRNA 

biogenesis and effector components. We saw that depletion of piRNA biogenesis factors snpc-4, 

tofu-2, and tofu-5 resulted in significant GFP expression in the reporter, as did effector factors 

nrde-1, nrde-2, set-25, and hpl-2 (Figure 2.1C). As expected, we failed to observe significant 

GFP expression in the reporter when a somatic RNAi factor, nrde-3, was depleted with RNAi. 

These results suggested that our sensitized reporter can be used to detect loss of piRNA 

components using an RNAi based approach. The full list of candidates tested using our reporter 

can be found in Supplementary Table 1. 
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Figure 2.1: piRNA reporter detects loss of biogenesis and effector factors. 
(A) Fluorescent micrographs show the expression of GFP transgenes in oocyte cytoplasm and 
nuclei in the absence of a triggering piRNA or prg-1. (B) Schematic shows the screening strategy 
using the sensitize piRNA reporter. (C) GFP expression in the piRNA reporter in indicated RNAi 
knockdowns. † indicates L1 to adult same generation RNAi treatment. Asterisks indicate 
significant reporter activation, see Methods for details. 
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2.3.2 RNAi screen identifies P granule factors, mRNA processing factors, and 

protein transport factors as piRNA silencing components 

piRNA transcription in C. elegans is accomplished by RNA pol II. Since piRNA precursor 

transcription requires the SNPC-4 complex, which is also involved in initiation of snRNA 

transcription, we hypothesized that the Integrator complex, a multimeric snRNA processing 

complex required for snRNA 3’ end processing, may be involved in the termination of piRNA 

transcription. Our model is consistent with the recent report that termination of piRNA precursor 

transcription involves the Integrator complex (9,10). We performed RNAi against 9 different 

components of the Integrator complex in the sensitized reporter and found four of the 

components, dic-1, ints-1, ints-9, and ints-11, triggered GFP expression in the reporter following 

knockdown (Figure 2.2A). We failed to observe GFP expression following knockdown of ints-4, 

ints-5, ints-7, ints-12, or ints-13 despite the gross morphological phenotypes resulting from most 

of these treatments. As individual knockdown of ints-1, ints-2, ints-4, ints-5, dic-1, ints-7, ints-8, 

ints-9, or ints-11 has been shown to disrupt snRNA 3’ end processing in C. elegans (11), yet our 

results indicate that only individual knockdown of ints-1, dic-1, ints-9, or ints-11 leads to defects 

in piRNA silencing, our finding suggests that a subset of the Integrator complex could be 

functioning at piRNA loci in a fashion distinct from its function at snRNA loci and coding genes. 

It has been shown recently that the mammalian Integrator complex does indeed form structurally 

distinct subcomplexes (12). Although a subcomplex composed of ints-1, dic-1, ints-9, and ints-

11 was not reported, our results suggest that these four components promote piRNA biogenesis. 

piRNA pathway components are enriched in phase-separated perinuclear organelles 

called P granules. Previous studies have shown that when P granules are lost, RNAi is 

compromised (13). It remains unclear, however, whether specific P granule regulators are 
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important for gene silencing or whether the structures themselves are indispensable. We 

addressed this question by treated the sensitized reporter with RNAi against genes which have 

previously been shown to be enriched in or important for the formation of P granules (14). We 

found that loss of both glh-1 and glh-4 or meg-3 and meg-4 led to GFP expression in the piRNA 

reporter (15). In addition, knockdown of nuclear pore components npp-6. npp-7, and npp-9, 

phosphatase cdc-25.1, and proteasome component pas-5 all led to GFP expression in the reporter 

(Figure 2.2A). The specific role of npp-6/7 in promoting piRNA silencing is further explored 

below. 

 Pre-mRNA splicing has recently been shown to act as a signal for endogenous RNAi 

pathways in C. elegans (16–18). In addition, knockdown of some splicing factors leads to defects 

in P granule formation (14). We therefore wondered whether loss of particular splicing factors 

would trigger GFP expression in our sensitized reporter. We found that of the 13 splicing factors 

we tested, only loss of the second step factors prp-17 and prp-21 triggered GFP expression 

(Figure 2.2A), despite the gross morphological phenotypes resulting from treatment with most 

other RNAi constructs. This finding suggests some specific pre-mRNA splicing factors 

contribute to piRNA silencing, consistent with reports that splicing factor EMB-4 is essential to 

piRNA-mediated silencing for reporters containing multiple introns (17,18). 

 piRNA targeting triggers a silencing signal that relies on siRNAs to function both with 

secondary Argonaute proteins called WAGOs (Worm-specific ArGOnautes) in the cytoplasm 

and in the nucleus. The RNA-dependent RNA polymerases that manufacture these siRNAs, 

termed 22G RNAs due to their possession of a 5’ guanosine and 22nt length, all exist and 

function in the cytoplasm (19,20). Some of these 22G-RNAs associate with HRDE-1 (WAGO-9) 

Argonaute which is critical for the inheritance of gene silencing over generations (21). However, 
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it remains unknown how HRDE-1 and piRNA-dependent 22G RNAs translocate into the nucleus 

in germ cells. We hypothesized that HRDE-1 binds 22G RNAs in the cytoplasm and 

subsequently translocates into the nucleus as has been shown with the nuclear PIWI Argonaute 

in Drosophila and the somatic nuclear Argonaute in C. elegans NRDE-3 (22,23). To identify the 

protein import machinery required for nuclear localization of HRDE-1, we depleted several 

Importin factors in our sensitized reporter and observed GFP expression following ima-3, imb-2, 

and imb-5 knockdown, but not following ima-1 or ima-2 knockdown (Figure 2.2A). Since ima-1 

RNAi knockdown led to sterility but not piRNA reporter activation, this suggests that specific 

protein import machinery is essential for piRNA-mediated gene silencing (see more details on 

HRDE-1 nuclear localization below). 

 Because our sensitized reporter can detect piRNA pathway defects at any level of the 

pathway, such as piRNA biogenesis or production of 22G-RNAs (Figure 2.1C), we next sought 

to characterize the defects contributed by loss of the factors reported above. To accomplish this 

goal, we performed RNAi against a subset of these factors and sequenced the small RNAs from a 

population of depleted animals. While loss of npp-7, prp-17, ints-1, or dic-1 all led to a reduction 

in 22G accumulation (Figure 2.2B), only RNAi of Integrator complex components ints-1 and 

dic-1 caused a reduction in piRNAs as well. Reduction of both piRNA and 22G-RNA levels is 

consistent with the Integrator complex’s involvement in piRNA biogenesis, as compromised 

piRNA production can also lead to reduced 22G-RNA accumulation as is the case in prg-1 

mutants (24). In contrast, the reduction in 22G-RNA but not piRNA levels suggests that npp-7 

and prp-17 likely function as effectors in the piRNA pathway and do not function in piRNA 

biogenesis. We then characterized the defects in each of these cases further. 
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Figure 2.2: Loss of mRNA processing factors, snRNA processing factors, protein import factors, 
and P granules components trigger piRNA reporter activation. 
(A) GFP expression in the piRNA reporter in indicated RNAi knockdowns or mutants (for glh-1 
glh-4 and meg-3 meg-4). † indicates L1 to adult same generation RNAi treatment. Asterisks 
indicate significant reporter activation, see Methods for details. (B) Small RNA fold changes in 
the indicated RNAi knockdowns relative to empty vector control knockdown. Statistical analysis 
was performed using a two-tailed Mann–Whitney Wilcoxon test. 
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2.3.3 Integrator complex resolves piRNA precursor 3’ ends and promotes the 

production of both type I and type II piRNAs 

We found that loss of a subset of Integrator complex components caused GFP expression in our 

sensitized piRNA reporter, consistent with a recent report (9). We sequenced small RNAs from 

animals depleted for Integrator components ints-1 or dic-1 and observed a global reduction in 

mature piRNA production (Figure 2.2B and Supplementary Figure 2.9A). In addition, piRNA 

precursor levels are strongly decreased following ints-1 and dic-1 knockdown (Supplementary 

Figure 2.9B). In mammals and Drosophila, Integrator complex action at snRNA loci requires the 

SNAPc complex of proteins to bind the promoter of snRNA genes (25). The SNAPc homolog 

SNPC-4 in C. elegans is also required for piRNA biogenesis and interacts with piRNA 

promoters (26). We reasoned that if SNPC-4 recruits the Integrator complex to piRNA loci, then 

piRNAs that rely most on SNPC-4 for their accumulation should also rely on the Integrator. We 

found that this was the case for both INTS-1 and DIC-1 (Figure 2.3A). Together, these 

observations suggest that the Integrator plays a role in regulating the production or processing of 

piRNA precursors. 

          At snRNA loci in C. elegans and Drosophila, loss of the Integrator complex results in 

transcriptional readthrough and consequently elongated snRNA transcripts (11,27). Therefore, 

we predicted that Integrator depletion would result in readthrough of piRNA precursors at 

piRNA loci. Since piRNA precursor molecules are rare compared to mature piRNAs and other 

abundant small RNA species, we performed CapSeq to enrich for capped piRNA precursor 

molecules (28). In empty vector treated control animals, we found the size of piRNA precursor 

lengths peak at 25, 41, and 61 nucleotides. Following ints-1 depletion, animals showed less 

defined peaks and elongated piRNA precursors (Supplementary Figure 2.9C), consistent with a 
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role for the Integrator complex in transcriptional termination of piRNA precursors. These 

findings support a model where at type I piRNA loci, SNPC-4 recruits a subset of the Integrator 

complex to elongating RNA pol II, leading to the endonucleolytic cleavage and subsequent 

termination of nascent piRNA precursors (Supplementary Figure 2.9D). 

SNPC-4 interacts with an upstream sequence called the Ruby motif, which is only found 

at type I piRNA loci (2). Surprisingly, we found that both type I and type II piRNA accumulation 

were globally reduced following ints-1 and dic-1 knockdown, although type II accumulation was 

less affected than type I following depletion of either component (Figure 2.3B). Our finding 

contradicts the recent report that INTS-11 does not function at type II piRNA loci (9), so we sought 

to clarify this point. To investigate whether the Integrator is required for gene silencing by type II 

piRNAs, we built a sensitized piRNA reporter where the GFP-targeting piRNA is made from a 

type II piRNA locus (28). We found that snpc-4 depletion leads to only type I reporter activation 

but not type II reporter activation. However, RNAi depletion of ints-1, dic-1, ints-9, or ints-11 

resulted in GFP expression in both type I and type II reporters (Figure 2.3C). This suggests that at 

type I piRNA loci, the Integrator functions with SNPC-4 to promote piRNA accumulation while 

at type II piRNA loci, the Integrator can function in a SNPC-4 independent manner to promote 

piRNA biogenesis.  
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Figure 2.3: The Integrator Complex promotes piRNA biogenesis. 
(A) piRNA precursor fold changes in indicated knockdowns relative to empty vector control 
knockdown. All piRNA precursors are compared to precursors originating from loci which most 
depend on snpc-4 for the accumulation of their mature sequences. Statistical analysis was 
performed using a two-tailed Mann–Whitney Wilcoxon test. (B) piRNA fold changes in the 
indicated knockdowns relative to empty vector control knockdown. Type I and type II piRNAs are 
compared separately. (C) GFP expression in the type I and type II piRNA reporters in indicated 
RNAi knockdowns. † indicates L1 to adult same generation RNAi treatment. Asterisks indicate 
significant reporter activation, see Methods for details.  
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2.3.4 Select nuclear pore and nucleolus components maintain CSR-1 perinuclear 

accumulation and promote piRNA silencing 

Out of over 20 nuclear pore components tested, only 4 nuclear pore components (npp-1, npp-6, 

npp-7, and npp-9) caused over 40% GFP expression in our reporter when depleted (Figure 2.4A), 

despite most treatments resulting in morphologically effected worms (Supplementary Table 1). 

This suggests that only a subset of the factors that make up the nuclear pore are essential for 

piRNA silencing. As describe above, we found that loss of npp-7 resulted in a reduction in 22G-

RNAs but not in piRNAs, (Figure 2.2B), suggesting that npp-7 is not critical for piRNA 

biogenesis but rather functions in the production of secondary WAGO 22G-RNAs. Furthermore, 

when we performed RNAi against npp-1, npp-6, or npp-7 using the type II piRNA reporter 

established above, each treatment led to type II reporter activation (Supplementary Figure 

2.10A), consistent with nuclear pore components functioning downstream of piRNA biogenesis. 

Surprisingly, 22G-RNAs that map to CSR-1 targeted genes were significantly more reduced than 

22G-RNAs that map to WAGO targeted genes following npp-7 knockdown (Figure 2.4B), 

indicating that NPP-7 may play a critical role in regulating CSR-1 function. 

CSR-1 is an Argonaute protein that prevents PRG-1 from targeting many endogenous 

germline genes (29). Consistent with a more pronounced loss of CSR-1 bound 22G RNAs 

following npp-7 knockdown, we also observed mis-localization of CSR-1 protein in npp-7 and 

npp-6 RNAi treated animals (Figure 2.4C). These results suggest that the production and/or 

function of CSR-1 small RNAs are likely compromised in npp-7 depleted animals. If the GFP 

expression that we observed in our piRNA reporter following npp-7 knockdown was caused by a 

CSR-1 defect, then we reasoned that knockdown of csr-1 itself by RNAi should also result in 

GFP expression. Indeed, we found that knockdown of csr-1 and of the H3K36 methyl transferase 



24 

mes-4 both caused GFP expression in our reporter (Supplementary Figure 2.10B). This suggests 

that disruption of CSR-1 or of chromatin modifiers associated with promoting gene expression 

can also impact piRNA mediated gene silencing. Therefore, our observations suggest that npp-6 

and npp-7 may contribute to piRNA silencing by regulating the CSR-1 pathway.  

We wondered how predictive dispersal of CSR-1 was on piRNA reporter activation for 

the remaining nuclear pore components. Therefore, we monitored the expression of CSR-1 and 

PRG-1 in live adult animals following knockdown of all previously screened nuclear pore 

components (Supplementary Figure 2.10C). We found that knockdown of npp-1 caused CSR-1 

but not PRG-1 to become mis-localized as with npp-7 and npp-6. These observations suggest 

that NPP-1, NPP-6, and NPP-7 specifically impact the localization of CSR-1 but not that of other 

P granule factors at the nuclear periphery, and these three factors also promote piRNA-dependent 

gene silencing. 

On the other hand, npp-9 knockdown led to piRNA reporter activation but did not cause 

dispersal of CSR-1 or of PRG-1. This result was surprising, as it has been previously shown that 

RNAi knockdown of npp-9 does cause CSR-1 dispersal in C. elegans embryos (14). Conversely, 

knockdown of npp-24 and npp-2 cause CSR-1 dispersal but do not lead to piRNA reporter 

activation. Therefore, there is an imperfect correlation between nuclear pore component loss 

leading to piRNA reporter activation and CSR-1 dispersal. Nonetheless, our study reveals that 

select nuclear pore components, including NPP-1/6/7, promote CSR-1 perinuclear localization 

and are required for proper piRNA silencing. 

 The Drosophila homolog of NPP-7, Nup153, has been shown to function both at the 

nuclear membrane as a component of the nuclear pore and as a soluble component within the 

nucleoplasm to promote both gene expression and silencing (30,31). We therefore wondered 
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whether NPP-7 in C. elegans may also be expressed intranuclearly to help CSR-1 define 

transcriptionally active regions of the genome. We used the CRISPR/Cas9 system to tag 

endogenous NPP-7 with mCherry and observed its expression in adult animals, and we found 

that in addition to its strong expression at the nuclear periphery, NPP-7 is also expressed as a 

single distinct focus in the nucleoplasm (Figure 2.4D). Surprisingly, we found that the single 

focus of intranuclear NPP-7 in germ cells resides in the nucleolus, and the constitutive nucleolar 

component FIB-1/fibrillarin surrounds the intranuclear NPP-7 focus. We found that nucleolar 

NPP-7 accumulates in nearly every germline nucleus but only rarely in somatic nuclei. 

Additionally, nucleolar but not membrane associated accumulation of NPP-7 relies on FIB-1 

(Supplementary Figure 2.10D). We wondered whether reporter GFP expression following npp-7 

RNAi occurred due to loss of membrane-associated or nucleolar NPP-7. If nucleolar NPP-7 is 

required for piRNA silencing, then we expected that loss of FIB-1, which disrupts nucleolar 

NPP-7 accumulation, would cause piRNA reporter activation. Indeed, fib-1 RNAi led to GFP 

expression in the piRNA reporter, consistent with involvement of the nucleolus in the piRNA 

pathway (Figure 2.4E). This result does not exclude the possibility that both nucleolar as well as 

membrane bound NPP-7 are mutually required for piRNA silencing. In vertebrae, the NPP-2 

homologue Nup85 is required for nuclear pore assembly following cell division (32). We 

reasoned that depletion of NPP-2 might disrupt the membrane bound fraction of NPP-7 while 

leaving the nucleolar fraction unaffected, giving us an opportunity to observe the consequences 

of membrane bound but not nucleolar loss of NPP-7. Indeed, we found that npp-2 knockdown 

affected the enrichment of NPP-7 in the nuclear membrane, resulting in a greater proportion of 

NPP-7 signal in the nucleolus (Supplementary Figure 2.10D). As shown above, npp-2 

knockdown also leads to CSR-1 dispersal from perinuclear granules. The presence of nucleolar 
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NPP-7 may explain why npp-2 knockdown does not compromise piRNA reporter silencing. 

Furthermore, npp-1 and npp-6 knockdown selectively disrupted NPP-7 nucleolar accumulation 

and also led to sensitized reporter GFP expression and CSR-1 dispersal. Nonetheless, the 

correlation of nucleolar NPP-7 localization and piRNA silencing was not perfect as npp-5 

knockdown disrupted nucleolar NPP-7 accumulation but did not lead to reporter GFP expression 

or CSR-1 dispersal. Nevertheless, this correlation suggests that nucleolar and not membrane 

bound NPP-7 is involved in the piRNA pathway. 

 We next sought to reconcile the two observations concerning NPP-7 presented here: (1) 

the involvement of NPP-7 in CSR-1 localization and function and (2) the role of nucleolar NPP-

7 in piRNA pathway function. We hypothesized that these two observations may be directly 

connected if nucleolar NPP-7 is required for CSR-1 localization. To test this, we performed fib-1 

RNAi in a GFP::CSR-1 tagged strain. Remarkably, fib-1 knockdown disrupts perinuclear CSR-1 

accumulation (Figure 2.4F), but not PRG-1 perinuclear accumulation similarly to npp-7 

knockdown (Supplementary Figure 2.10D). Together, our study uncovers roles for select nuclear 

pore and nucleolus components in promoting CSR-1 localization and piRNA silencing. 
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Figure 2.4: Nuclear pore component NPP-7 and the nucleolus promote piRNA dependent 
silencing. 
(A) GFP expression in piRNA reporter in indicated RNAi knockdowns. (B) Small RNA fold 
changes in npp-7 RNAi knockdowns relative to empty vector control knockdown. Statistical 
analysis was performed using a two-tailed Mann–Whitney Wilcoxon test. (C) Fluorescent 
micrographs of live adult worm gonads show the localization of GFP::CSR-1, GFP::PRG-1, and 
GFP::PGL-1 in indicated RNAi knockdowns. (D) Fluorescent micrograph of individual live adult 
worm germline nucleus shows the localization of mCherry::NPP-7 and GFP::FIB-1. Top panels 
display a single slice through the nucleus center, bottom panels display average projection of all 
slices though the full nucleus volume. Percentage of soma and germline nuclei with nucleoli that 
contain NPP-7 are quantified to the right. (E) GFP expression in piRNA reporter in indicated RNAi 
knockdowns. Asterisks indicate significant reporter activation, see Methods for details. (F) 
Fluorescent micrographs of live adult worm gonads show the localization of GFP::CSR-1 in 
indicated RNAi knockdowns. 
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2.3.5 mRNA splicing factor PRP-17 promotes proper mRNA surveillance 

We found that PRP-17 and PRP-21, two splicing factors that function at the second catalytic step 

of pre-mRNA splicing [73,166], activate GFP expression in the sensitized piRNA reporter when 

depleted with RNAi. To further characterize the role of pre-mRNA splicing in the piRNA pathway, 

we sequenced small RNAs from a population of animals treated with prp-17 RNAi. We found that 

22G RNAs were globally reduced following prp-17 depletion (Figure 2.5A). Further, we saw that 

CSR-1 associated 22G RNAs were significantly more affected than WAGO associated 22G RNAs. 

Because PRP-17 is known to function in pre-mRNA splicing, we wondered if there were any 

disparities in 22G RNA accumulation in introns vs exons. We compared reads that map to intronic 

regions to those that map to exonic regions on a gene by gene basis and found that for CSR-1 

targeted genes but not for WAGO targeted genes, more intronic reads accumulate compared to 

exonic reads when prp-17 is depleted compared to a control library (Figure 2.5B). This suggests 

that PRP-17 both promotes the accumulation of CSR-1 22G RNAs globally, and also promotes 

CSR-1 target pre-mRNA splicing. Because CSR-1 22G RNAs are produced in the cytoplasm by 

RNA-dependent RNA polymerase EGO-1, and because improperly splice pre-mRNAs are 

commonly targeted for degradation by nonsense mediated decay (NMD) machinery, it is likely 

that a failure for CSR-1 mRNAs to splice can also explain the CSR-1 22G RNA accumulation 

defect; if CSR-1 mRNA targets are improperly spliced and quickly degraded, then fewer CSR-1 

target mRNAs can be templated for 22G RNA production. However, this does not explain why 

PRP-17 promotes the splicing of CSR-1 target pre-mRNAs but not WAGO target pre-mRNAs. 

Further work will need to be done to fully characterize this phenomenon. 
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2.3.6 Importin components promote HRDE-1 silencing and localization 

We found that depletion of 3 Importin family components, ima-3, imb-2, and imb-5, caused GFP 

expression in the sensitized reporter (Figure 2.2A). Activation during ima-3 and imb-5 

knockdown also occurred using the type II piRNA reporter, supporting a role for the Importin 

family downstream of piRNA biogenesis (Supplementary Figure 2.11A). Since knockdown of 

HRDE-1 cofactors NRDE-1 and NRDE-2 led to activation of our piRNA reporter, we 

hypothesized that HRDE-1 nuclear import might be compromised following depletion of these 

factors, which would in turn impact piRNA mediated silencing. To test this, we treated a 

GFP::HRDE-1 tagged animal with ima-3 and observed HRDE-1 localization in dissected adult 

gonads using confocal microscopy. Indeed, in the ima-3 depleted germline, HRDE-1 failed to 

localize to nuclei. On the contrary, in the ima-1 depleted germline, which continues to silence the 

piRNA reporter, HRDE-1 localization was unaffected (Figure 2.6A). These results are consistent 

with a model in which IMA-3 promotes piRNA-mediated gene silencing by translocating 22G-

RNA-bound HRDE-1 from the cytoplasm to the nucleus where it can interact with nascent RNAs 

Figure 2.5: PRP-17 promotes piRNA dependent silencing and CSR-1 target pre-mRNA splicing. 
(A) Small RNA fold changes in prp-17 RNAi knockdowns relative to empty vector control 
knockdown. Statistical analysis was performed using a two-tailed Mann–Whitney Wilcoxon test. 
(B) Ratio of small RNA reads mapping to introns versus exons in indicated RNAi knockdowns. 
WAGO and CSR-1 targets are separated from all genes. Statistical analysis was performed using 
a two-tailed Mann–Whitney Wilcoxon test. 
 



30 

to transcriptionally silence piRNA targets. Interestingly, the nuclear Argonaute protein 

downstream of the piRNA pathway in Drosophila, Piwi, also relies on IMA-3 for translocation 

into the nucleus following piRNA binding (22). 

 To further support this model, we asked whether endogenous genes that are silenced by 

HRDE-1 also rely on IMA-3 to maintain that silenced state. Using RT-qPCR, we found that 

B0250.8 and F15D4.5 are significantly upregulated both in hrde-1 mutants and following ima-3 

RNAi treatment (Figure 2.6B). Therefore, we conclude that HRDE-1 translocates from the 

cytoplasm to the nucleus using the Importin α member IMA-3. Importin α members are known 

to function as adaptor molecules between protein cargo that contains a nuclear localization 

sequence (NLS) and Importin β members (33). In C. elegans, the somatic nuclear Argonaute 

protein NRDE-3 contains a NLS that, when mutated, results in failure of NRDE-3 to translocate 

into nuclei (23). Surprisingly, despite sharing significant sequence identity with HRDE-1, the 

NLS within NRDE-3 poorly aligns with HRDE-1 (Supplementary Figure 2.11B). Therefore, how 

IMA-3 recognizes HRDE-1 for nuclear translocation requires further study. 
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2.5 Discussion  

We have utilized a sensitized reporter strain which detects defects in both piRNA biogenesis and 

effector factors to identify and characterize factors involved in piRNA silencing. Using our 

reporter, we have identified pre-mRNA splicing factors, Integrator complex subunits, protein 

import components, and nuclear pore components as essential for piRNA-mediated gene 

silencing. While we have currently used our reporter in a candidate screen, it is likely possible to 

use this strain in a forward screen, which would allow for even less biased detection of piRNA 

pathway components. Because the reporter robustly expresses germline GFP upon piRNA 

pathway disruption, activated worms containing a mutation in essential pathway components 

could possibly be sorted from silenced worms, for example using a COPAS BIOSORT system 

(34). Whether the expression of GFP can be distinguished from the significant auto-fluorescence 

Figure 2.6: IMA-3 promotes HRDE-1 nuclear import. 
(A) Fluorescent micrographs of live adult worms gonads show the localization of GFP::HRDE-1 
in indicated RNAi knockdowns. (B) RT-qPCR results show expression change in indicated 
genotypes (wago-9; wago-10) or RNAi knockdowns (Empty vector, ima-3, and ima-1). Statistical 
significance from two-tailed student’s t-test compared to control is displayed above treatments. 
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contributed by intestinal granules adjacent to and overlapping with the adult gonad by a worm 

sorter remains to be seen and could represent a significant barrier to a high throughput approach. 

We found that a subset of the Integrator complex contributes to both type I and type II 

piRNA biogenesis. Because both snRNA loci and type I piRNA loci require the SNAPc complex 

for biogenesis (25,26), we expected that the Integrator complex would be involved in piRNA 

biogenesis as described by recent reports (9,10). Our reporter assay and sequencing data support 

this model, but unexpectedly and inconsistent with the previously published findings, we also 

noticed that type II piRNA biogenesis and silencing were compromised following Integrator 

complex knockdown. Because SNPC-4 is recruited to Ruby motif-containing type I piRNA loci 

and not type II piRNA loci (2,35), our data suggest that the Integrator also functions at type II 

piRNA loci in a SNPC-4 independent manner. It has been shown that the Integrator can also 

function at protein coding genes to terminate transcription, promote RNAP II transcription 

proximal pausing, and promote enhancer RNA accumulation (36–40). While the canonical 

function of the Integrator at snRNA loci requires recognition of a conserved 3’ box sequence 

(41), protein-coding genes which rely on the Integrator complex to cleave nascent RNAs do not 

contain a recognizable 3’ box sequence (36). Intriguingly, C. elegans snRNA loci are devoid of a 

3’ box sequence as well (42). Our data suggest that type II piRNA biogenesis represents yet 

another non-canonical role for the Integrator complex. Further investigation into the 

commonalities between snRNA loci, type I piRNA loci, type II piRNA loci, and protein coding 

genes may help to explain how the Integrator complex recognizes and cleaves nascent RNA 

molecules in C. elegans, and also may shed light on the Integrator’s non-canonical roles in other 

organisms. 
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We found that a nuclear pore component, NPP-7, localizes to both the nuclear envelope 

and the nucleolus, and that depletion of both NPP-7 and of nucleolar component FIB-1 both 

activate our piRNA reporter. This suggests a potential role for the nucleolus in the piRNA 

pathway. In Drosophila ovarian somatic cells, nuclear Argonaute Piwi has been shown to 

localize to nucleoli under heat shock, correlating with the expression of retrotransposons which 

have integrated into rDNA copies (43). Additionally, it has been shown in C. elegans that 

nuclear RNAi machinery targets rRNAs which are degraded by exosomes in the nucleolus (44). 

Both of these observations together with our own data suggest that the nucleolus may be 

involved in specialized small RNA-mediated silencing events. Additionally and possibly 

connected to nucleolar NPP-7, we found that NPP-7 promotes the localization of germ granule 

component CSR-1, but not germ granule components PRG-1 or PGL-1. We recently showed that 

CSR-1 uniquely retains its perinuclear localization when VASA helicases are mutated while 

PRG-1 and PGL-1 each show significant dispersal, suggesting that CSR-1 is recruited to the 

perinucleus in a VASA-independent manner (15). Our results suggest that the nuclear pore itself 

may represent a part of this VASA-independent pathway, and further that CSR-1 recruitment 

may require involvement of the nucleolus as fib-1 knockdown similarly led to specifically CSR-1 

dispersal. 

We observed that knockdown of licensing Argonaute csr-1 and of the H3K36 methyl 

transferase mes-4 both caused GFP expression in our piRNA reporter (Supplementary Figure 

2.10B). It has been shown that H3K36me3 occupancy and CSR-1 22G RNA targeting are highly 

correlated (45). However, it has also been shown that CSR-1 does not directly induce H3K36 

methylation (46). Therefore, we hypothesize that our piRNA reporter is activated when pathways 

that promote gene expression as well as those that control gene repression are disrupted. If 
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correct, then this model would suggest that a balance between gene silencing and expression 

exists within the germline and disruption of pathways that control either gene silencing or gene 

expression can impinge on the alternative. Consistent with this notion, it has been shown that 

“resetting” germline RNAi pathways by re-introducing RNAi machinery to RNAi deficient C. 

elegans in the absence of piRNAs led to potent sterility due to the silencing of essential genes 

(47,48). This finding suggests that silencing machinery is essential for keeping pathways that 

control silencing and expression distinct from one another and balanced in the germline. Our 

finding, conversely, suggests that factors which promote gene expression are also essential for 

maintaining this balance. 

Altogether, we used a piRNA reporter assay to identify and characterize factors that act at 

multiple levels of gene silencing, revealing a role for snRNA processing machinery, pre-mRNA 

splicing factors, the nuclear pore, the nucleolus, and protein import machinery in initiating and 

maintaining small RNA-mediated gene regulation (Figure 2.7). 
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Figure 2.7: Multifaceted involvement of conserved and essential machinery work in concert with 
small RNA-mediated gene silencing in germ cells. 
A model depicting a role for factors identified in our screen. The Integrator complex promotes 
piRNA biogenesis, a subset of nuclear pore factors promotes CSR-1 localization and interface with 
the nucleolus, second step splicing factors ensure proper endogenous splicing occurs 
preferentially, and protein import machinery allow for the nuclear Argonaute HRDE-1 to 
translocate into the nucleus to transcriptionally silence target genes. 
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2.6 Methods 

2.5.1 C. elegans strains 

Animals were grown on standard nematode growth media (NGM) plates seeded with the 

Escherichia coli OP50 strain at 20°C. COP262 (knuSi221 [fib-1p::fib-1(genomic)::eGFP::fib-

1 3' UTR + unc-119(+)] II.) and SS747 (bnIs1[pie-1::GFP::pgl-1 + unc-119(+)]) and YY538 

(hrde-1 (tm1200) III.)  were obtained from the Caenorhabditis Genetics Center (CGC). YY584 

(ggSi1[hrde-1p::3xflag::gfp::hrde-1] II.) was a gift from Scott Kennedy. HCL199 (hrde-1 

(tm1200) III; wago-10 (tm1186) V.) was outcrossed from WM191. HCL105 (gfp::csr-1 IV.) and 

HCL125 (gfp::prg-1 flag::mCherry::glh-1 I.) are described in (49). Creation of HCL202 

(mCherry::npp-7(uoc21) I.)  and HCL135 (prg-1(uoc8) oma-1::gfp I; cdk-1::gfp II; 21ur-anti-

gfp(type I) IV.) are described below. 

2.5.2 RNA interference 

RNA interference (RNAi) was performed by feeding animals with E. coli HT115 (DE3) strains 

expressing the appropriate double-stranded RNA (dsRNA). RNAi bacterial strains were obtained 

from the Ahringer C. elegans RNAi Collection (Source BioScience). Bacterial cultures were 

grown in Luria broth supplemented with 100 μg/ml ampicillin and 50 μg/ml tetracycline 

overnight at 37°C. Cultures were seeded on NGM plates containing 100 μg/ml ampicillin, 50 

μg/ml tetracycline, and 1 mM IPTG and incubated at room temperature until dry. L4 

hermaphrodites were picked onto the plates for feeding at 20°C and removed after 24 hours. 

Adult progeny were screened. In instances where L4 treatment resulted in early next generation 

arrest, L1s were plated and screened as adults. Experiments where same generation screening 

was necessary are indicated in the relevant figure legend or data table. HT115 (DE3) expressing 

empty RNAi vector L4440 was used as the control. To assign significance to treatments in the 
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piRNA reporter activation screen, a threshold of 20% activation was used as control treatment 

sometime resulted in spurious activation, but never resulted in over 20% naïve activation at 20°C 

for type I or type II piRNA reporters. 

2.5.3 CRISPR 

Cas9/sgRNA constructs. We used the online tool sgRNA Scorer 2.0 

(https://crispr.med.harvard.edu/) to design sgRNAs. The sgRNAs were cloned into pDD162 [41] 

by overlapping PCR using pDD162 as the PCR template and the appropriate primers. Overlapping 

PCR products were inserted into pDD162 linearized with SpeI/BsrBI digestion by the seamless 

ligation cloning extract (SLiCE) method [184]. 

Donor constructs. To generate the flag::mCherry::NPP-7 donor construct, 500 bp upstream and 

500 bp downstream of the npp-7 TSS, and the flag::mCherry coding sequences were amplified by 

PCR using N2 genomic DNA or plasmids containing flag::mCherry as templates. PCR fragments 

were inserted into pUC19 linearized with HindIII/KpnI digestion by SLiCE. Silent mutations were 

introduced in guide RNA targeting sites by site-directed mutagenesis in donor constructs using 

Phusion High-Fidelity DNA Polymerases (Thermo Fisher Scientific). 

2.5.4 Fluorescence Imaging 

GFP- and RFP/mCherry-tagged fluorescent proteins were visualized in living nematodes by 

mounting young adult animals on 2% agarose pads with M9 buffer (22 mM KH2PO4, 42 mM 

Na2HPO4, and 86 mM NaCl) with 10-50 mM levamisole. Fluorescent images used for localization 

studies were captured using a Zeiss LSM800 confocal microscope with a Plan-Apochromat 

40X/1.4 Oil objective. Fluorescent images used for screening for GFP expression were captured 

using a Zeiss Axio Imager M2 compound microscope with a Plan-Apochromat 40X/1.4 Oil 

objective. 
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2.5.5 Quantitative real-time PCR 

1 μg of total RNA was reverse transcribed with SuperScript IV Reverse Transcriptase (Invitrogen) 

in 1x reaction buffer, 2U SUPERase-In RNase Inhibitor (Invitrogen), 0.5 mM dNTPs, and 2.5 μM 

random hexamers. Each real-time PCR reaction consisted of 3 μL of cDNA, 1 μM forward gene-

specific primer and 1 μM reverse gene-specific. The amplification was performed using iTaq 

Universal SYBR Green Supermix (Bio-Rad) on the Bio-Rad CFX96 Touch Real-Time PCR 

Detection System. The experiments were repeated for a total of three technical replicates. 

2.5.6 Small RNA sequencing 

Library preparation. Total RNA was extracted from whole animals of ~100,000 synchronized 

young adults. Small (<200nt) RNAs were enriched with mirVana miRNA Isolation Kit 

(Ambion). In brief, 80 μL (200-300 μg) of total RNA, 400 μl of mirVana lysis/binding buffer 

and 48 μL of mirVana homogenate buffer were mixed well and incubated at room temperature 

for 5 minutes. Then 176 μL of 100% ethanol was added and samples were spun at 2500 x g for 4 

minutes at room temperature to pellet large (>200nt) RNAs. The supernatant was transferred to a 

new tube and small (<200nt) RNAs were precipitated with pre-cooled isopropanol at -70°C. 

Small RNAs were pelleted at 20,000 x g at 4°C for 30 minutes, washed once with 70% pre-

cooled ethanol, and dissolved with nuclease-free water. 10 μg of small RNAs were fractionated 

on a 15% PAGE/7M urea gel, and RNA from 17 nt to 40 nt was excised from the gel. RNA was 

extracted by soaking the gel in 2 gel volumes of NaCl TE buffer (0.3 M NaCl, 10 mM Tris-HCl, 

1 mM EDTA pH 7.5) overnight. The supernatant was collected through a gel filtration column. 

RNA was precipitated with isopropanol, washed once with 70% ethanol, and resuspended with 

15 μL nuclease-free water. RNA samples were treated with RppH to convert 22G-RNA 5’ 

triphosphates to monophosphates in 1x reaction buffer, 10U RppH (New England Biolabs), and 
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20U SUPERase-In RNase Inhibitor (Invitrogen) for 3 hours at 37°C, followed by 5 minutes at 

65°C to inactivate RppH. RNA was then concentrated with the RNA Clean and Concentrator-5 

Kit (Zymo Research). Small RNA libraries were prepared according to the manufacturer’s 

protocol of the NEBNext Multiplex Small RNA Sample Prep Set for Illumina-Library 

Preparation (New England Biolabs). NEBNext Multiplex Oligos for Illumina Index Primers were 

used for library preparation (New England Biolabs). Libraries were sequenced using an Illumina 

HiSeq4000 to obtain single-end 50 nt sequences at the University of Chicago Genomic Facility. 

Analysis. Fastq reads were trimmed using custom perl scripts. Trimmed reads were aligned to the 

C. elegans genome build WS230 using bowtie ver 1.2.1.1 [84] with options -v 0 --best --strata. 

After alignment, reads that were between 17-40 nucleotides in length were overlapped with 

genomic features (rRNAs, tRNAs, snoRNAs, miRNAs, piRNAs, protein-coding genes, 

pseudogenes, transposons) using bedtools intersect [123]. Sense and antisense reads mapping to 

individual miRNAs, piRNAs, protein-coding genes, pseudogenes, RNA/DNA transposons, simple 

repeats, and satellites were totaled and normalized to reads per million (RPM) by multiplying be 

1e6 and dividing read counts by total mapped reads, minus reads mapping to structural RNAs 

(rRNAs, tRNAs, snoRNAs) because these sense reads likely represent degraded products. Reads 

mapping to multiple loci were penalized by dividing the read count by the number of loci they 

perfectly aligned to. Reads mapping to miRNAs and piRNAs were only considered if they matched 

to the sense annotation without any overlap. In other words, piRNA and miRNA reads that 

contained overhangs were not considered as mature piRNAs or miRNAs respectively. piRNA 

precursors were defined as sequences containing a full mature piRNA sequence plus a 2 nucleotide 

5’ overhang corresponding to the genomic sequence 2 nucleotides upstream of that piRNA’s 

mature 5’ end. 22G-RNAs were defined as 21 to 23 nucleotide long reads with a 5’G that aligned 
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to protein-coding genes, pseudogenes, or transposons. RPM values were then used in all 

downstream analyses using custom R scripts using R version 4.0.0 [124], which rely on packages 

ggplot2 [174], reshape2 [173], ggpubr [71], dplyr [175].  

2.5.7 Cap-dependent RNA sequencing 

Library preparation. Total RNA isolation was performed as described above for small RNA 

sequencing. Capped RNA molecules were enriched as described previously [60]. Terminator 

exonuclease (Epicentre) was used to selectively degrade monophosphorylated RNAs. Quick CIP 

(New England Biolabs) was used to dephosphorylate non-capped triphosphorylated RNAs. RppH 

was used with Thermopol Buffer (New England Biolabs) to decap RNAs for ligation. Libraries 

were prepared according to the manufacturer’s protocol of the NEBNext Multiplex Small RNA 

Sample Prep Set for Illumina-Library Preparation (New England Biolabs). NEBNext Multiplex 

Oligos for Illumina Index Primers were used for library preparation (New England Biolabs). 

Libraries were sequenced using an Illumina NovaSeq6000 to obtain single-end 100 nt sequences 

at the University of Chicago Genomic Facility. 

Analysis. Adaptor trimming and alignment were performed as described above for small RNA 

sequencing. Reads that were between 17-100 nucleotides were retained. Precursor length 

histograms were constructed based on lengths of unique piRNA precursor sequences (molecules 

containing a full mature piRNA sequence plus the 2 nucleotides upstream of the mature piRNA 5’ 

end, as described above) from each library. Success of cap-dependent isolation was determined by 

comparing the enrichment for piRNA precursors versus mature piRNAs in the cap-dependent 

libraries compared to the previously constructed traditional small RNA libraries. 
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2.7 Supplementary Information 

 

Figure 2.8: piRNA reporter screening strategy. 
A model depicts the cellular context of biogenesis and effector steps in piRNA silencing. 
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Figure 2.9: Loss of piRNAs following snpc-4, ints-1, and dic-1 knockdown. 
(A) Scatterplots show the expression of mature type I piRNAs in the indicated RNAi knockdowns. 
(B) Scatterplots show the expression of type I piRNA precursors in the indicated RNAi 
knockdowns. (C) A histogram shows the distribution of type I and type II piRNA precursor 
sequence lengths in cap-enriched sequencing libraries from ints-1 and empty vector RNAi treated 
worms. (D) A model shows the proposed action of the Integrator complex at piRNA loci. 
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Figure 2.10: NPP-1/6/7/9 and CSR-1 pathway disruption activates the sensitized piRNA reporter. 
(A) GFP expression in type II piRNA reporter in indicated RNAi knockdowns. Asterisks indicate 
significant reporter activation, see Methods for details. (B) GFP expression in type I piRNA 
reporter in indicated RNAi knockdowns. Asterisks indicate significant reporter activation, see 
Methods for details. (C) Percentage of worms with dispersed GFP::CSR-1 (top) or GFP::PRG-1 
(bottom) granules in the indicated RNAi knockdowns. Asterisks indicate p < 0.05 in one-tailed 
Student’s t-test. 
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Figure 2.10 (continued): (D) Percentage of germline nuclei with nucleoli that contain NPP-7 
following the indicated RNAi knockdowns. Representative fluorescent micrographs show 
mCherry::NPP-7 localization from indicated treatments. Treatments that also activate the piRNA 
reported are marked with an asterisk. 

Figure 2.11: HRDE-1 does not share NRDE-3’s nuclear localization signal. 
(A) GFP expression in type II piRNA reporter in indicated RNAi knockdowns. Asterisks indicate 
significant reporter activation, see Methods for details. (B) A selection from the Needleman-
Wunsch global alignment of HRDE-1 and NRDE-3 amino acid sequences that includes the NRDE-
3 nuclear localization signal. 
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CHAPTER 3 

THE ROLE OF PERINUCLEAR GERM GRANULES IN PIRNA-MEDIATED 

TRANSCRIPTOME SURVEILLANCE 

3.1 Attributions 

This chapter has been adapted from: W. Chen & J.S. Brown, et al., GLH/VASA helicases promote 

germ granule formation to ensure the fidelity of piRNA-mediated transcriptome surveillance, Nat. 

Commun. 13 (2022). Wenjun Chen and the author jointly performed live worm confocal 

microscopy experiments. Wenjun Chen prepared most small RNA and mRNA libraries for next 

generation sequencing. Donglei Zhang performed image quantification in live worm confocal 

experiments. Tao He performed the IP-MS analyses of GLH-1 complex. The author conducted the 

other experiments and analyses. 

3.2 Abstract 

piRNAs function as guardians of the genome by silencing non-self nucleic acids and transposable 

elements in animals. Many piRNA factors are enriched in perinuclear germ granules, but whether 

their localization is required for piRNA biogenesis or function is not known. Here we show that 

GLH/VASA helicase mutants exhibit defects in forming perinuclear condensates containing PIWI 

and other small RNA cofactors. These mutant animals produce largely normal levels of piRNA 

but are defective in triggering piRNA silencing. Strikingly, while many piRNA targets are 

activated in GLH mutants, we observed that hundreds of endogenous genes are aberrantly silenced 

by piRNAs. This defect in self versus non-self recognition was also observed in other mutants 

where perinuclear P granules are disrupted. Together, our results argue that perinuclear germ 

granules function critically to promote the fidelity of piRNA-based transcriptome surveillance in 

C. elegans and preserve self versus non-self distinction. 
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3.3 Introduction 

Argonaute proteins use their associated small RNAs as guides to regulate targets with 

complementary sequences [67]. The PIWI Argonaute and its associated piRNAs are conserved 

guardians of the animal genome that repress transposons in the germline [15,21,27,40,131]. A 

prerequisite for any defense system is the ability to distinguish non-self from self. In C. elegans, 

piRNAs trigger gene silencing of non-self RNAs through the recruitment of RNA-dependent RNA 

Polymerases (RdRPs) to produce WAGO Argonaute-associated 22G-RNAs that mediate 

transcriptional and posttranscriptional gene silencing [61,141]. While diverse PIWI/piRNAs can 

recognize both foreign nucleic acids and germline-expressed “self” mRNAs [137,185], self RNAs 

are protected from piRNA silencing by Argonaute CSR-1 and its associated 22G-RNAs 

[133,134,170].  

Intriguingly, the PIWI-related PRG-1, WAGO-1 and CSR-1 Argonautes are all enriched 

in germ granules, also known as P granules in C. elegans [15,33,61,149]. Germ (P) granules are 

phase-separated liquid droplets that are found in the germ cells of all animals [20,46]. The 

localization and formation of P granules are tightly controlled during C. elegans development 

[135,162]. In early embryos, P granules are cytoplasmic and sort to daughter cells of the germ cell 

lineage. As zygotic transcription begins later in embryogenesis, P granules re-localize to the 

nuclear periphery and remain perinuclear throughout most of germline development. Mutations 

that affect the formation of cytoplasmic P granules in embryos, such as mutants for germ plasm 

factors meg-3 meg-4, impact the potency and inheritance of RNAi [43,89,112]. However, meg-3 

meg-4 mutant adults have normal perinuclear P granules. The role perinuclear P granules play in 

small RNA-mediated gene regulation is less clear. Several lines of evidence suggest that 

perinuclear P granules may be the site of mRNA surveillance by small RNAs. First, perinuclear P 
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granules have been shown to be the major sites of mRNA transport in germline nuclei [138]. 

Second, the size of perinuclear P granules shrink soon after inhibition of mRNA transcription or 

mRNA export [31,138], consistent with the model newly exported mRNAs gather in perinuclear 

P granules. Third, a recent report showed that tethering an mRNA to P granule component PGL-1 

leads to its silencing [5], suggesting the accumulation of mRNA in P granules can trigger silencing 

by small RNA pathways.  In addition, the enzymes required for piRNA 3’ end trimming (PARN-

1) and the biogenesis of CSR-1 and WAGO associated 22G-RNAs (EGO-1) are both enriched in 

perinuclear P granules [118,152]. Together, these observations raise the possibility that the 

production and/or function of small RNAs may require the enrichment of these factors in 

perinuclear P granules. 

The VASA-homologue RNA helicases GLH-1 and GLH-4 play a critical role in the 

formation of both cytoplasmic and perinuclear P granules [31,59,96,129,147]. In addition, several 

other P granule factors, including DEPS-1 and PGL-1, have been reported to promote both 

cytoplasmic and perinuclear P granule assembly [63,147]. These observations make them possible 

candidates as arbiters for examining P granule function in small RNA mediated gene silencing. 

Here we show that GLH-1 and GLH-4 play a global role in promoting the liquid condensation of 

Argonautes and other small RNA factors at perinuclear foci. In addition, we found that the 

biogenesis of neither piRNAs nor secondary small RNAs, including WAGO or CSR-1 associated 

22G-RNAs, broadly require GLH/VASA. In GLH and in other mutants with defects in forming 

perinuclear P granules, many piRNA targets were activated, with fewer secondary WAGO 22G-

RNAs produced at piRNA targeting sites. Additionally, many functional endogenous mRNAs are 

aberrantly silenced by piRNAs. Together, our results suggest that GLH/VASA helicases and 

perinuclear P granules are critical for ensuring the fidelity of mRNA surveillance by piRNAs and 
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that without P granules, small RNA pathways can no longer robustly identify mRNAs as self or 

non-self. 

3.4 Results 

3.3.1 GLH/VASA promotes the condensation of piRNA pathway factors 

While GLH-1 plays a critical role in controlling the perinuclear localization of PIWI PRG-1 

[31,96], we failed to detect PRG-1 in GLH-1 complexes by mass spectrometry under native 

conditions [31]. We hypothesized that their interaction could be transient and therefore applied the 

chemical crosslinking reagent dithio-bis-maleimidoethane (DTME) to capture potentially transient 

interactions [52]. Indeed, using DTME-crosslinked worms, we are able to detect PRG-1 in the 

GLH-1 complex (Figure 3.1A). In addition, we observed many other small RNA components in 

the GLH-1 complex, including P granule factors DEPS-1, WAGO-1, CSR-1, and Z granule factor 

WAGO-4 (Figure 3.1A and Supplementary Data file 3.1). These findings are consistent with 

previously reported GLH-1 mass spectrometry results [96]. Z granules are derived from P granules 

during embryogenesis and remain adjacent to P granules in the adult germline [68,169].  Similarly, 

an interaction between P granule and Z granule factors has previously been shown by PRG-1 mass 

spectrometry; PRG-1 itself interacts with factors found in both P granules and Z granules [14]. 

Together with the previous reported results [96], these observations raise the possibility that GLH 

helicases may play a global role in regulating the localization of small RNA pathway components. 

As VASA-like helicases GLH-1 and GLH-4 function redundantly to promote the localization of 

PIWI PRG-1 [31], we examined the localization of various small RNA machinery in the glh-1 glh-

4 mutant. Consistent with previous findings, we found that for PIWI PRG-1, both perinuclear and 

cytoplasmic foci are greatly reduced in the glh-1 glh-4 double null mutant (Figure 3.1B and 

Supplementary Figure 3.7A). For several other small RNA factors, including P granule factors - 
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DEPS-1, CSR-1, and EGO-1, and Z granule factors - WAGO-4 and ZFNX-1, their perinuclear 

localization is also significantly reduced in the glh-1 glh-4 double mutant, although residual foci 

of some of these factors can still be observed, specifically for CSR-1 where the overall level of 

perinuclear CSR-1 is reduced while the number of CSR-1 foci is similar to that in wild type animals 

(Figure 3.1A, C and Supplementary Figure 3.7A, B). We then examined the localization of MUT-

16, a key factor in the assembly of Mutator granules [118]. Mutator granules house the small RNA 

components involved in producing WAGO associated 22G-RNAs. Mutator granules are 

frequently found in close contact with perinuclear P granules [159]. Previous experiments using 

RNAi knockdown of glh-1 and glh-4 did not lead to disruption of MUT-16 localization [118]. The 

localization of MUT-16 was significantly disrupted in glh-1 glh-4 double mutants (Figure 3.1D 

and Supplementary Figure 3.7C). This is consistent with a recent report demonstrating MUT-16 

disruption upon simultaneous RNAi treatment against glh-1, glh-4, pgl-1, and pgl-3 [144]. Taken 

together, these results show that GLH/VASA helicases play a global role in enriching small RNA 

machinery into the distinct liquid condensates observed throughout C. elegans germline 

development, including cytoplasmic and perinuclear P granules, Z granules and Mutator granules. 
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Figure 3.1: The GLH/VASA helicases GLH-1 and GLH-4 promote the localization of germ 
granule factors. 
(A) Proteomic analyses of GLH-1 complex. The numbers of peptides identified in two independent 
pull-down experiments are shown. (B) Fluorescent micrographs show the localization of the 
specific proteins known to be enriched in P granules in the wild type or the glh-1 glh-4 mutant in 
the adult germline (left) and in the four-cell embryo (right). Bar, 10 micrometers.   
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3.3.2 GLH/VASA helicase mutants exhibit defects in piRNA silencing 

To investigate whether GLH-1 and GLH-4 helicases are required for piRNA-mediated gene 

silencing, we examined whether the silencing of a piRNA reporter [134] requires these 

GLH/VASA helicases. This piRNA reporter is silenced in wild type animals but is activated in the 

prg-1 mutant background (Figure 3.2A). Similarly, we found that the piRNA reporter is activated 

in the glh-1 glh-4 double mutant background (Figure 3.2A), suggesting GLH-1 and GLH-4 play a 

role in piRNA silencing. In addition, we found that the piRNA reporter is also activated in the glh-

1 DQAD mutant background. Previous studies have shown that in glh-1 DQAD mutants, P granule 

factors form large aggregates and exhibit defects in the distribution of these granules in the early 

embryo [31,96]. Indeed, in the glh-1 DQAD mutant, large PRG-1 and WAGO-4 aggregates are 

found in the cytoplasm with a significant reduction in perinuclear PRG-1 and WAGO-4 foci 

(Figure 3.2B). In addition, these abnormal, cytoplasmic aggregates are not properly sorted to the 

germ cell lineage and/or not properly degraded in somatic lineages, leading to the presence of these 

foci in somatic lineages (Figure 3.2B). Together, these data show that GLH mutants are defective 

in piRNA silencing.  

We then wanted to understand why piRNA silencing is defective in GLH/VASA mutants. 

We found no significant change in expression of the GFP-targeting piRNA in these GLH/VASA 

mutants compared to wild type animals (Figure 3.2C).  In contrast, we observed a pronounced 

reduction in the 22G-RNAs produced around the GFP-targeting piRNA binding site in both the 

glh-1 glh-4 double and glh-1 DQAD mutants (Figure 3.2D). These analyses suggest that GLH-1 

Figure 3.1 (continued): (C) Fluorescent micrographs show the localization of the specific proteins 
known to be enriched in Z granules in the wild type or the glh-1 glh-4 mutant in the adult germline 
(left) and in the four-cell embryo (right). Bar, 10 micrometers. (D) Fluorescent micrographs show 
the localization of the specific proteins known to be enriched in mutator granules in the wild type 
or the glh-1 glh-4 mutant in the adult germline. Bar, 10 micrometers. 
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and GLH-4 are not required for the biogenesis of the GFP-targeting piRNA, but rather promote 

the production of 22G-RNAs at the piRNA targeting site. 

Since perinuclear P granules have been shown to be the major sites of mRNA export [138], 

we wondered whether GLH/VASA may also contribute to the localization of target mRNAs. We 

therefore examined the localization of GFP mRNAs, the piRNA target of our piRNA reporter, 

using single molecule fluorescent in situ hybridization (smFISH). In our piRNA reporter strain 

where GFP is silenced by a GFP-targeting piRNA, we observed large GFP perinuclear foci and 

little cytoplasmic GFP signal (Figure 3.2E). In the glh-1 glh-4 double mutant piRNA reporter strain 

where GFP is activated, the perinuclear GFP foci were greatly reduced, while more cytoplasmic 

signal was observed (Figure 3.2E). To quantify the extent of silenced gfp mRNA colocalization 

with P granules, we measured the amount of colocalization of gfp mRNA signal with PRG-1 foci. 

Because PRG-1 perinuclear accumulation is reduced in glh-1 glh-4 mutants, we also analyzed a 

piRNA reporter strain without the piRNA that triggers gfp silencing. We saw that compared to the 

wild type, non-silenced reporter and the glh-1 glh-4 mutant reporter, the wild type silenced reporter 

showed significantly more gfp – PRG-1 colocalization (Supplementary Figure 3.8C). We did not 

observe this increase in colocalization when we monitored an mRNA that does not become 

silenced in the reporter, nos-3. Although this effect was significant, the extent of the colocalization 

was modest. This could be due to silenced gfp mRNA also accumulating in Mutator foci or Z 

granules. Consistent with this hypothesis, we noticed that many instances of gfp – PRG-1 

colocalization were only partial, which could be indicative of overlap with granules adjacent to P 

granules. Therefore, GLH-1 and GLH-4 promotes the location of GFP mRNA at perinuclear foci 

in the piRNA reporter. These observations are consistent with the model that GLH/VASA 
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promotes the accumulation of PRG-1, piRNA cofactors, and target RNAs at perinuclear foci to 

trigger piRNA silencing.  
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Figure 3.2: GLH/VASA helicases are required for piRNA-dependent silencing of a piRNA 
reporter. 
(A) GFP expression of the piRNA reporter in the indicated strains. Arrows indicate the adult 
germline nuclei in maturing oocytes with expression of GFP transgenes (top). DIC images of the 
corresponding reporter images (bottom). Bar, 10 micrometers. (B) Fluorescent micrographs show 
the localization of PRG-1 and WAGO-4 in the indicated strains in the adult germline (left) and in 
the four-cell embryo (right). Bar, 10 micrometers. (C) q-RT PCR measurements of the abundance 
of the GFP-targeting piRNA in the indicated strains. Statistical analysis was performed using a 
two-tailed Student’s t-test. Bars indicate the mean, errors bars indicate the standard deviation, and 
data points indicate values for the 3 technical replicates from each genotype.  
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3.3.3 P granules promote piRNA silencing 

The GLH mutants examined above are defective in the localization of small RNA machinery in 

both perinuclear and cytoplasmic P granules. To examine whether piRNA silencing capability 

correlates with the ability to form either type of liquid condensate, we characterized additional 

genetic mutants that have been reported to show defects in forming either cytoplasmic and/or 

perinuclear P granules. The P granule component DEPS-1 has been shown to promote the 

assembly of perinuclear and cytoplasmic P granules [147]. Indeed, the formation of both 

perinuclear and cytoplasmic WAGO-4 condensates are compromised in deps-1 mutants (Figure 

3.3A). However, we found deps-1 mutants exhibit a reduced number of perinuclear PRG-1 

condensates but retained normal cytoplasmic PRG-1 condensates. While we have not yet 

confirmed this finding using our piRNA reporter, a recent study reports that DEPS-1 is required 

for silencing of a piRNA reporter [150]. In addition, we have recently shown that the N terminal 

phenylalanine-glycine-glycine (FGG) repeats of GLH-1 promote its perinuclear localization, 

leading to the recruitment of PIWI PRG-1 at perinuclear P granules [31]. Indeed, we confirmed 

that PRG-1 and WAGO-4 perinuclear condensates, but not their cytoplasmic condensates, are 

partially disrupted in the glh-1 FGGΔ glh-4 mutant (Figure 3.3A). We also found that the piRNA 

reporter is activated in this glh-1 FGGΔ glh-4 strain (Figure 3.3B). These results indicate that 

mutants defective in forming perinuclear P granules exhibit defects in piRNA silencing. We then 

examined the meg-3 meg-4 mutant, in which the localization of the small RNA machinery is 

Figure 3.2 (continued): (D) 22G-RNAs distribution at GFP coding sequences in the indicated 
strains. The green bar (below) indicates the location of the GFP sequence complementary to the 
GFP-targeting piRNA. (E) Photomicrographs of pachytene nuclei in fixed adult gonads hybridized 
with single molecule fluorescent (smFISH) probes complementary to gfp mRNA (Green) and nos-
3 mRNA (Red) in the indicated strains. Nuclear DNA was stained with DAPI (Blue). The 
arrowheads indicate perinuclear mRNA foci while arrows indicate cytoplasmic mRNA foci. Bar, 
5 micrometers. Photomicrographs are representative of data collected across 3 independent 
experiments. At least 10 gonads from each experiment were observed at random. 
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disrupted in cytoplasmic P granules found in the early embryos but still exhibit wild-type like adult 

perinuclear P granules [112,146] (Figure 3.3A). We found that the piRNA reporter is also activated 

in ~30 percent of meg-3 meg-4 mutant animals (Figure 3.3B).  Together, these results indicate that 

the localization of piRNA factors at adult perinuclear P granules and embryonic cytoplasmic P 

granules both contribute to their function in piRNA silencing.  
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3.3.4 Perinuclear P granules promote initiation of piRNA silencing 

Our observations that GLH/VASA promotes the perinuclear localization of piRNA factors and 

their target mRNAs raises the possibility that their enrichment in P granules allows PIWI PRG-1 

and its cofactors to efficiently identify their targets and to trigger gene silencing. To test whether 

Figure 3.3: Mutants with defective in either perinuclear or cytoplasmic P granules exhibit defects 
in gene silencing. 
(A) Fluorescent micrographs show the localization of PRG-1 and WAGO-4 in the indicated strains 
in the adult germline (left) and in the four-cell embryo (right). Bar, 10 micrometers. Quantification 
of each genotype’s effect on granule properties is provided in Supplementary Figure 3.2A. (B) 
GFP expression in the piRNA reporter and the ability to form perinuclear or cytoplasmic PRG-1 
granules in the indicated strains. 
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GLH/VASA mutants exhibit defects in de novo piRNA-mediated gene silencing, we microinjected 

a synthetic piRNA-expressing plasmid into transgenic worms expressing a silencing-prone 

GFP::CDK-1 transgene [185] and monitored the silencing of the GFP transgene by the GFP-

targeting piRNA. While 97% of the injected wild type animals successfully triggered silencing of 

the GFP transgene by the GFP-targeting piRNA by the F2 generation, only 5% of the glh-1 glh-4 

double mutant animals and 36% of the glh-1 DQAD mutant animals triggered silencing of the GFP 

transgene (Supplementary Figure 3.9A). In addition, we observed that only 40% of the deps-1 

mutant animals and 31% of the glh-1 FGGΔ glh-4 mutant animals triggered silencing of the GFP 

transgene. In contrast, meg-3 meg-4 mutants exhibit a normal, wild type ability to trigger silencing 

of the GFP transgene by the GFP-targeting piRNA. Taken together, these assays show that mutants 

defective in forming perinuclear P granules are compromised in their ability to initiate piRNA 

silencing. 

3.3.5 Perinuclear P granules promote silencing of piRNA targets 

Our analyses of the piRNA reporter suggest that GLH/VASA is not required for the biogenesis of 

a GFP-targeting piRNA (Figure 3.2C). Consistent with the reporter analyses, we observed slightly 

reduced or normal piRNA levels in the glh-1 glh-4 double mutant or in glh-1 DQAD mutant, 

respectively (Supplementary Figure 3.10A). In addition, we found that the length of piRNAs was 

not changed in the glh-1 glh-4 double mutant or in the glh-1 DQAD mutant (Supplementary Figure 

3.10B), suggesting that the 3’ processing of piRNAs by PARN-1 is not affected. On the other hand, 

over 41% of WAGO targets (genes known to be silenced by WAGO 22G-RNAs) exhibit a two-

fold decrease in 22G-RNAs in the glh-1 glh-4 double mutant and over 51% in the glh-1 DQAD 

mutant (Figure 3.4A, left and Supplementary Figure 3.10C) [61]. To confirm that the reduction in 

22G-RNAs is due to decreased production of WAGO-associated 22G-RNAs, we performed an 
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immunoprecipitation with HRDE-1 (WAGO-9) and compared wild type HRDE-1 22G-RNAs to 

those in glh-1 mutants, which exhibit a partial defect in forming perinuclear PRG-1 foci [31]. 

(Figure 3.4A, right). We used glh-1 single mutants to perform the HRDE-1 IP experiment due to 

technical limitations, as it is difficult to accumulate enough material for immunoprecipitation using 

the nearly sterile glh-1 glh-4 double mutants. The glh-1 single mutant has a milder defect in 

WAGO 22G-RNA accumulation than the glh-1 glh-4 mutant: 33% of WAGO targets exhibit at 

least a 2-fold decrease in total 22G-RNAs in the glh-1 mutant compared to 41% in the glh-1 glh-

4 (Supplementary Figure 3.10D and Figure 3.4A). Our HRDE-1 IP experiment revealed that 48% 

of WAGO targets exhibit a 2-fold decrease in HRDE-1 22G-RNAs in the glh-1 mutant. To obtain 

a more conservative list of affected WAGO genes, we also applied a statistical threshold and 

observed that 16% of WAGO genes were significantly reduced in HRDE-1 22G-RNA 

accumulation in glh-1 mutants, compared to only 5% of WAGO genes significantly increased. 

Using mRNA sequencing, we found the majority of genes exhibiting significantly reduced HRDE-

1 22G-RNA levels in glh-1 mutants had increased mRNA levels in glh-1 glh-4 double mutants and 

in the glh-1 DQAD mutants (Figure 3.4B and Supplementary Figure 3.10E). Several transposons 

were among those shared activated genes, including TC2 and PAL8C_1 (Supplementary Figure 

3.10F). These observations indicate that GLH/VASA mutants exhibit defects in silencing WAGO 

targets. As the levels of 22G RNAs from WAGO targets were reported to be reduced in meg-3 

meg-4 double mutants [112] which exhibit defects only in cytoplasmic but not in perinuclear PRG-

1 granules, we wondered whether distinct or common WAGO targets exhibit 22G-RNA defects in 

mutants defective in cytoplasmic versus perinuclear P granules. We noticed that those WAGO 

genes with significantly reduced HRDE-1 22G-RNAs in glh-1 mutants exhibit a greater reduction 

in 22G-RNAs compared to other WAGO target genes in the glh-1 glh-4 mutants and in glh-1 
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DQAD mutants. A similar trend of 22G-RNA changes is also found in the deps-1 mutant and in 

the mip-1; mip-2 double mutant, which has also recently been shown to play an important role in 

P granule assembly[32]. In meg-3 meg-4 mutants, which exhibit defects in the formation of 

embryonic cytoplasmic P granules, we see much less difference in 22G-RNA between these 

WAGO genes, suggesting WAGO 22G-RNA biogenesis is globally compromised as previously 

reported (Figure 3.4C) [112]. These results suggest that hundreds WAGO target genes are 

preferentially activated in GLH/VASA mutants and other mutants exhibiting defects in perinuclear 

P granules.     
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Figure 3.4: GLH/VASA mutants exhibit defects in producing secondary WAGO-22G-RNAs. 
(A) A scatter plot showing the abundance of all 22G-RNAs (left) or HRDE-1 bound 22G-RNAs 
(right) mapped to each WAGO target in wild type worms compared to indicated strains. (Left) The 
percentage of WAGO targets with 2-fold increased or decreased 22G-RNAs in mutants are shown. 
(Right) The percentage of significantly changed (adjusted P < 0.05 [see Methods for details] and 
2-fold) WAGO targets are shown. The three diagonal lines indicate a two-fold increase (top), no 
change (middle), or a two-fold depletion (bottom) in the indicated mutant strains. (B) A scatter 
plot showing the mRNA vs 22G-RNA log2 expression changes for WAGO targets in glh-1 glh-4 
mutants vs wild type worms. The upper left quadrant corresponds to WAGO targets that have 
become activated in the mutant (increased mRNAs and decreased 22G-RNAs). Percentages are 
shown in each quadrant to indicate the proportion of WAGO targets with reduced HRDE-1-
associated 22G-RNAs in the glh-1 mutant that fall in that quadrant. 
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Since our piRNA reporter analyses suggest that GLH/VASA is critical for the production 

of downstream 22G-RNAs around piRNA targeting sites, we wondered whether the production of 

piRNA-dependent 22G-RNAs are preferentially affected in GLH/VASA mutants and other 

mutants exhibiting defects in forming perinuclear P granules [87]. Indeed, in glh-1 glh-4, glh-1 

DQAD and deps-1 mutants, those WAGO target genes in which the production of 22G-RNAs 

most depends on PRG-1 exhibit greater reductions in 22G-RNAs than other WAGO targets 

(Supplementary Figure 3.10G). A still significant but lesser difference in 22G-RNA production 

was found for meg-3 meg-4 mutants (Supplementary Figure 3.10G). To specifically examine the 

production of 22G-RNA production at piRNA targeting sites, we compared the local production 

of 22G-RNAs at predicted piRNA target sites [177,185]. For those WAGO targets with 

significantly reduced HRDE-1 22G-RNAs in glh-1 mutants, 22G-RNAs are enriched around 

predicted piRNA target sites in wild type but much less so in glh-1 glh-4, glh-1 DQAD, or deps-1 

mutants (Figure 3.4D). In contrast, while 22G-RNAs are overall slightly reduced in meg-3 meg-4 

mutants, 22G-RNAs remain enriched around these predicted piRNA target sites (Figure 3.4E). 

Similar results were observed when we looked at predicted piRNA target sites in all WAGO genes 

(Supplementary Figure 3.10H). These observations suggest that the production of piRNA-

dependent 22G-RNAs is preferentially compromised in the glh and deps-1 mutants. Together, 

these observations suggest that piRNA-dependent WAGO target genes are preferentially activated 

in VASA mutants and other mutants exhibiting defects in forming perinuclear P granules. 

Figure 3.4 (continued): (C) 22G-RNA changes for WAGO targets with reduced HRDE-1-
associated 22G-RNAs in the glh-1 mutant versus all other WAGO targets in the indicated strains 
versus wild type worms. Statistical analysis was performed using a two-tailed Mann-Whitney 
Wilcoxon test. For all boxplots, lines display median values, boxes display first and third quartiles, 
and whiskers display 5th and 95th percentiles. (D) Density of 22G-RNAs within a 100 nt window 
around predicted piRNA target sites in the indicated strains. Computed by summing 22G-RNA 
density per piRNA targeting site in WAGO targets with reduced HRDE-1 associated 22G-RNAs 
in the glh-1 mutant. The plots are centered on the 10th nucleotide of piRNAs.   
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3.3.6 Perinuclear P granules prevent silencing of self genes 

Essentially all germline transcripts are targeted either by 22G-RNAs associated with WAGO or 

CSR-1 Argonautes, which can silence or license the expression of their targets, respectively 

[61,133,170]. Since CSR-1 is present in GLH-1 complexes and the formation of CSR-1 perinuclear 

condensates is promoted by GLHs (Figure 3.1A & B), we wondered whether GLHs may regulate 

the biogenesis and/or function of CSR-1-associated 22G-RNAs. It has recently been shown that 

simultaneous RNAi against four P granule factors (glh-1, glh-4, pgl-1, and pgl-3) does not lead to 

global changes to 22G-RNAs antisense to CSR-1 targeted genes [144]. Consistent with this 

finding, we found that 22G-RNAs antisense to CSR-1 target genes remain mostly unchanged in 

glh mutants compared to wild type (Figure 3.5A, left and Supplementary Figure 3.11A). 

Intriguingly, in glh-1 glh-4 double mutants, we noticed that 717 CSR-1 genes (15%) exhibit at 

least a two-fold increase in 22G-RNAs that mapped to them. Similar to the analyses of WAGO 

targets, we performed HRDE-1 IP to ask whether these changes were due to increased production 

of WAGO-associated 22G-RNAs. Again, we used the more fertile but less severely affected glh-

1 single mutants to perform the IP, which from total 22G-RNA sequencing show 330 CSR-1 

targets (7%) with two-fold increased 22G-RNA accumulation compared to the 717 CSR-1 targets 

(15%) upregulated in double mutants (Supplementary Figure 3.11B and Figure 3.5A).  
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Figure 3.5: Many functional germline genes are silenced in mutants with defects in forming 
perinuclear PRG-1 granules. 
(A) A scatter plot showing the abundance of all 22G-RNAs (left) or HRDE-1 bound 22G-RNAs 
(right) mapped to each CSR-1 target in wild type worms compared to indicated strains. (Left) 
Percentages of CSR-1 targets with 2-fold increased or decreased 22G-RNAs in mutants are shown. 
(Right) The percentage of significantly changed (adjusted P < 0.05 [see Methods for details] and 
2-fold) CSR-1 targets are shown. Diagonal lines indicate a two-fold increase (top), no change 
(middle), or a two-fold depletion (bottom) in the indicated mutant strains.  
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We again applied a statistical threshold to our IP data to obtain a more conservative list of 

affected CSR-1 genes. Strikingly, HRDE-1 (WAGO-9) immunoprecipitation analyses of the glh-

1 mutant showed that 320 genes were significantly enhanced in HRDE-1 22G-RNA accumulation 

in glh-1 mutants (Figure 3.5A). mRNA sequencing analyses confirmed an overall reduction in 

mRNA levels for these enhanced HRDE-1 targeted genes in glh-1 glh-4 double and in glh-1 

DQAD mutants (Figure 3.5B and Supplementary Figure 3.11A). The aberrantly silenced CSR-1 

targets include several functional genes involved in germline development, including nos-2, puf-

6 and puf-7.  

We wondered whether the aberrant silencing of CSR-1 genes occurs in other mutants 

defective in cytoplasmic and/or perinuclear P granule formation. In glh-1 DQAD mutants, a 

significant increase in 22G-RNAs and decrease in mRNAs are found for those CSR-1 genes with 

enhanced HRDE-1 22G-RNA levels in glh-1 mutants. Similar changes of 22G-RNA or mRNA 

levels are found in other mutants exhibiting defects in the formation of perinuclear P granules, 

Figure 3.5 (continued): (B) A scatter plot showing the mRNA vs 22G-RNA expression changes 
for CSR-1 targets in the indicated strain. Percentages in each quadrant indicate the proportion of 
CSR-1 targets with enhanced HRDE-1 targeting that fall in that quadrant. (C) 22G-RNA fold 
changes for CSR-1 targets with enhanced HRDE-1 targeting versus all other CSR-1 targets in the 
indicated strains versus wild type worms. Statistical analysis was performed using a two-tailed 
Mann-Whitney Wilcoxon test. For all boxplots, lines display median values, boxes display first 
and third quartiles, and whiskers display 5th and 95th percentiles. (D) 22G-RNA accumulation for 
CSR-1 targets with enhanced HRDE-1 targeting compared between the indicated strains. 
Statistical analysis was performed using a two-tailed Mann-Whitney Wilcoxon test. For all 
boxplots, lines display median values, boxes display first and third quartiles, and whiskers display 
5th and 95th percentiles. (E) 22G-RNAs distribution in the enhanced HRDE-1 associated 22G-RNA 
target ceh-49 in the indicated strains. (F) Photomicrographs of pachytene nuclei in adult gonads 
hybridized with specified single molecule fluorescent (smFISH) probes in the indicated strains. 
Nuclear DNA was stained with DAPI (Blue). Arrowheads indicate perinuclear mRNA foci. 
Arrows indicate cytoplasmic mRNA foci. Bar, 5 micrometers. (G) 22G-RNA enrichment in 
HRDE-1 versus CSR-1 IP experiments in the indicated strains for CSR-1 targets and WAGO 
targets. Dotted line indicates no enrichment for either Argonaute. Statistical analysis was 
performed using a two-tailed Mann-Whitney Wilcoxon test. For all boxplots, lines display median 
values, boxes display first and third quartiles, and whiskers display 5th and 95th percentiles. 
Distributions represent data collected across 2 biological replicates for CSR-1 IP and a single 
experiment for HRDE-1 IP. 
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including deps-1 and mip-1/2 mutants. In contrast, in the meg-3 meg-4 mutant that only disrupts 

the formation of embryonic cytoplasmic P granules in embryos, we did not observe an increase in 

22G-RNAs nor a decrease in mRNAs for these CSR-1 genes with enhanced HRDE-1 22G-RNA 

levels in glh-1 mutants (Figure 3.5C). These observations suggest that in mutants with abnormal 

perinuclear P granules, a group of CSR-1 target genes are aberrantly silenced by WAGO 22G-

RNAs.  

3.3.7 PRG-1 is required for the aberrant self silencing 

Because perinuclear P granule loss affects the localization but not abundance of PIWI PRG-1 [31], 

we wondered whether PRG-1 may be aberrantly recognizing these CSR-1 genes when perinuclear 

P granule formation is compromised. Indeed, we found that the aberrant production of 22G-RNAs 

against CSR-1 genes with enhanced HRDE-1 22G-RNA levels in glh-1 mutants are significantly 

reduced in glh-1 glh-4 prg-1 triple mutants compared to glh-1 glh-4 double mutants (Figure 3.5D). 

The mutation of prg-1 suppresses the aberrant accumulation of CSR-1 22G-RNAs in glh-1 glh-4 

double mutants by 2-fold or more for nearly two-thirds of affected genes (Supplementary Figure 

3.11C). These data suggest that most of the aberrant mRNA silencing of CSR-1 genes found in 

GLH/VASA mutants is triggered by piRNAs. Together, these data suggest VASA not only 

promotes silencing of non-self (WAGO targets), but also promotes licensing of self (CSR-1 

targets) to avoid silencing by piRNAs. Previous studies have shown that improper silencing of 

CSR-1 targets can occur in prg-1 mutants[4,106]. In contrast, our observations demonstrate that 

aberrant silencing of CSR-1 targets can also occur in the presence of PRG-1. In fact, here we 

showed that in VASA mutants, PRG-1 is responsible for triggering the aberrant silencing of many 

CSR-1 targets.   
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If self transcript licensing depends on P granules, then these transcripts should be present 

in perinuclear condensates. Using RNA smFISH analyses, we examined the localization of ceh-

49, an aberrantly silenced mRNA normally protected from silencing by CSR-1 (Figure 3.5E), and 

noticed that ceh-49 mRNAs were expressed in the pachytene region of the germline in wild type 

animals and both perinuclear and cytoplasmic signals are detected (Figure 3.5F). In glh-1 glh-4 

mutants, both perinuclear and cytoplasmic ceh-49 signals were decreased. We performed 

colocalization analysis with PRG-1 to measure the extent to which ceh-49 accumulates in P 

granules compared to an mRNA that does not become aberrantly silenced by piRNAs in VASA 

mutants. We observed greater colocalization of ceh-49 mRNA with PRG-1 compared to the 

colocalization of nos-3 mRNA with PRG-1 (Supplementary Figure 3.11D). This effect was 

dependent on glh-1 glh-4. These results are consistent with the model that the P granule 

localization of some mRNA transcripts is critical for their protection from piRNA silencing [112].  

We wondered why some CSR-1 targeted genes gained aberrant silencing in GLH/VASA 

mutants. We hypothesized that these genes might already be prone to silencing in wild type 

animals. To test this hypothesis, we compared the amounts of HRDE-1 associated 22G-RNAs to 

CSR-1 associated 22G-RNAs on these genes. Interestingly, in wild type animals, CSR-1 targets 

with enhanced HRDE-1 22G-RNA levels in glh-1 mutants already exhibited a significantly higher 

ratio of HRDE-1 associated 22G-RNAs to CSR-1 associated 22G-RNAs compared to other CSR-

1 targets (Figure 3.5G). This ratio for CSR-1 genes with enhanced HRDE-1 22G-RNA levels in 

glh-1 mutants favors HRDE-1 even more in glh-1 mutants (Figure 3.5G). The HRDE-1 to CSR-1 

associated small RNA ratio for this group of genes was so far shifted in the glh-1 mutant that they 

now more closely resemble WAGO genes (Figure 3.5G). We wondered whether CSR-1 targets 

which did not meet the stringent cutoff to be called enhanced HRDE-1 targeted genes but still 
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showed two-fold increased 22G-RNA targeting in glh-1 glh-4 mutants also showed this trend. We 

found that the HRDE-1/CSR-1 IP ratio for these targets showed a similar trend of significant 

elevation compared to other CSR-1 genes, but their ratio was not on average as elevated as the 

ratio for the targets with elevated HRDE-1 targeting (Supplementary Figure 3.12A), suggesting 

that while the group of genes which show significant HRDE-1 enhanced targeting in the mutant 

are distinct, there are likely other genes which become mis-regulated but just to a lesser extent. 

These data indicate that these aberrantly silenced CSR-1 genes are already more targeted by 

silencing machinery than other CSR-1 genes in wild type animals. In addition, previous studies 

have shown CSR-1 22G-RNAs are enriched at their 3’ end of transcripts [68,144]. However, CSR-

1 22G-RNAs are more distributed across the whole gene body for these aberrantly-silenced CSR-

1 targets, similar to the distribution of CSR-1 22G-RNAs observed for WAGO targets 

(Supplementary Figure 3.12B). To characterize the extent to which these features correlate with 

enhanced HRDE-1 targeting, we defined the overlap between CSR-1 targets which do not show 

3’ end targeting enrichment, CSR-1 targets which have a high HRDE-1/CSR-1 IP ratio, and CSR-

1 targets which show enhanced HRDE-1 targeting in glh-1 mutants. We saw that over two-thirds 

of CSR-1 genes that gain aberrant HRDE-1 22G-RNAs in glh-1 mutants also share either of these 

other two features (Supplementary Figure 3.12C). We further characterized this effect by 

comparing the increase in HRDE-1 targeting following glh-1 loss for groups of CSR-1 targets that 

have varying levels of 3’ end targeting enrichment and HRDE-1/CSR-1 IP ratios. We saw that 

while groups of genes with no 3’ end enrichment or with a high HRDE-1/CSR-1 IP ratio certainly 

tend to gain more HRDE-1 22G-RNAs in glh-1 mutants, the magnitude of these effects are not 

distinct enough to fully predict which CSR-1 targets would gain HRDE-1 22G-RNAs in P granule 

mutants (Supplementary Figure 3.12D).  Together, these observations suggest that perinuclear P 



79 

granules are critical for protecting hundreds of CSR-1 transcripts from aberrant piRNA silencing 

while at the same time promoting piRNA silencing on WAGO targets.  

3.5 Discussion 

Mutations in VASA helicase genes have been reported to lead to defects in the localization of 

PIWI in various animals [31,80,93,96,180]. Whether the localization of other small RNA factors 

in P granules and other perinuclear granules also relies on GLH/VASA helicases had only been 

explored sporadically. In C. elegans, piRNAs and other small RNA pathway factors are 

concentrated in distinct but partially overlapping granules, including P granules, Z granules and 

Mutator granules [118,169], suggesting these granules interact to facilitate gene regulation by 

small RNAs. Here we expand on these analyses to examine the roles GLH-1 and GLH-4 play in 

the localization of various small RNA factors, include P granule components - DEPS-1, EGO-1, 

CSR-1, Z granule components - WAGO-4 and ZNFX-1, and Mutator component MUT-16. We 

found that the formation of perinuclear condensation of these components are each compromised 

in glh-1 glh-4 double mutants. There are some important caveats to our findings. First, not all the 

components examined are compromised to the same extend in glh-1 glh-4 mutants. Second, it is 

possible that while condensates were observably disrupted upon our genetic manipulation, there 

could be small RNA factors that remain at the nuclear periphery that, although undetectable by 

microscopy, still function sufficiently to contribute self versus non-self distinction. Nevertheless, 

our observations suggest that GLH/VASA plays a global role in promoting the formation of these 

various liquid condensates.  

Phase-separated condensates are capable of concentrating various proteins and RNAs, but 

whether these condensates indeed play a biological role remains controversial. For example, a 

previous study has reported that P body formation is a consequence but not a cause of miRNA-
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mediated gene silencing [47]. In this study, we found that the production of piRNAs and other 

22G-RNAs are not grossly affected in GLH/VASA mutants and other mutants defective in forming 

perinuclear condensates. Instead, the small RNA-based distinction of self and non-self RNAs are 

compromised in these mutants. Specifically, piRNA-dependent silencing of non-self is reduced, 

leading to increased mRNA expression. Simultaneously, hundreds of self RNAs (CSR-1 targets) 

were aberrantly silenced by piRNAs, leading to reduced mRNA expression. Our results 

demonstrate that a significant portion of germline transcripts are mis-regulated by HRDE-1 22G 

RNAs in VASA mutants. As both WAGO and CSR-1 22G-RNAs can establish epigenetic 

memories[35,141], the silenced or expressed state of many germline transcripts may be preserved 

in the absence of P granules. In this model, those mRNAs which did not establish robust epigenetic 

memories would be those that exhibit more mis-regulation in P granule mutants. Indeed, we 

observed that PRG-1 dependent 22G-RNA targets, which depend on PRG-1/piRNAs at each 

generation to trigger gene silencing, are those which exhibit a greater reduction of 22G-RNAs on 

WAGO targets in glh-1/4 mutants (Supplementary Figure 3.10G). In addition, a previous study 

from the Ketting lab has demonstrated that re-establishment of the 22G-RNA system in prg-1 

mutants leads to gene-mis-regulation in a stochastic manner that varies between worms[4]. As our 

measurements of 22G-RNAs or mRNAs are from hundreds of thousands of worms, stochastic 

activation or silencing that may exist in individual worms may not be detected. Examining whether 

P granule mutant worms exhibit aberrant activation or silencing of germline transcripts 

stochastically will be interesting in future studies. Notably, while a similar mis-regulation of CSR-

1 and WAGO targets can be found in several mutants defective in P granule assembly, such as 

VASA, deps-1, pgl-1 and mip-1/2 mutants, such defects are distinct from those defects observed 

in mutants defective for Mutator assembly[118] or Z granule function[68,169,181]. Together, 
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these data argue that perinuclear P granules are critical for the fidelity of piRNA-based surveillance 

in C. elegans and provide an environment that allows distinct Argonaute proteins, such as PRG-1 

and CSR-1, to distinguish self from non-self. Our observations support a model where P granules 

act as the checkpoint for piRNA-mediated gene silencing, where the P granule promotes piRNA 

target recognition for non-self genes while allowing CSR-1 to guard self genes (Figure 3.6). In 

GLH/VASA mutants, the P granule fails to form, leading to the dispersal of small RNA factors 

including PRG-1, WAGOs and CSR-1 into the cytoplasm. When denied the environment of the P 

granule, hundreds of typically silenced non-self transcripts fail to contact silencing machinery 

leading to their expression while hundreds of typically expressed self transcripts fail to contact 

CSR-1 leading to their repression by PRG-1. This model suggests P granules act as a specialized 

environment where transcripts are allowed residence time to properly contact either silencing or 

licensing machinery, as evidenced by our smFISH data that demonstrates the GLH/VASA-

dependent perinuclear localization of both silenced and expressed mRNAs (Figure 3.2E and Figure 

3.6F). Taken together, our study reveals the critical role of perinuclear P granules in promoting the 

fidelity of self and non-self nucleic acids distinction and has broad implications for the functions 

of other RNA-enriched liquid condensates.   
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3.6 Methods 

3.6.1 Caenorhabditis elegans strains 

Animals were grown on standard nematode growth media (NGM) plates seeded with the 

Escherichia coli OP50 strain at 20°C or temperatures where indicated. Some strains were obtained 

from the Caenorhabditis Genetics Center (CGC). The strains used in this study are glh-1(uoc1) I, 

glh-1DQAD(uoc3) I, glh-1FGG∆(uoc4) I, glh-1(uoc5) glh-4(gk225) I/hT2 [bli-4(e937) let-?(q782) 

qIs48] (I;III), deps-1(bn124) I, meg-3(ax3055) meg-4(ax3052) X., and mip-1(uae1) III; mip-

2(uae2) V. 

3.6.2 Fluorescence microscopy and image processing 

GFP- and RFP-tagged fluorescent proteins were visualized in living nematodes or dissected 

embryos by mounting young adult animals on 2% agarose pads with M9 buffer (22 mM KH2PO4, 

Figure 3.6: P granules promote piRNA targeting fidelity. 
Model showing the P granule working in concert with Z and Mutator granules to maintain an 
environment that protects specific self genes from silencing and promotes the silencing of specific 
non-self genes (Left). In GLH/VASA mutants where granule integrity is lost, hundreds of typically 
expressed transcripts become targeted by PRG-1 and silencing machinery while hundreds of 
typically silenced transcripts become dispersed into the cytoplasm and expressed (Right). 
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42 mM Na2HPO4, and 86 mM NaCl) with 10-50 mM levamisole, or mounting one-cell embryos 

on 2% agarose pads by dissecting gravid hermaphrodites into egg salt buffer (5 mM HEPES pH 

7.4, 118 mM NaCl, 40 mM KCl, 3.4 mM MgCl2, and 3.4 mM CaCl2). Fluorescent images were 

captured using a Zeiss LSM800 confocal microscope with a Plan-Apochromat 63X/1.4 Oil DIC 

M27 objective. 

Image processing and quantification of fluorescent puncta were performed using ImageJ. 

Single slice images of gonads and images from maximum intensity projections of z-series of one-

cell embryos were used for quantification. Regions of interest (ROIs) were selected, and areas of 

ROIs were measured. Image thresholds were set manually, and fluorescent puncta were selected. 

Puncta density was calculated as the number of fluorescent puncta in the ROI divided by the area 

of ROI. Integrated intensities and sizes of fluorescent puncta in all ROIs were measured. Data were 

analyzed by student’s t-test or one-way ANOVA followed by Tukey’s correction for multiple 

comparisons. 

3.6.3 piRNA initiation assay 

Initiation of piRNA silencing by introduction of extrachromosomal arrays was performed as 

previously described [185]. Briefly, a plasmid carrying a synthetic piRNA was co-injected with 

pRF4 plasmid carrying the dominant injection marker rol-6dm into young adult gonads of 

indicated genotypes. Progeny were screened for the presence of the injection marker, and progeny 

of these F1s (F2 progeny of injected worms) were screened for their ability to silence the gfp::cdk-

1 transgene if they were able to inherit the injection marker. 

3.6.4 RNA isolation and quantitative real-time PCR 

Total RNA was extracted using the standard method with TRIzol reagent (Invitrogen) from whole 

animals of ~100,000 synchronized young adults. Stem-loop real-time PCR was performed to 
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measure piRNA levels. 1 μg of total RNA was reverse transcribed with SuperScript IV Reverse 

Transcriptase (Invitrogen) in 1x reaction buffer, 5U SUPERase-In RNase Inhibitor (Invitrogen), 1 

mM dNTPs, and 50 pM stem-loop reverse primer 5’-

CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG-n8-3’ (n8=reverse complement 

sequences of last 8 nucleotide acids in piRNAs). Each real-time PCR reaction consisted 4 μL of 

cDNA, 1 μM forward piRNA primer 5’-ACACTCCAGCTGGG-n16-3’ (n16= first 16 nucleotide 

acids in piRNAs), and 1 μM universal reverse primer 5’-CTCAAGTGTCGTGGAGTCGGCAA-

3’. The amplification was performed using Power SYBR Green (Applied Biosystems) on the Bio-

Rad CFX96 Touch Real-Time PCR Detection System. The experiments were repeated for a total 

of three biological replicates. 

3.6.5 Small RNA sequencing  

Total RNA was extracted from whole animals of ~100,000 synchronized young adults as 

described above. Small (<200nt) RNAs were enriched with mirVana miRNA Isolation Kit 

(Ambion). In brief, 80 μL (200-300 μg) of total RNA, 400 μl of mirVana lysis/binding buffer and 

48 μL of mirVana homogenate buffer were mixed well and incubated at room temperature for 5 

minutes. Then 176 μL of 100% ethanol was added and samples spun at 2500 x g for 4 minutes at 

room temperature to pellet large (>200nt) RNAs. The supernatant was transferred to a new tube 

and small (<200nt) RNAs were precipitated with pre-cooled isopropanol at -70°C. Small RNAs 

were pelleted at 20,000 x g at 4°C for 30 minutes, washed once with 70% pre-cooled ethanol, and 

dissolved with nuclease-free water. 10 μg of small RNA was fractionated on a 15% PAGE/7M 

urea gel, and RNA from 17 nt to 26 nt was excised from the gel. RNA was extracted by soaking 

the gel in 2 gel volumes of NaCl TE buffer (0.3 M NaCl, 10 mM Tris-HCl, 1 mM EDTA pH 7.5) 

overnight. The supernatant was collected through a gel filtration column. RNA was precipitated 
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with isopropanol, washed once with 70% ethanol, and resuspended with 15 μL nuclease-free water. 

RNA samples were treated with RppH to convert 22G-RNA 5’ triphosphate to monophosphate in 

1x reaction buffer, 10U RppH (New England Biolabs), and 20U SUPERase-In RNase Inhibitor 

(Invitrogen) for 3 hours at 37°C, followed by 5 minutes at 65°C to inactivate RppH. RNA was 

then concentrated with the RNA Clean and Concentrator-5 Kit (Zymo Research). Small RNA 

libraries were prepared according to the manufacturer’s protocol of the NEBNext Multiplex Small 

RNA Sample Prep Set for Illumina-Library Preparation (New England Biolabs). NEBNext 

Multiplex Oligos for Illumina Index Primers were used for library preparation (New England 

Biolabs). Libraries were sequenced using an Illumina HiSeq4000 to obtain single-end 36 nt 

sequences at the University of Chicago Genomic Facility. 

3.6.6 RNA immunoprecipitation sequencing (RIP-seq) 

A total of ~100,000 synchronized young adult animals were used for RIP-seq. Worm pellets were 

resuspended in equal volumes of immunoprecipitation buffer (20 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 2.5 mM MgCl2, 0.5% NP-40, 80 U/mL RNase Inhibitor (Thermo Fisher Scientific), 1 mM 

dithiothreitol, and protease inhibitor cocktail without EDTA (Promega)), and grinded in a glass 

grinder for 8-10 times. Lysates were clarified by spinning down at 15,000 rpm, 4°C, for 15 

minutes. Supernatants were incubated with the GFP-Trap magnetic agarose beads (ChromoTek) 

at 4°C for 1 hour. Beads were washed with wash buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 

2.5 mM MgCl2, 0.5% NP-40, and 1 mM dithiothreitol) six times, and then resuspended in TBS 

buffer for RNA extraction. Total RNA was extracted using the standard method with TRIzol 

reagent (Invitrogen). Small RNA libraries for RNA-seq were prepared as described above. 

Libraries were sequenced using an Illumina HiSeq4000 to obtain single-end 36 nt sequences at the 

University of Chicago Genomic Facility. 
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3.6.7 Chemical cross-linking and co-immunoprecipitation of GLH-1 

Chemical cross-linking of proteins was performed with Dithio-bismaleimidoethane (DTME). 

~100,000 synchronized flag::mCherry::GLH-1 and wild type (N2) young adults were collected 

and washed three times with M9. Two biological replicates for each genotype were used. M9 was 

discarded to the same amount of the worm volume, then DTME dissolved in Dimethyl Sulfoxide 

(DMSO) was added to a final concentration of 2 mM. Samples were incubated for 30 minutes at 

room temperature with occasional shaking before washed three times with M9 to remove the cross-

linker. Worm pellets were resuspended in equal volume of immunoprecipitation buffer (20 mM 

Tri-HCl pH 7.5, 150 mM NaCl, 2.5 mM MgCl2, 0.5% NP-40, 80 U/mL RNase Inhibitor (Thermo 

Fisher Scientific), 1 mM dithiothreitol, and protease inhibitor cocktail without EDTA (Promega)). 

Worm pellets were homogenized using glass homogenizer for 15-20 strokes on ice. Lysates were 

centrifuged at 14000 x g (Eppendorf Centrifuge 5424 R) for 10 minutes to remove insoluble 

material. Supernatants were incubated with 25 μL of Anti-Flag Magnetic Beads (bioLinkedin) for 

2 hours at 4°C on an end-to-end rotator. Supernatant was removed and beads were washed with 1 

mL of wash buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2.5 mM MgCl2, 0.5% NP-40) six 

times for 10 minutes each time, and with the final wash of 0.05% NP-40. Beads were incubated at 

37°C for 30 minutes in 50 μL de-crosslinking buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 

mM MgCl2, 0.2% Tween 20, 10 mM dithiothreitol). The final samples were boiled in 2 x SDS 

loading buffer at 100°C for 5 minutes before mass-spectrometry analysis. 

3.6.8 Mass-spectrometry analysis 

Mass spectrometry. The samples were subjected to SDS PAGE gel electrophoresis experiments 

(120V, 1hr) and visualized by Coomassie staining to obtain gel strip samples. Whole lanes were 

collected as single samples. 800 μL of 0.1M NH4HCO3/30% acetonitrile (ACN) was added to 
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samples, decolorized and washed until the protein blue disappeared, and supernatant was removed. 

800 μL of H2O was added to samples immediately to terminate reactions for 10 minutes, and the 

supernatant was removed. 800μL 100mM NH4HCO3 was added and samples were allowed to 

stand for 20 minutes, and the supernatant was removed. 40μL 100mM DTT and 360μL 100mM 

NH4HCO3 were added to samples and samples were incubated at 56°C for 30 minutes to reduce 

the protein; the supernatant was removed, 100μL 100% ACN was added and incubated for 5 min, 

then aspirated. 280μL 100mM NH4HCO3 and 120μL 200mM 3-indole acetic acid (IAA, freshly 

prepared, stored in the dark) was added at room temperature and incubated for 20 minutes in the 

dark; the supernatant was removed,100 μL 100 mM NH4HCO3 was added, and left to stand at 

room temperature for 15 minutes to remove the supernatant; 100 μL 100% CAN was added and 

incubated for 5 minutes, aspirated and freeze-dried. 600μL of 20ng/μL Trypsin (Promega, V5113) 

was added to samples and samples were placed in a refrigerator at 4°C for about 30 minutes to 

inflate the gel block; then 100μL of 50mM NH4HCO3 buffer was added and digested overnight 

at 37°C. The enzymatic hydrolysate was aspirated and transferred to a new centrifuge tube, 100μL 

of 60% ACN/0.1%TFA (trifluoroacetic acid) was added to the gel block samples and sonicated 

for 15 min, solution was aspirated and added to the previous solution. This extraction was repeated 

3 times, combined and lyophilized. After enzymolysis, the peptides were desalted using a C18 

StageTip column, concentrated and dried. Then the peptides were reconstituted with 0.1% formic 

acid aqueous solution for subsequent LC MS/MS analysis 

LC-MS/MS analysis. An appropriate amount of peptides from the sample was taken and 

used on the nanoliter flow rate Easy-nLC 1200 chromatography system (Thermo Scientific) for 

chromatographic separation. Buffer A was a 0.1% formic acid aqueous solution, and buffer B was 

a mixed solution of 0.1% formic acid, acetonitrile and water (where acetonitrile was 80%). The 
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column was equilibrated with 100% buffer A. Samples were injected into the Trap Column 

(100µm x 20mm, 5µm, C18, Dr. Maisch GmbH) and then passed through the chromatographic 

analysis column (75 μm × 150 mm, 3 μm, C18, Dr. Maisch GmbH) for gradient separation at a 

flow rate of 300nL/min. The related liquid phase gradient was as follows: 0-3min, linear gradient 

of liquid B from 2% to 8%; 3-43 min, linear gradient of liquid B from 8% to 28%; 43-51 min, 

linear gradient of liquid B from 28% to 40%; 51-52 min, linear gradient of liquid B from 40% to 

100%; 52-60 min, linear gradient of liquid B maintained at 100%. After separation of the peptides, 

a Q Exactive HF-X mass spectrometer (Thermo Scientific) was used for DDA (Data Dependent 

Acquisition) mass spectrometry analysis. The analysis time is 60 min, the detection mode: positive 

ion, the precursor ion scan range: 350-1800 m/z, the resolution of the primary mass spectrometer 

is 60000 @m/z 200, AGC target 3e6, and the primary maximum IT: 50ms. Peptide secondary mass 

spectrometry analysis is collected according to the following method: after each full scan (full 

scan), it is triggered to collect the secondary mass spectrum (MS2 scan) of the 20 highest intensity 

precursor ions, and the resolution of the secondary mass spectrum is 15000@m/z 200, AGC target: 

1e5, secondary Maximum IT 25ms MS2 Activation Type: HCD, Isolation window: 1.6m/z, 

Normalized collision energy: 28. The mass spectrometry database search software MaxQuant 

1.6.1.0 was used with the following protein database from Uniprot Protein Database: species 

Caenorhabditis elegans uniprot-Caenorhabditis elegans [6239]-27419-20210222.fasta. A PSM 

FDR < 0.01 and a protein FDR < 0.01 were used to assign positive protein identifications.  

3.6.9 RNA smFISH and PRG-1 immunohistochemistry 

smFISH of nos-3, gfp, and ceh-49 mRNA. RNA smFISH was performed on dissected adult C. 

elegans gonads. For particular genotypes and conditions, experiments were performed with at least 

two technical replicates. Staged young adult worms were washed with M9 and resuspended in 
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Dissection Buffer (PBS, 1mM EDTA) then deposited onto 18mm circular coverslips that were 

coated with 0.1% Poly-L-lysine solution. Gonads were dissected from whole worms using 25G x 

5/8 hypodermic needles directly onto coverslips in a 12 well tissue culture plate. All subsequent 

steps were performed directly in the 12 well plate. Gonads were fixed in 4% formaldehyde for 30 

minutes at room temperature. Gonads were then washed with PBS and dehydrated with 70% 

ethanol at 4C for one or two overnights. Gonads were re-hydrated with PBS and washed once with 

FISH wash buffer (2xSSC, 10% formamide) at 37C. FISH probes were suspended in Hybridization 

Buffer (10% formamide, 2mM vanadyl ribonucleoside complex, 20mg/mL BSA, 10mg/mL 

dextran sulfate, 2mg/mL E.coli tRNA) 1:50. smFISH probes were created by Biosearch 

Technologies to target gfp mRNA, nos-3 mRNA, or ceh-49 mRNA. Oligo sequences can be found 

in Supplementary Data 3.2. gfp mRNA probes were conjugated to Quasar670 (Custom probe, 

Biosearch Technologies Cat. No. SMF-1065-5), nos-3 to CalFluor Red 610 (Custom probe, 

Biosearch Technologies Cat. No. SMF-1082-5), and ceh-49 to Quasar670 (Custom probe, 

Biosearch Technologies Cat. No. SMF-1065-5). Gonads were hybridized overnight at 37C in 12 

well tissue plate wrapped tightly in parafilm. Gonads were washed with FISH wash buffer, stained 

with DAPI, and mounted onto 25mm x 75mm x 1mm plain glass slides with ProLong Diamond 

Antifade Mountant. Samples were imaged on a Zeiss LSM800 Confocal Microscope at 40X 

magnification using a Plan-Apochromat 40X/1.4 Oil Objective. 

smFISH of nos-3, gfp, and ceh-49 mRNA and antibody staining of PRG-1. RNA smFISH 

and antibody staining was performed on dissected adult C. elegans gonads. For particular 

genotypes and conditions, experiments were performed with at least two technical replicates. 

Staged young adult worms were washed with M9 and resuspended in Dissection Buffer (PBS, 

1mM EDTA) then deposited into a watch glass. Adults were dissected using 25G x 5/8 hypodermic 
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needles and then transferred to 1.5mL microcentrifuge tubes. All subsequent steps were performed 

in individual microcentrifuge tubes. Gonads were fixed in ice cold methanol for five minutes, 

freeze cracked in liquid nitrogen for one minute, and submerged in ice cold acetone for five 

minutes. Gonads were washed once with Antibody Wash Buffer (PBS, 1mM EDTA, 0,1% Tween-

20) and 50uL of anti-PRG-1[15] suspended 1:200 in Antibody Suspension Buffer (PBS, 1mM 

EDTA, 0.1% Tween-20, 20mg/mL, 2mM vanadyl ribonucleoside complex) was added. Tubes 

were shaken at 850rpm overnight at 4C. Gonads were washed twice with Antibody Wash Buffer 

and 50uL of anti-Rabbit Alexa488 (Jackson Labs Cat. No. 711-547-003) suspended 1:400 in 

Antibody Suspension Buffer was added. Tubes were shaken at 850rpm for two hours at room 

temperature. Gonads were wash once with Antibody Wash Buffer and once with 2xSSC. Samples 

were suspended in FISH Wash Buffer for 10 minutes at 37C. smFISH protocol, mounting, and 

imaging was then performed as above. 

Image processing and analysis. Image processing and quantification of fluorescent puncta 

were performed using ImageJ. Single slice images of gonads were used for quantification. Regions 

of interest (ROIs) were selected, and areas of ROIs were measured. For smFISH and PRG-1 

channels (Alexa488, CalFluor Red 610, and Quasar670), a Difference of Gaussian filter was 

applied to full image stacks with σ1 = 4 and σ2 = 1. Image thresholds were set manually and 

uniformly across all samples. Colocalization analysis was performed by measuring the total 

number of pixels in a stack which showed colocalization as a fraction of the total number of pixels 

in a stack pertaining to the molecule being measured. For example, colocalization of gfp mRNA 

with PRG-1 protein was measured by dividing the number of thresholded pixels in the gfp channel 

which overlap with thresholded pixels in the PRG-1 channel by the total number of thresholded 
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pixels in the gfp channel. Images from 7-30 gonads were collected and quantified. Data were 

compared by student’s t-test. 

3.6.10 Sequencing data analysis 

RNA-seq. Fastq reads were trimmed of adaptors using cutadapt [97]. Trimmed reads were aligned 

to the C. elegans genome build WS230 using bowtie2 ver 2.3.0 [83]. After alignment, reads were 

overlapped with genomic features (protein-coding genes, pseudogenes, transposons) using 

bedtools intersect [123]. Reads per kilobase million (RPKM) values were then calculated for each 

individual feature by summing the total reads mapping to that feature, multiplied by 1e6 and 

divided by the product of the kilobase length of the feature and the total number of reads mapping 

to protein-coding genes. Protein-coding genes were used to normalize by sequencing depth 

because mRNA libraries were prepared by polyA tail selection, so reads mapping to features 

devoid of polyA tails are likely contaminants. RPKM values were then used in all downstream 

analyses using custom R scripts, which rely on packages ggplot2[174], reshape2 [173], ggpubr 

[71], dplyr [175]. 

sRNA-seq. Fastq reads were trimmed using custom perl scripts. Trimmed reads were 

aligned to the C. elegans genome build WS230 using bowtie ver 1.2.1.1 [84] with options -v 0 --

best --strata. After alignment, reads that were between 17-40 nucleotides in length were overlapped 

with genomic features (rRNAs, tRNAs, snoRNAs, miRNAs, piRNAs, protein-coding genes, 

pseudogenes, transposons) using bedtools intersect [123]. Sense and antisense reads mapping to 

individual miRNAs, piRNAs, protein-coding genes, pseudogenes, RNA/DNA transposons, simple 

repeats, and satellites were totaled and normalized to reads per million (RPM) by multiplying be 

1e6 and dividing read counts by total mapped reads, minus reads mapping to structural RNAs 

(rRNAs, tRNAs, snoRNAs) because these sense reads likely represent degraded products. Reads 
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mapping to multiple loci were penalized by dividing the read count by the number of loci they 

perfectly aligned to. Reads mapping to miRNAs and piRNAs were only considered if they matched 

to the sense annotation without any overlap. In other words, piRNA and miRNA reads that 

contained overhangs were not considered as mature piRNAs or miRNAs respectively. 22G-RNAs 

were defined as 21 to 23 nucleotide long reads with a 5’G that aligned to protein-coding genes, 

pseudogenes, or transposons. RPM values were then used in all downstream analyses using custom 

R scripts using R version 4.0.0 [124], which rely on packages ggplot2 [174], reshape2 [173], 

ggpubr [71], dplyr [175]. To determine GLH-dependent 22G-RNA lists and PRG-1 dependent 

22G-RNA lists, a Bayesian approach as described previously [95] was used: two models were 

compared to determine p-values. The first model states that a given gene has the same probability 

of accumulating positive reads between two samples. The second model states that a given gene’s 

probability of accumulating positive reads is unique between two samples. The probability of each 

model for each gene was calculated and compared to yield the final probability (p-value) for each 

gene’s read accumulation being the same between two samples. Significance was determined with 

Bonferroni correction P < 0.05. 

Metagene analysis. Metagene profiles across gene lengths were calculated by computing 

the depth at each genomic position using 21 to 23 nucleotide long small RNA reads with a 5’G 

using bedtools genomecov [123]. A custom R script was then used to divide genes into 100 bins 

and sum the normalized depth within each bin. Groups of genes were then plotted using the sum 

of the normalize depth at each bin. To determine transcripts with particular CSR-1 IP enrichment 

at their 3’ ends, the proportion of 21 to 23 nucleotide long small RNA reads with a 5’G in averaged 

wild type CSR-1 IP libraries mapping to the last 15% of each transcript’s length was compared to 

the proportion of reads mapping to the remaining 85% of each transcript’s length. Non-enriched 
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transcripts were accordingly defined as those with less than 15% of the reads mapping to the full-

length transcript falling into that last 15% bin. Medium enrichment were those transcripts with 

16% to 30% of their reads mapping to the last 15% of their mRNA length, and high enrichment 

were those transcripts with greater than 30% of their reads mapping to the last 15% of their mRNA 

length. Metagene profiles relative to piRNA targeting sites were calculated as the mean normalized 

reads per million at each nucleotide position using the indicated 22G-RNA reads. piRNA targeting 

positions were determined using the stringent piRNA targeting rules for the indicated group of 

transcripts according to the previously published piRNA targeting rules[185]. 

HRDE-1 / CSR-1 ratio. Normalized reads (RPM) were calculated as described above. RPM 

values were compared between HRDE-1 IP and CSR-1 IP libraries and ratio levels were assigned 

as follows: highly CSR-1 favored transcripts were those CSR-1 targeted transcripts with a log2 

(HRDE-1 IP / CSR-1 IP) of less than -2.8, CSR-1 favored were those with a log2 of between -2.8 

and -1.82, slightly CSR-1 favored were those with a log2 of between -1.82 and 0, and HRDE-1 

favored were those CSR-1 targeted transcripts with a log2 greater than 0. 

3.6.11 Data availability 

All sequencing data generated in this study (mRNA-seq, small RNA-seq, and RIP-seq) are 

available at the NCBI SRA database with accession number PRJNA802581 

(https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA802581). Small RNA-seq from the parn-

1 mutant [152] can be found with accession number SRS1021265 

(https://www.ncbi.nlm.nih.gov/sra/?term=SRS1021265). The MS proteomics data have been 

deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the 

accession number PXD033506 (https://www.ebi.ac.uk/pride/archive/projects/PXD033506). 

Source data are provided with this paper. 
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3.8 Supplementary Information

 

Figure 3.7: Image analyses corresponding to Figure 3.1A-C. 
(A) Granule density, size, and intensity quantification of proteins known to be enriched in P 
granules in the wild type or the glh-1 glh-4 mutant, corresponding to micrographs in Figure 1b. 
Statistical analysis was performed using a one-tailed Student’s t-test.  Bars indicate the mean, 
errors bars indicate the standard deviation, and data points indicate values for individual worms 
(density) or granules (size and intensity) from each genotype. N values indicate number of worms 
(density) or granules (size and intensity) examined.  
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Figure 3.7 (continued): (B) Granule density, size, and intensity quantification of proteins known 
to be enriched in Z granules in the wild type or the glh-1 glh-4 mutant, corresponding to 
micrographs in Figure 1c. Statistical analysis was performed using a one-tailed Student’s t-test.  
Bars indicate the mean, errors bars indicate the standard deviation, and data points indicate values 
for individual worms (density) or granules (size and intensity) from each genotype. N values 
indicate number of worms (density) or granules (size and intensity) examined. (C) Granule density, 
size, and intensity quantification of proteins known to be enriched in mutator granules in the wild 
type or the glh-1 glh-4 mutant, corresponding to micrographs in Figure 1d. Each bar represents n 
= 8~10 worms. Statistical analysis was performed using a one-tailed Student’s t-test. Bars indicate 
the mean, errors bars indicate the standard deviation, and data points indicate values for individual 
worms (density) or granules (size and intensity) from each genotype. N values indicate number of 
worms (density) or granules (size and intensity) examined. 
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Figure 3.8: Image analyses corresponding to Figure 3.2B. 
(A) Granule density, size, and intensity quantification of GFP::PRG-1 and GFP::WAGO-4 in the 
indicated genotypes, corresponding to micrographs in Figures 3.2B and 3.3A. Statistical analysis 
was performed using a one-way ANOVA and Tukey’s correction for multiple comparisons were 
used. Bars indicate the mean, errors bars indicate the standard deviation, and data points indicate 
values for individual worms (density) or granules (size and intensity) from each genotype. N 
values indicate number of worms (density) or granules (size and intensity) examined. (B) Single 
nuclei from micrographs presented in Figure 3.2B. Bar, 2 micrometers. 
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Figure 3.8 (continued): (C) Colocalization analysis of mRNA signal (gfp and nos-3) with PRG-1 
signal. An example single z-slice image from each genotype is presented to the left. Arrowheads 
indicate pixels showing gfp mRNA signal colocalizing with PRG-1 signal. Colocalized pixels are 
highlighted in white in the merged image. Bar, 5 micrometers. Quantification is shown to the 
right. Each dot represents a z-series from a single gonad of the indicated genotype, probed under 
the indicated conditions. Data points represent biological replicates in two independent 
experiments. Statistical analysis was performed using a two-tailed Student’s t-test. For all 
boxplots, lines display median values, boxes display first and third quartiles, and whiskers display 
5th and 95th percentiles. 
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Figure 3.9: Mutants with defects in PRG-1 perinuclear condensates exhibit defects in triggering 
piRNA silencing. 
The percentage of F2 generation worms that exhibit silencing of a GFP transgene in the indicated 
strains. For meg-3 meg-4 mutants, n = 14. For all other strains, n > 50. 
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Figure 3.10: GLH/VASA mutants exhibit defects in producing secondary WAGO-22G-RNAs 
(Corresponding to Figure 3.4). 
(A) A scatter plot showing the abundance of each piRNA (21U-RNA) in glh-1 glh-4 and glh-1 
DQAD mutant worms compared to wild type. Diagonal lines indicate a two-fold increase (top), 
no change (middle), or a two-fold depletion (bottom) in the indicated mutant strains. Percentages 
indicate the proportion of piRNAs increased or decreased 2-fold compared to wild type. 
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Figure 3.10 (continued): (B) Scaled kernel density estimation of mature piRNAs (21nt) and their 
precursors (>21nt) in the indicated strains. (C-D) Scatter plots showing the abundance of all 
22G-RNAs mapped to each WAGO targets in wild type worms compared to the indicated 
mutants. The percentage of WAGO targets with 2-fold increased or decreased 22G-RNAs in 
mutants are shown. Diagonal lines indicate a two-fold increase (top), no change (middle), or a 
two-fold depletion (bottom) in the mutant. (D) A scatter plot showing the mRNA vs 22G-RNA 
expression changes for WAGO targets in glh-1 DQAD mutants vs wild type worms. Percentages 
indicate the proportion of WAGO targets with reduced HRDE-1-associated 22G-RNAs that fall 
in that quadrant. (E) A scatter plot showing the mRNA vs 22G-RNA expression changes for 
transposon mRNA in the indicated mutants vs wild type worms. Transposons with increased 
mRNAs and decreased 22G-RNAs in both glh-1 glh-4 and glh-1 DQAD mutants are highlighted 
in red. 22G-RNA data reflect data collected from a single experiment. mRNA data reflect data 
collected across 2 biological replicates. (F) 22G-RNA fold changes for WAGO targets most 
dependent on prg-1 for 22G-RNA accumulation in the indicated mutants compared to wild type. 
Most prg-1 dependent WAGO targets defined as those WAGO targets with a significant 
(adjusted P < 0.05 [see Methods for details] and 2-fold) decrease in 22G-RNA accumulation in 
prg-1 mutants. Statistical analysis was performed using a two-tailed Mann-Whitney Wilcoxon 
test. For all boxplots, lines display median values, boxes display first and third quartiles, and 
whiskers display 5th and 95th percentiles. (G) Density of 22G-RNAs within a 100 nt window 
around predicted piRNA target sites in the indicated strains. Computed by summing 22G-RNA 
density per piRNA targeting site in all WAGO targets. Plots are centered on the 10th nucleotide 
of piRNAs.   
 



102 

Figure 3.11: Many functional germline genes are silenced in mutants with defects in forming 
perinuclear PRG-1 granules (Corresponding to Figure 3.5). 
(A) A scatter plot showing the mRNA vs 22G-RNA log2 expression changes for CSR-1 targets 
in glh-1 DQAD mutants vs wild type worms. The bottom right quadrant corresponds to CSR-1 
targets that have become silenced in the mutant (decreased mRNAs and increased 22G-RNAs). 
Percentages are shown in each quadrant to indicate the proportion of CSR-1 targets with 
enhanced HRDE-1-associated 22G-RNAs in the glh-1 mutant that fall in that quadrant. 
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Figure 3.11 (continued): (B) A scatter plot showing the abundance of all 22G-RNAs mapped to 
each CSR-1 targets in wild type worms compared to glh-1 mutants. The percentage of CSR-1 
targets with 2-fold increased or decreased 22G-RNAs in mutants are shown. The three diagonal 
lines indicate a two-fold increase (top), no change (middle), or a two-fold depletion (bottom) in 
glh-1 mutants. (C) A scatter plot showing 22G-RNA accumulation on CSR-1 genes with a 2-
fold increase in 22G-RNA accumulation in glh-1 glh-4 mutants. The glh-1 glh-4 prg-1 triple 
mutant is compared to the glh-1 glh-4 double mutant. In red, enhanced CSR-1 targets that are 
suppressed by prg-1 loss are shown. The three diagonal lines indicate a two-fold increase (top), 
no change (middle), or a two-fold depletion (bottom) in the indicated mutant strains. 
Distributions represent data collected across 2 biological replicates. (D) Colocalization analysis 
of mRNA signal (ceh-49 and nos-3) with PRG-1 signal. An example single z-slice image from 
each genotype is presented to the left. Arrowheads indicate pixels showing ceh-49 mRNA signal 
colocalizing with PRG-1 signal. Colocalized pixels are highlighted in white in the merged image. 
Bar, 5 micrometers. Quantification is shown to the right. Each dot represents a z-series from a 
single gonad of the indicated genotype, probed under the indicated conditions. Data points 
represent biological replicates in two independent experiments. Statistical analysis was 
performed using a two-tailed Student’s t-test. For all boxplots, lines display median values, 
boxes display first and third quartiles, and whiskers display 5th and 95th percentiles. 
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Figure 3.12: HRDE-1 / CSR-1 IP ratio and CSR-1 IP 3’ end enrichment are both associated with 
enhanced HRDE-1 targeting of CSR-1 genes in VASA mutants. 
(A) 22G-RNA enrichment in HRDE-1 versus CSR-1 IP experiments in the indicated strains for 
CSR-1 targets and WAGO targets. Dotted line indicates no enrichment for either Argonaute. 
Statistical analysis was performed using a two-tailed Mann-Whitney Wilcoxon test. For all 
boxplots, lines display median values, boxes display first and third quartiles, and whiskers 
display 5th and 95th percentiles.  Distributions represent data collected across 2 biological 
replicates for CSR-1 IP and a single experiment for HRDE-1 IP. 
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Data file 3.1: List of interacting proteins identified by MS with DTME-crosslinking using GLH-
1. 
 
Data file 3.2: List of smFISH probes. 
 
  

Figure 3.12 (continued): (B) Metagene traces showing the total accumulation of 22G-RNAs by 
percentage of gene length in IP experiments. Traces are shown for three classes of genes: all 
CSR-1 targets (left), all WAGO targets (middle), and CSR-1 targets with enhanced HRDE-1 
targeting (right). Traces from CSR-1 IP experiments are shown in red and traces from HRDE-1 
IP experiments are shown in blue. (C) Venn diagram showing the overlap between CSR-1 targets 
that fail to show a 3’ end enrichment in wild type CSR-1 IP (see Methods), CSR-1 targets with 
a HRDE-1 to CSR-1 IP ratio greater than 1, and CSR-1 targets with enhanced HRDE-1 targeting 
in glh-1 mutants. (D) Characterization of the effect of CSR-1 22G-RNA 3’ end enrichment on 
the level of HRDE-1 enhancement in glh-1 mutants (top), and the effect of HRDE-1 to CSR-1 
IP ratio on the level of HRDE-1 enhancement in glh-1 mutants (bottom). For 3’ end enrichment 
and HRDE-1 to CSR-1 IP ratio characterization, see Methods. Statistical analysis was performed 
using a two-tailed Mann-Whitney Wilcoxon test. For all boxplots, lines display median values, 
boxes display first and third quartiles, and whiskers display 5th and 95th percentiles. Distributions 
represent data collected across 2 biological replicates for CSR-1 IP derived values and a single 
experiment for HRDE-1 IP derived values. 
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CHAPTER 4 

THE DETERMINANTS OF GENE SILENCING AND LICENSING IN THE C. 

ELEGANS GERMLINE 

4.1 Attributions 

This chapter has been adapted from: W.-S. Wu & J.S. Brown, et al., Transcriptome-wide analyses 

of piRNA binding sites suggest distinct mechanisms regulate piRNA binding and silencing in C. 

elegans, RNA, rna-079441 (2023). Wei-Sheng Wu and members of his lab jointly performed 

bioinformatic analyses with the author. 

4.2 Abstract 

PIWI-interacting RNAs (piRNAs) protect genome integrity by silencing transposon mRNAs and 

some endogenous mRNAs in various animals. However, C. elegans piRNAs only trigger gene 

silencing at select predicted targeting sites, suggesting additional cellular mechanisms regulate 

piRNA silencing. To gain insight into possible mechanisms, we compared the transcriptome-wide 

predicted piRNA targeting sites to the in vivo piRNA binding sites. Surprisingly, while sequence-

based predicted piRNA targeting sites are enriched in 3’ UTRs, we found that C. elegans piRNAs 

preferentially bind to coding regions (CDS) of target mRNAs, leading to preferential production 

of secondary silencing small RNAs in the CDS. However, our analyses suggest that this CDS 

binding preference cannot be explained by the action of anti-silencing Argonaute CSR-1. Instead, 

our analyses imply that CSR-1 protects mRNAs from piRNA silencing through two distinct 

mechanisms – by inhibiting piRNA binding across the entire CSR-1 targeted transcript, and by 

inhibiting secondary silencing small RNA production locally at CSR-1 bound sites. Together, our 

work identifies the CDS as the critical region that is uniquely competent for piRNA binding in C. 

elegans. We speculate the CDS binding preference may have evolved to allow the piRNA pathway 
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to maintain robust recognition of RNA targets in spite of genetic drift. Together, our analyses 

revealed that distinct mechanisms are responsible for restricting piRNA binding and silencing to 

achieve proper transcriptome surveillance.  

4.3 Introduction 

Small non-coding RNAs, such as miRNAs and piRNAs, play important roles in gene regulation 

by guiding Argonaute proteins to target RNAs with sequence complementarity [67]. miRNAs play 

critical roles in various developmental processes by regulating the expression of endogenous genes 

[13]. PIWI-interacting RNAs (piRNAs) are germline-enriched small RNAs found in diverse 

animals that silence non-self nucleic acids, such as transposons and viruses [15,21,27,40,131]. One 

unique characteristic of piRNAs is their sequence diversity - tens of thousands of sequence-distinct 

piRNAs are produced. To identify mRNA targets regulated by these diverse piRNAs, both 

sequence-based approaches as well as experimental approaches have been reported; using 

bioinformatic analyses and in vivo reporter assays, previous studies have identified the piRNA 

targeting rules in C. elegans [137,185]. In C. elegans, piRNAs identify their targets through base 

pairing, requiring nearly perfect complementarity at seed regions and tolerating several 

mismatches in the remaining sequence. Several predicted piRNA targeting sites have been 

confirmed to play a regulatory role in vivo, and removal of predicted piRNA targeting sites allows 

for stable expression of several silencing-prone transgenes [137,185]. piRNAs are predicted to 

bind various germline-silenced mRNAs, and surprisingly, many germline-expressed mRNAs as 

well [177,185]. CLASH (crosslinking, ligation and sequencing of hybrids) is a powerful 

biochemical approach to identify in vivo small RNA binding sites [65];  protein-bound small RNAs 

are ligated to their target mRNAs and these hybrid molecules, comprised of small RNAs and 

mRNA fragments, are sequenced to identify putative direct interactions. A recent study has applied 
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CLASH analyses of C. elegans PIWI (PRG-1) to identify in vivo piRNA binding sites [137]. 

Analysis of this data revealed that piRNAs bind both germline-silenced and germline-expressed 

mRNAs in C. elegans. Therefore, both bioinformatic and experimental approaches suggest that 

piRNAs alone are not sufficient to distinguish self from non-self nucleic acids. Two types of 

endogenous small RNAs work with piRNAs to achieve proper transcriptome surveillance. WAGO 

associated small RNAs are produced at piRNA targeting sites to silence non-self nucleic acids 

[87,141]. In addition, CSR-1 Argonaute and its associated small RNAs have been shown to target 

germline-expressed RNAs and protect self nucleic acids from piRNA silencing [133,137,170]. 

While the mechanism that controls CSR-1 licensing remains largely unknown, these studies 

suggest an interesting model where CSR-1 and its small RNAs act as a gene-licensing pathway, 

critical for distinguishing self nucleic acids from non-self in C. elegans.  

Our genome-wide analyses of piRNA targeting sites have identified surprisingly few 

overlapping sites between experimentally-identified piRNA binding sites and sequence-based 

predicted piRNA targeting sites [177]. These observations suggest that piRNA binding to mRNA 

targets may be regulated, such as by the CSR-1 pathway. However, CSR-1 protection alone cannot 

fully explain gene licensing, as CSR-1 knockdown does not result in silencing of many CSR-1 

targets [25,144]. Currently it is unclear whether additional mechanisms exist to control piRNA 

recognition.  

To gain insights into the mechanisms that regulate piRNA silencing, we compared the in 

vivo binding sites of piRNAs to the in silico predicted piRNA targeting sites on target mRNAs 

(Figure 4.1A). Specifically, we performed metagene analyses to examine the distribution of 

piRNA binding sites on mRNAs, and we compared binding density across various genomic 

features. We also examined the distribution of silencing WAGO small RNAs and licensing CSR-
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1 small RNAs, and their relationship with piRNA binding sites. Surprisingly, we found that 

piRNAs preferentially bind to coding regions (CDS) of mRNAs. As a consequence, piRNAs 

trigger the production of secondary WAGO silencing small RNAs preferentially at the CDS. In 

contrast, our analyses showed that the sequence-based predicted piRNA targeting sites are slightly 

enriched in 3’ UTRs, thus the preference for CDS binding by piRNAs cannot be explained by the 

distribution of predicted piRNA targeting sites. In addition, we found that CSR-1 licenses germline 

expression by inhibiting both piRNA binding and secondary silencing WAGO small RNA 

production, but does so through distinct modes of action. Nonetheless, our analyses suggest CSR-

1 is not responsible for restricting piRNA binding to the CDS. Together, our analyses identify 

CDSs as the critical regions that are uniquely susceptible to piRNA silencing in C. elegans and 

revealed distinct mechanisms that regulate piRNA silencing in vivo.   



110 

 

Figure 4.1: Transcriptome-wide analyses of piRNA binding sites. 
(A) To investigate in vivo small RNA binding regulation, we analyzed in vivo binding site data, 
in silico predicted piRNA targeting site data, and small RNA targeting site data. Synthesizing 
these datasets allowed us to identify small RNA binding patterns across groups of genes and 
within genomic features. By comparing such pattern in distinct genetic mutants, we infer and 
propose possible regulatory mechanism of piRNA silencing. (B)  Two examples highlight 
distinct patterns observed between in vivo piRNA binding sites and in silico predicted piRNA 
binding sites. The location of predicted piRNA targeting sites are shown in red, the 
experimentally identified piRNA binding sites are shown in blue, and the common sites (defined 
as sites where the same piRNA was determined by prediction and experimentally to target 
overlapping mRNA regions) are shown in yellow. The specific regions of the indicated mRNAs, 
including 5’ UTR, CDS and 3’ UTR are also labeled.  
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4.4 Results 

4.3.1 piRNAs exhibit a binding preference to the coding regions of target mRNAs 

in C. elegans 

As described above, only a small proportion of predicted piRNA targeting sites were found to be 

bound by piRNAs in vivo, suggesting that piRNA binding to mRNA targets is regulated by cellular 

mechanisms [177]. Intriguingly, while examining two well-characterized piRNA germline target 

mRNAs [137,151], we noticed that despite the presence of several predicted piRNA targeting sites 

in various regions of these mRNAs, including CDS, 5’ UTRs and 3’ UTRs (Figure 4.1B and for 

complete binding site information, see Supplementary Data file 4.1), the experimentally identified 

piRNA binding sites are mostly present in the CDSs, with some of these binding sites also 

predicted as piRNA targeting sites. We therefore wondered whether the observed piRNA CDS-

binding preference could be a global trend, applicable to other germline mRNAs.  

To test whether our analyses of Argonaute/small RNA binding sites are consistent with 

previously published results, we first examined the distribution of experimentally identified 

miRNA binding sites in C. elegans, which are known to be enriched in 3’ UTRs of mRNAs [22]. 

Using previously published miRNA Argonaute ALG-1 iCLIP data, we identified transcriptome-

wide in vivo miRNA binding sites. As expected, when we analyzed lin-4 miRNA binding sites on 

lin-14 mRNA, all in vivo lin-4 binding sites are located in the 3’ UTR of lin-14 (Figure 4.2A and 

Supplementary Data file 4.1). We then calculated the density of all miRNA binding sites in 

different regions of the mRNAs, including 5’ UTR, CDS or 3’ UTR [176]. We observed a higher 

density for both the number of miRNA binding sites and the miRNA binding events at the 3’ end 

of mRNAs, especially at the 3’ UTR of mRNAs in C. elegans (Figure 4.2B & 4.2C and 

Supplementary Figure 4.7A & 4.7B). To more closely examine the local change in miRNA binding 
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preference between different regions, we examined the distribution of miRNA binding sites at the 

borders of CDS and UTRs. As expected, we observed that the number of miRNA binding sites did 

not change around the start codon but increased sharply immediately downstream of the stop codon 

(Figure 4.2D). Together, these analyses confirmed the previous observations that miRNAs 

predominately bind to their target mRNAs at their 3’ UTRs [22].  
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Figure 4.2: In vivo miRNA binding sites are enriched at the 3’ UTR of mRNAs in C. elegans.  
(A) lin-4 miRNA in vivo binding sites found in lin-14 mRNA. (B) Metagene trace shows the 
distribution of miRNA binding sites along an mRNA. The solid line indicates the average 
number of miRNA binding sites in all mRNAs. The dotted lines indicate the average number 
plus/minus one standard error. (D) The density of miRNA binding sites in the indicated regions. 
Blue lines represent median values. The statistical significance (P-value) of the difference in 
density between two regions was calculated by the Mann-Whitney U test. (D) The distribution 
of miRNA binding sites around the start codon (left) or stop codon (right). A 200 nucleotide-
window centered at start or stop codon is shown. The solid line indicates the average number of 
miRNA binding sites in all mRNAs. For each position, the average is calculated from all mRNAs 
which possess that position. For example, not all mRNAs have 5’UTRs but they all have CDSs. 
The dotted lines indicate the average number plus/minus one standard error. 
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We then compared the genome-wide distribution of sequence-based predicted piRNA 

targeting sites and experimentally identified piRNA binding sites on germline mRNAs, since 

piRNAs are mostly expressed in the germline [111,178]. Using the stringent piRNA targeting rule 

identified in previous studies [178,185], we observed that the predicted piRNA targeting sites are 

enriched at the 3’ end of germline mRNAs (Figure 4.3A), and their densities are highest in the 3’ 

UTR of germline mRNAs (Figure 4.3B). Using published PIWI PRG-1 CLASH data [137], we 

then analyzed the transcriptome-wide in vivo piRNA binding sites on germline mRNAs [176]. 

Interestingly, we observed a very distinct distribution of in vivo piRNA binding sites compared to 

that of the predicted piRNA targeting sites; the overall distribution of piRNA binding sites on 

germline mRNAs exhibits a peak at the 5’ end, followed by a steady level across the gene body 

before a decrease at the 3’ end (Figure 4.3C).  Consistent with the CDS binding preference found 

in the well-characterized piRNA targeted mRNAs, we found that the density of in vivo piRNA 

binding sites is highest in the CDS of germline mRNAs (Figure 4.3D). Specifically, the piRNA 

binding sites increased most notably around the start codon and decreased most notably around 

the stop codon (Figure 4.3E) – opposite to the distribution of the predicted piRNA targeting sites 

(Supplementary Figure 4.8A). These observations suggest that piRNAs preferentially bind to 

CDSs, and this preference cannot be explained by the distribution of predicted piRNA targeting 

sites.  

As some miRNAs are also expressed in the germline, we wondered whether the enrichment 

of piRNA binding sites in CDSs is a feature shared by germline-expressed miRNAs [101]. We 

therefore restricted our miRNA binding site analysis to germline-enriched miRNAs at germline 

mRNAs. However, we found that miRNA binding sites for these germline-enriched miRNAs 

remain enriched at the 3’ UTR and 3’ end of germline mRNAs (Supplementary Figure 4.8B). 
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Therefore, the piRNA CDS-binding preference is not shared by miRNAs in the germline. We 

wondered whether binding of miRISC complexes in the 3’ UTR could explain the exclusion of 

piRNA binding to 3’ UTRs. If so, those mRNAs without miRNA binding sites at their 3’ UTRs 

should exhibit a reduced CDS-binding preference and enhanced 3’ UTR binding. We analyzed 

piRNA binding sites in germline mRNA transcripts which contain predicted binding sites of 

germline miRNAs in their 3’UTRs and those that do not. We found that piRNA binding is heavily 

enriched in the CDS for both of these groups (Supplementary Figure 4.8C). Additionally, we 

analyzed piRNA binding site density in germline transcripts with experimentally identified 

germline miRNA binding sites in their 3’UTRs and those without (Supplementary Figure 4.8D). 

Again, we found that piRNAs still heavily favor CDS binding even without 3’UTR germline 

miRNA binding. Therefore, despite germline miRNAs’ preference for binding 3’ UTRs 

(Supplementary Figure 4.7B), miRNA binding at 3’ UTRs is not sufficient to explain the piRNA 

binding preference for the CDS. Since previous studies have shown that germline-expressed 

transcripts are protected from piRNA silencing by CSR-1 and its associated small RNAs 

[133,137,170], we also examined whether there is a difference in piRNA binding distribution on 

germline-expressed mRNAs (here defined as CSR-1 targets) or germline-silenced mRNAs (here 

defined as WAGO targets, see more descriptions of WAGO Argonautes below). We found that 

the CDS enrichment for piRNA binding sites exists for both WAGO targets as well as for CSR-1 

targets (Supplementary Figure 4.8E) [33,61]. This observation suggests that the CDS binding 

preference is likely not caused by CSR-1 (see more about CSR-1 function below). Together, we 

conclude that the in vivo piRNA binding sites are enriched in the CDSs of germline-expressed 

mRNAs in C. elegans.     
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Figure 4.3: In vivo piRNA binding sites are enriched in the coding region (CDS) of germline 
mRNAs in C. elegans. 
(A) Metagene trace shows the distribution of predicted piRNA targeting sites along a germline 
mRNA. The solid line indicates the average number of piRNA targeting sites in all germline 
mRNAs. The dotted lines indicate the average number plus/minus one standard error. (B) The 
density of predicted piRNA targeting sites in the indicated regions of germline mRNAs. Blue 
lines represent median values. The statistical significance (P-value) of the difference in density 
between two regions was calculated by the Mann-Whitney U test. 
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4.3.2 piRNAs preferentially trigger the production of secondary small RNAs at 

mRNA coding regions  

piRNAs induce gene silencing by triggering the production of secondary silencing small RNAs 

that associate with Worm specific ArGOnautes (WAGOs), also known as WAGO 22G-RNAs 

[8,10,87]. These WAGO 22G-RNAs are produced by RNA-dependent RNA polymerase locally 

at piRNA binding sites. Since piRNAs preferentially bind to CDSs, we wondered whether the 

production of WAGO 22G-RNAs is also enriched at CDS regions. To test this hypothesis, we 

compared the density of WAGO 22G-RNAs in distinct regions of WAGO targeted mRNAs. 

Indeed, for germline-silenced mRNAs (WAGO targets) [61], we observed that both WAGO-9 

(also known as HRDE-1) and WAGO-1, bound 22G-RNAs are significantly enriched in the CDS 

(Figure 4.4A). In addition, for CSR-1 targeted mRNAs, WAGO 22G-RNAs are also enriched in 

the CDS (Figure 4.4A), despite their overall WAGO 22G-RNA levels being much lower in CSR-

1 targets than in WAGO targets. WAGO 22G-RNA production can be induced by piRNAs and 

other small RNA pathways [34,49]. Therefore, if piRNA-induced WAGO 22G-RNAs are 

produced preferentially at the CDS, we expect that in PIWI mutants, which lose all piRNAs, the 

WAGO 22G-RNAs should be preferentially reduced at coding regions. Indeed, when we compared 

the levels of WAGO-1 22G-RNAs between wild type and PIWI prg-1 mutants [14], we observed 

a greater reduction of WAGO-1 22G-RNAs in the CDS than that in 5’ or 3’ UTRs, for both 

Figure 4.3 (continued): (C) Metagene trace shows the distribution of experimentally identified 
piRNA binding sites along a germline mRNA. The solid line indicates the average number of 
piRNA binding sites in all germline mRNAs. The dotted lines indicate the average number 
plus/minus one standard error.   (D) The density of experimentally identified piRNA binding 
sites in the indicated regions of germline mRNAs. Blue lines represent median values. The 
statistical significance (P-value) of the difference in density between two regions was calculated 
by the Mann-Whitney U test. (E) The distribution of piRNA binding sites around the start codon 
(left) or stop codon (right). A 200 nucleotide-window centered at start or stop codon is shown. 
The solid line indicates the average number of piRNA binding sites in all germline mRNAs. For 
each position, the average is calculated from all germline mRNAs which possess that position. 
 



118 

germline-silenced and germline-expressed mRNAs (Figure 4.4B). These observations suggest that 

the preferential piRNA binding at the CDS of mRNAs is functionally relevant, as piRNA binding 

preference in the CDS leads to a corresponding enrichment of secondary WAGO 22G-RNAs 

produced at the CDS. Furthermore, this confirms that the piRNA binding pattern we observed was 

not simply due to a technical bias of the CLASH method, as this independent signature of piRNA 

binding corroborates our findings. Interestingly, a recent study compared the ability of synthetic 

piRNAs to trigger gene silencing and showed that those synthetic piRNAs targeting the CDS can 

trigger robust gene silencing, but for synthetic piRNA targeting 5’ or 3’UTRs, gene silencing is 

not as successful [121]. These reporter-based experiments support our transcriptome-wide 

analyses that the CDS is the critical region that is uniquely competent for piRNA silencing in C. 

elegans.  
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Figure 4.4: Secondary WAGO 22G-RNAs are preferentially produced in coding regions. 
(A) The density of WAGO-9 (top) and WAGO-1 (bottom) 22G-RNAs in the indicated regions 
of WAGO targets (left) or CSR-1 (right) targets. Blue lines represent median values. The 
statistical significance (P-value) of the difference in density between two regions was calculated 
by the Mann-Whitney U test. (B) The ratio of WAGO-1 22G-RNAs in the prg-1 mutant over 
those in wild type in the indicated regions of WAGO (left) or CSR-1 (right) targets. Blue lines 
represent median values. The statistical significance (P-value) of the difference in fold change 
(prg-1 mutant/WT) between two regions was calculated by the Mann-Whitney U test. 
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4.3.3 CSR-1 inhibits piRNA binding and WAGO 22G-RNA amplification with 

distinct modes of action 

CSR-1 Argonaute and its associated 22G-RNAs have been reported to protect germline transcripts 

from piRNA silencing [133,170]. However, the mechanism behind CSR-1 Argonaute’s anti-

piRNA silencing function remains unclear. A previous study suggests that CSR-1 inhibits the 

piRNA pathway by interfering with piRNA binding [137]. Nonetheless, it is unclear whether CSR-

1 also inhibits downstream WAGO 22G-RNA synthesis. In addition, it is unknown whether CSR-

1 binding leads to protection of the whole transcript from piRNA silencing, or CSR-1 only 

interferes with piRNA silencing locally, proximal to CSR-1 targeting sites. To gain insights into 

CSR-1’s anti-piRNA silencing function, we first examined the distribution of CSR-1 22G-RNAs 

on germline mRNAs. We found that the levels of CSR-1 22G-RNAs are higher at the 3’ end of 

CSR-1 targets (Figure 4.5A, top) and are produced at both CDSs and 3’ UTRs (Supplementary 

Figure 4.9A, top), consistent with a recent report [144]. In addition, we found a low level of CSR-

1 22G-RNAs produced from WAGO targets. These CSR-1 22G-RNAs are more equally 

distributed across the gene body, with their levels reduced at both 5’ and 3’ ends (Figure 4.5A, 

bottom), and enriched at the CDS (Supplementary Figure 4.9A, bottom).    

To examine the relationship between CSR-1 binding and piRNA binding, we then 

examined the effect of CSR-1 depletion on piRNA binding [137]. Our analyses showed that CSR-

1 depletion leads to a greater increase of piRNA binding in CSR-1 targets than in WAGO-1 targets, 

indicating that the greater level of CSR-1 22G-RNAs leads to greater levels of protection from 

piRNA binding (Figure 4.5B and Supplementary Figure 4.9B). If CSR-1 inhibits piRNA binding 

locally, we expect a greater increase of piRNA binding at regions where CSR-1 levels are higher. 

However, despite the very different distribution of CSR-1 22G-RNA accumulation on WAGO 
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targets and CSR-1 targets, we observed a similar increase of piRNA binding in all regions of the 

transcripts for both WAGO and CSR-1 targets (Figure 4.5B and Supplementary Figure 4.9B) upon 

CSR-1 depletion. Therefore, while the overall level of CSR-1 targeting a given transcript correlates 

with its protection level against piRNA binding, the location of CSR-1 targeting within the 

transcript does not seem to matter.  To further examine the relationship between CSR-1 

localization and piRNA binding, we defined subgroups of CSR-1 targets for CSR-1 targets where 

CSR-1 22G-RNAs are either enriched at their 3’ UTRs (n=2082) or are not enriched at any specific 

regions (n=763) (Figure 4.5C and Supplementary Figure 4.9C). Again, upon CSR-1 depletion, we 

found that piRNA binding sites increased in all regions of both subgroups of CSR-1 targets despite 

their different CSR-1 distributions (Figure 4.5D and Supplementary Figure 4.9D). These results 

suggest that CSR-1’s inhibition of piRNA binding does not correlate with local CSR-1 22G-RNA 

levels. 

While our analyses show that CSR-1 inhibits piRNA binding, we observed that piRNAs 

bind germline-expressed CSR-1 targets with higher density than they bind germline-silenced 

WAGO targets (Supplementary Figure 4.9E). This apparent contradiction could be explained by a 

significantly higher expression level for CSR-1 targets, providing more opportunities for piRNA 

binding. To test this hypothesis, we normalized the piRNA binding density to mRNA expression 

levels. Indeed, we found piRNA density is significantly greater for WAGO targets than for CSR-

1 targets on a per transcript basis (Supplementary Figure 4.9F). Nonetheless, significantly more 

WAGO 22G-RNAs (both WAGO-1 and WAGO-9 22G-RNAs) were produced from all regions of 

WAGO targets compared to CSR-1 targets (Supplementary Figure 4.9G), indicating that piRNA 

binding on CSR-1 targets does not trigger WAGO 22G-RNA production as effectively as piRNA 

binding on WAGO targets. This observation suggests that CSR-1 not only inhibits piRNA binding, 
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it may also inhibit the downstream production of WAGO 22G-RNAs. To examine the relationship 

between CSR-1 binding and WAGO 22G-RNA synthesis, we examined the change of WAGO-9 

(HRDE-1) 22G-RNAs upon CSR-1 depletion [144]. Interestingly, for both CSR-1 and WAGO 

targets, there is a greater increase in WAGO-9 22G-RNAs preferentially at regions where CSR-1 

22G RNAs are enriched, including the 3’ end of CSR-1 targets and at the gene body of WAGO 

targets, respectively (Figure 4.5E and Supplementary Figure 4.9H). To further examine the 

relationship between CSR-1 distribution and WAGO 22G-RNA production, we compared those 

CSR-1 target subgroups mentioned above that have either CSR-1 22G-RNAs enriched at 3’ UTRs 

or not enriched at a specific region. Upon CSR-1 depletion, we found a greater increase in WAGO 

22G-RNA production at 3’ UTRs for those CSR-1 targets with a 3’ CSR-1 targeting enrichment 

(Figure 4.5F and Supplementary Figure 4.9I). These observations show that the local CSR-1 22G-

RNA levels contribute to the inhibitory strength against WAGO 22G-RNA production, indicating 

that CSR-1 acts locally to inhibit the production WAGO 22G-RNAs.  

Our analyses suggest that CSR-1 acts to combat piRNA binding in a transcript-wide 

manner, evidenced by CSR-1 depletion leading to uniformly increased piRNA binding across 

transcripts (Figure 4.5D). However, we also showed that CSR-1 acts locally to prevent WAGO 

22G-RNA accumulation, where the most CSR-1 dense regions of a transcript are most protected 

from WAGO 22G-RNA amplification (Figure 4.5F). To directly compare the effects of CSR-1 

targeting on piRNA binding and WAGO 22G-RNA synthesis, we identified 100nt windows within 

each germline mRNA that are most heavily and most poorly targeted by CSR-1. We then compared 

the impact of CSR-1 depletion on piRNA binding and WAGO 22G-RNA production within each 

window. If CSR-1 combats piRNA binding in a transcript-wide manner, we would expect there to 

be little difference in the increase in piRNA binding density upon CSR-1 depletion between the 
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most heavily and poorly CSR-1 targeted regions. Conversely, if CSR-1 prevents local WAGO 

22G-RNA amplification, we expect there would be a significantly greater increase in WAGO 22G-

RNA production in heavily CSR-1 targeted regions compared to the production in poorly targeted 

regions. Indeed, the increase in piRNA binding following CSR-1 depletion is not significantly 

different between high-density and low-density CSR-1 targeting windows (Figure 4.5G). In 

addition, we found that for WAGO 22G-RNA production, there is strikingly more 22G-RNA 

accumulation in high-density CSR-1 windows following CSR-1 depletion compared to low-

density CSR-1 windows for germline expressed mRNAs (Figure 4.5G). A similar trend of piRNA 

binding and WAGO 22G-RNA production was found (Figure 4.5G) for CSR-1 target genes. For 

WAGO targets, we found that depletion of CSR-1 has little effect on piRNA binding, but leads to 

a slight insignificant increase in WAGO-22G-RNAs in high density CSR-1 windows. Taken 

together, our analyses suggest that CSR-1 can counteract the piRNA pathway through the 

inhibition of both piRNA binding and WAGO 22G-RNA production, but these two functions of 

CSR-1 exhibit distinct modes of action, where only the inhibition of WAGO 22G-RNA synthesis 

is sensitive to the levels of local CSR-1 22G-RNAs.  
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Figure 4.5: CSR-1 inhibits piRNA binding and WAGO 22G-RNA synthesis with distinct modes 
of action. 
(A) Metagene trace shows the distribution of CSR-1 22G-RNAs along CSR-1 (top) or WAGO 
(bottom) targets. The solid line indicates the average number of CSR-1 22G-RNA read counts 
in CSR-1 or WAGO targeted mRNAs. The dotted lines indicate the average number plus/minus 
one standard error.  
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4.3.4 CSR-1 is not responsible for piRNAs’ CDS-binding preference  

We then investigated whether CSR-1 contributes to the piRNA CDS binding preference. If CSR-

1 is responsible for the piRNA CDS-binding preference, we would expect this preference to 

diminish upon CSR-1 depletion. However, upon CSR-1 knockdown, piRNAs retain their CDS 

binding preference for both CSR-1 targets and WAGO targets (Supplementary Figure 4.9B). 

Specifically, the knockdown of CSR-1 did not change the pattern of piRNA binding sites around 

Figure 4.5 (continued): (B) Metagene trace shows the distribution of piRNA binding events in 
wild type (orange) or in CSR-1 depleted animals (green) mapped to CSR-1 (top) or WAGO 
(bottom) targets. The piRNA-tRNA hybrid reads, which are expected to be non-specific ligation 
products and thus remain unchanged between samples, are used for normalization. The solid line 
indicates the average number of piRNA binding events (read counts) in CSR-1 or WAGO 
targets. The dotted lines indicate the average number plus/minus one standard error. (C) 
Metagene trace shows the distribution of CSR-1 22G-RNAs mapped to the indicated CSR-1 
subgroup genes, including 3’ end 22G enriched (top) or not enriched (bottom) CSR-1 targets. 
The solid line indicates the average number of CSR-1 22G-RNAs read counts in the indicated 
CSR-1 subgroup genes. The dotted lines indicate the average number plus/minus one standard 
error. (D) Metagene trace shows the distribution of piRNA binding events in wild type (orange) 
or in CSR-1 depleted animals (green) mapped to the indicated CSR-1 subgroup genes, including 
3’ end 22G enriched (top) or not enriched (bottom) CSR-1 targets. The solid line indicates the 
average number of piRNA binding events (read counts) in the indicated CSR-1 subgroup genes. 
The dotted lines indicate the average number plus/minus one standard error. (E) Metagene traces 
show the distribution of WAGO-9 (HRDE-1) 22G-RNAs in wild type (orange) or in CSR-1 
depleted animals (green) mapped to CSR-1 (top) or WAGO (bottom) targets. The miRNA 
mapped reads, which are expected to be non-specific RNA cloned from these experiments and 
thus remain unchanged between samples, are used for normalization. The solid line indicates the 
average number of WAGO-9 22G-RNA read counts in CSR-1 or WAGO targets. The dotted 
lines indicate the average number plus/minus one standard error. (F) Metagene traces show the 
distribution of WAGO-9 (HRDE-1) 22G-RNAs in wild type (orange) or in CSR-1 depleted 
animals (green) mapped to the indicated CSR-1 subgroup genes, including 3’ end 22G enriched 
(top) or not enriched (bottom) CSR-1 targets. The miRNA mapped reads are used for 
normalization. The solid line indicates the average number of WAGO-9 22G-RNAs read counts 
in the indicated CSR-1 subgroup genes, including 3’ end 22G enriched (top) or not enriched 
(bottom) CSR-1 targets. The dotted lines indicate the average number plus/minus one standard 
error. The miRNA mapped reads are used for normalization between samples. (G) The ratio of 
piRNA binding events or WAGO-9 22G-RNAs in csr-1 depletion over control in high-density 
CSR-1 targeted windows and low-density CSR-1 targeted windows for germline mRNAs, CSR-
1 targets and WAGO targets. The piRNA-tRNA hybrids and the miRNA reads are used for 
normalization of piRNA binding and WAGO-9 22G-RNAs, respectively. Blue lines represent 
median values. The statistical significance (P-value) of the difference in fold change (csr-1 
depletion over control) between two windows was calculated by the Mann-Whitney U test. 
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start or stop codons for either CSR-1 targets or WAGO-1 targets (Supplementary Figure 4.10A). 

As translation has been shown to antagonize CSR-1 22G-RNA synthesis in CDS regions [144], 

we wondered whether translation may also play a role in regulating piRNA binding to the CDS. 

For both highly-translated and lowly-translated CSR-1 or WAGO-1 targets [1], we found that 

piRNAs retain their CDS binding preference (Supplementary Figure 4.10B). However, since 

translation of germline mRNAs is a highly regulated process throughout germline development, 

future studies are needed to further investigate whether translation plays a role in regulating piRNA 

binding. Together, our analyses suggest that the piRNA CDS binding preference cannot be 

explained by CSR-1 licensing and indicates that an unknown mechanism promotes or restricts 

piRNA binding to the CDS.  

4.5 Discussion 

Small RNAs, such as miRNAs and piRNAs, regulate gene expression through base-pairing with 

their target mRNAs. It has been shown that miRNA targeting sites are enriched at 3’ UTRs and 

that 3’ UTR sites exhibit more gene regulatory effects than those at the CDS [9]. While piRNAs 

are known for their roles in genome defense, it was previously unknown whether piRNA targeting 

or regulatory potential operate differently among different regions of their mRNA targets. By 

analyzing transcriptome-wide in vivo piRNA binding sites, we uncovered a new feature regulating 

the piRNA defense system in C. elegans: C. elegans piRNAs preferentially bind and trigger gene 

silencing at the CDS of germline mRNAs. Consequently, secondary WAGO 22G-RNAs are 

preferentially produced at the CDS as well (Figure 4.6). Our finding has important implications on 

using synthetic piRNAs to silence target genes of interest, where piRNAs targeting the CDS are 

likely going to be more effective. Indeed, a recent publication has confirmed this trend, albeit not 

on a transcriptome-wide scale [121]. Nonetheless, it is worth noting that synthetic piRNAs 
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targeting the 3’ UTRs of transgenes can trigger transgene silencing [8,87]. In addition, the CDS of 

oma-1, but not its UTRs has been reported to carry specific licensing properties that counter piRNA 

silencing [134]. Future studies will be necessary to further understand the underlying mechanisms 

that confer such differences in sensitivity to piRNA silencing. Furthermore, our study also provides 

insights into the applications in the expression of foreign nucleic acids in the germline of C. 

elegans. piRNAs are known to trigger gene silencing of transgenes that carry foreign nucleic acids, 

and removal of piRNA sites from the coding regions of these foreign nucleic acids are thus likely 

to be critical for the successful expression of these foreign nucleic acids in C. elegans. Indeed, 

previous studies have optimized the coding regions of foreign nucleic acids, including GFP, 

mCherry or Cas9, which successfully prevent these silencing-prone transgenes from piRNA-

induced gene silencing [185].  

 
In addition, our analyses show that while the reported piRNA targeting rules are effective 

in preventing germline transgene silencing by mutating potential targeting sites, they can be further 

Figure 4.6: A model depicting three distinct mechanisms that control piRNA binding and gene 
silencing on WAGO and CSR-1 targets. 
For WAGO targets (left), a CSR-1-independent mechanism promotes piRNAs binding at CDS 
(mechanism 1). WAGO 22G-RNA production, which is initiated by piRNA targeting, is 
therefore following a similar pattern of enrichment. For CSR-1 targets (right), CSR-1 blocks 
piRNA binding in a transcript-wide mode of action (mechanism 2). For downstream WAGO 
22G-RNA production, CSR-1 acts locally to block WAGO 22G-RNA accumulation 
(mechanism 3). 
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improved to identify functional piRNA targeting sites by considering other features of targeting 

events. For example, currently many CDS targeting events may have poor hybridization and are 

therefore dropped in the in silico prediction models. For these sites, lowering the stringency of 

hybridization may better recapitulate the in vivo target site landscape. In addition, target sites with 

high local CSR-1 levels may not be effective to trigger WAGO 22G-RNA production. 

Furthermore, future analyses are needed to examine and identify non-canonical piRNA binding 

rules. 

Our work also provides insights into the mechanisms by which CSR-1 inhibits the piRNA 

pathway. Specifically, we found that CSR-1 depletion leads to increased piRNA binding across 

whole CSR-1 targeting transcripts, while increased secondary WAGO 22G-RNA synthesis 

preferentially occurs locally at CSR-1 targeting sites. In addition, our analyses showed that CSR-

1 poorly targeted regions are just as effective in inhibiting piRNA binding compared to CSR-1 

highly targeted regions. While we cannot fully rule out the possibility that low levels of CSR-1 

also act locally to inhibit piRNA binding, our analyses showed that two anti-silencing functions of 

CSR-1 exhibit two distinct modes of action, where only the inhibition of WAGO 22G-RNAs but 

not piRNA binding are correlated with local CSR-1 levels. Taken together, our observations 

support a model where the mechanisms underlying these two CSR-1 anti-silencing processes are 

distinct. In this model, CSR-1 binding at various locations in a transcript can result in the protection 

of the entire transcript from piRNA recognition while CSR-1 targeted regions are locally protected 

against WAGO 22G-RNA production (Figure 4.6). Several previous experimental reports have 

provided evidence that supports our model. First, tethering of CSR-1 to a single locus at the 3’ 

UTR of an endogenous mRNA can protect that mRNA from piRNA silencing [36]. Second, in 

transgenic worms carrying a silenced GFP::CDK-1 transgene, only foreign GFP sequences 
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produce high levels of WAGO 22G-RNA, while the CDK-1 sequence (which is identical to the 

endogenous CDK-1 gene and therefore targeted by CSR-1 22G-RNAs) produces low levels of 

WAGO 22G-RNAs, indicating a local inhibition of WAGO 22G-RNAs at the CSR-1 targeted 

region [133]. Nonetheless, understanding the specific mechanisms by which CSR-1 counteracts 

piRNA binding and WAGO 22G-RNA synthesis requires future investigation. We speculate that 

CSR-1 binding can somehow remove its bound mRNA from piRNA recognition subcellular 

hotspots, while CSR-1 inhibits WAGO 22G-RNAs synthesis locally, such as by competing for 

RNA-dependent RNA polymerases – resources known to be shared by these two Argonautes to 

produce their associated small RNAs [61].        

Finally, our analyses also suggest that the CSR-1 pathway is not responsible for piRNAs’ 

CDS binding preference, suggesting that an unknown mechanism promotes CDS surveillance by 

piRNAs. As the CDSs of foreign RNAs are expected to be under more selective pressure than 

UTRs, we speculate that the preferential recognition of CDSs by piRNAs likely offers a 

mechanism for the piRNA surveillance system to reduce the chance of evolution of foreign RNA 

variants that evade piRNA recognition. 

4.6 Methods 

4.5.1 Analyses of in vivo miRNA and piRNA binding sites 

The iCLIP data of ALG-1 (SRR3882949) and the CLASH data of PRG-1 (SRR6512652/WT and 

SRR6512654/CSR-1 depletion) were used in these analyses [22,137].  To identify in vivo miRNA 

and piRNA binding sites, hybrids of miRNA/piRNA with their target mRNAs were identified by 

CLASH analyst [176] with default settings for data pre-processing and searching algorithms. To 

compare the amount of piRNA binding in wild type or CSR-1 depleted animals, the levels of 

piRNA/tRNA hybrid reads were used for normalization. The C. elegans miRNA/piRNA sequences 
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and the mRNA sequences (n=43040) of Wormbase version WS275 were used. Once hybrid reads 

are identified, miRNA and piRNA binding sites are defined by the regions of interacting mRNAs 

with lowest binding energy or highest binding score to corresponding miRNA using RNAup [92]  

or to corresponding piRNA using pirScan [178], respectively. When the mRNA interacting 

sequences (CLASH identified regions) are shorter than miRNA or piRNA, they are first extended 

to the size of miRNA and piRNAs using both the upstream and downstream sequences before they 

are examined for sites with best pairing energy/score.    

Germline mRNAs (n=27792) are defined as mRNAs that are detected either in the 

spermatogenic or oogenetic transcriptome [111]. WAGO targets (n=3644) are defined as genes 

whose mapped 22G-RNAs exhibit over two-fold enrichment from either WAGO-1 IP than that 

from input 22G-RNAs [61] or WAGO-9 IP than that from input 22G-RNAs [141]. CSR-1 targets 

(n=15821) are defined as transcripts whose mapped 22G-RNAs exhibit over two-fold enrichment 

from CSR-1 IP than that from input 22G-RNAs [33]. To compare the WAGO-9 IP levels of wild 

type or CSR-1 depleted animals, the total miRNA mapped reads were used for normalization. The 

list of germline-expressed miRNAs are obtained from the previous report [105] for prediction and 

identification of the mRNA targets of germline miRNAs. 

4.5.2 Prediction of piRNA targeting sites 

Predicted piRNA targeting sites (with stringent targeting rules) on C. elegans germline mRNAs 

were obtained from piRTarbase [177]. For stringent rules, the following criteria are used; at seed 

region, no non-GU mismatches and no more than 2 GU mismatches are allowed. At non-seed 

region, no more than 2 non-GU mismatches and no more than 3 GU mismatches are allowed. 

Furthermore, no more than 6 total mismatches are allowed from both seed and non-seed regions 

[178].    
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4.5.3 Measurements of miRNA, piRNA binding sites and 22G-RNA levels at 

different regions of mRNAs 

The C. elegans transcriptome data (WS275) annotation was used to define the location of 5’ UTRs, 

CDSs, and 3’ UTRs. The number of sites or read counts from each region were then divided by 

the nucleotide length of the corresponding regions for each mRNA to obtain the density. Where 

sites were spanning between two distinct regions, the sites or read counts were split according to 

the portion that mapped to each region. For measurements of sites/reads around start and stop 

codons, the 200 nt (+/- 100 nt) window centered at start or stop codon of each transcript was 

aligned and the number of the sites/reads per transcript mapped at each nucleotide was calculated. 

As transcripts have different 5’ and 3’UTR lengths, the mapped sites/read counts at each position 

were divided by the number of transcripts that contain such position to obtain the sites/read counts 

per transcript. The following small RNA data were used to analyze the distribution and levels of 

CSR-1 and WAGO 22G-RNAs; CSR-1 associated small RNAs data (SRR12318132), WAGO-1 

associated small RNAs (SRR8482951/WT, SRR8482949/prg-1 mutant) [14], and WAGO-9 

(HRDE-1) associated small RNAs (SRR12318140/WT, SRR12318144/CSR-1 depletion) [144].  

We defined the highly or poorly CSR-1 targeted regions by identifying 100 nucleotide 

windows in each germline mRNA transcript which contain the most or the least (non-zero) CSR-

1 associated small RNAs (SRR12318132). We also required that these highly or poorly CSR-1 

targeted regions are not overlapping with each other and exhibit at least a two-fold difference in 

levels of CSR-1 associated small RNAs. The list of CSR-1 regions used in these analyses are 

provided in Supplementary Data file 4.2.    
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4.5.4 Metagene analyses  

A custom script was used to divide mRNA transcripts into 100 bins and the normalized reads 

within each bin was calculated. The average number of sites or read counts at each bin per mRNA 

transcript was then calculated. 

4.5.5 mRNA-seq analyses 

The mRNA-seq data from wild type C. elegans young adult samples (SRR6512642 and 

SRR6512643) (Shen et al. 2018) were used to define RPKM-standardized piRNA binding 

densities. Reads were mapped to the WS275 transcriptome with bowtie2. Normalized reads were 

calculated for each library by summing sense-mapping reads to each transcript using bedtools, 

standardizing by mRNA length to calculate reads per kilobase million (RPKM), then averaging 

the two libraries together. 

4.5.6 Ribo-seq analyses 

The ribo-seq data from the wild type C. elegans late L4/young adult sample (36 hours post 

hatching, SRR3356499) [1] were used to identify the number of ribosome protected fragments 

(RPF) mapped to each CSR-1 target or WAGO-1 target. The transcripts with top 10% or bottom 

10% amounts of RPF were defined as highly-translated and poorly-translated transcripts, 

respectively.  

4.5.7 Data availability 

All sequencing data analyzed in the manuscript are available at NCBI GEO or ENA database. The 

SRR numbers of sequencing data used in specific analyses are provided in the Materials and 

Methods section above. Scripts to analyze reads within 5’ UTRs, CDSs, and 3’ UTRs, to analyze 

read accumulation proximal to start and stop codons, and to generate metagene distributions are 

available at https://github.com/RyanCCJ/RDT. 
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4.8 Supplementary Information

 

Figure 4.7: In vivo miRNA binding sites are enriched at the 3’ UTR of mRNAs in C. elegans, 
related to Figure 4.2. 
(A) Metagene trace shows the distribution of miRNA binding events along an mRNA. The solid 
line indicates the average number of miRNA binding events (read counts) in all mRNAs. The 
dotted lines indicate the average number plus/minus one standard error. (B) The density of 
miRNA binding events in the indicated regions. Blue lines represent median values. The 
statistical significance (P-value) of the difference in density between two regions was calculated 
by the Mann-Whitney U test. 
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Figure 4.8: piRNAs’ CDS binding preference cannot be explained by the predicted piRNA 
targeting sites, related to Figure 4.3. 
(A) The distribution of predicted piRNA targeting sites around the start codon (left) or stop 
codon (right). A 200 nucleotide-window centered at start or stop codon is shown. The solid line 
indicates the average number of predicted piRNA targeting sites in all germline mRNAs. For 
each position, the average is calculated from all germline mRNAs which possess that position. 
(B) Metagene trace shows the distribution of germline-expressed miRNA binding sites along a 
germline mRNA (left). The solid line indicates the average number of miRNA binding events 
(read counts) in germline mRNAs. The dotted lines indicate the average number plus/minus one 
standard error. The density of experimentally identified germline-expressed miRNA binding 
sites in the indicated regions of germline mRNAs (right). Blue lines represent median values. 
The statistical significance (P-value) of the difference in density between two regions was 
calculated by the Mann-Whitney U test. (C) The density of experimentally identified piRNA 
binding sites in the indicated regions of germline mRNAs that have predicted miRNA binding 
sites for germline-expressed miRNAs in 3’ UTRs (left) or do not (right). Blue lines represent 
median values. The statistical significance (P-value) of the difference in density between two 
regions was calculated by the Mann-Whitney U test. 
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Figure 4.8 (continued): (D) The density of experimentally identified piRNA binding sites in the 
indicated regions of germline mRNAs that have experimentally identified miRNA binding sites 
for germline-expressed miRNAs in 3’ UTRs (left) or do not (right). Blue lines represent median 
values. The statistical significance (P-value) of the difference in density between two regions 
was calculated by the Mann-Whitney U test. (E) The density of piRNA binding sites in the 
indicated regions of germline-silenced mRNAs (WAGO targets, left) and germline-expressed 
mRNAs (CSR-1 targets, right).  Blue lines represent median values. The statistical significance 
(P-value) of the difference in density between two regions was calculated by the Mann-Whitney 
U test. 
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Figure 4.9: The distribution of CSR-1 22G-RNAs, WAGO 22G-RNAs, and piRNA binding 
sites, related to Figure 4.5. 
(A) The density of CSR-1 22G-RNAs in the indicated regions of CSR-1 (top) or WAGO 
(bottom) targets. Blue lines represent median values. The statistical significance (P-value) of the 
difference in density between two regions was calculated by the Mann-Whitney U test. (B) The 
density of piRNA binding events in the indicated regions in wild type (orange) or in CSR-1 
depleted animals (green) mapped to CSR-1 (top) or WAGO (bottom) targets. Blue lines 
represent median values. The statistical significance (P-value) of the difference in density 
between two regions was calculated by the Mann-Whitney U test. (C) The density of CSR-1 
22G-RNAs mapped to the indicated regions of CSR-1 subgroup genes, including 3’ end 22G-
RNA enriched (top) or not enriched (bottom) CSR-1 genes. Blue lines represent median values. 
The statistical significance (P-value) of the difference in density between two regions was 
calculated by the Mann-Whitney U test. (D) The density of piRNA binding events mapped to 
the indicated regions in wild type (orange) or in CSR-1 depleted animals (green) of CSR-1 
subgroup genes, including 3’ end 22G-RNA enriched (top) or not enriched (bottom) CSR-1 
genes. Blue lines represent median values. The statistical significance (P-value) of the difference 
in density between two regions was calculated by the Mann-Whitney U test. 
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Figure 4.9 (continued): (E) The density of piRNA binding events (read counts) in the indicated 
regions of WAGO targets or CSR-1 targets. Blue lines represent median values. The statistical 
significance (P-value) of the difference in density between two regions was calculated by the 
Mann-Whitney U test. (F) The density of piRNA binding events (read counts) standardized by 
normalized mRNA reads (RPKM) in the indicated regions of WAGO targets or CSR-1 targets. 
Blue lines represent median values. The statistical significance (P-value) of the difference in 
density between two regions was calculated by the Mann-Whitney U test. (G) The density of 
WAGO-9 (left) or WAGO-1 (right) 22G-RNAs mapped to the regions of WAGO targets or 
CSR-1 targets. Blue lines represent median values. The statistical significance (P-value) of the 
difference in density between two regions was calculated by the Mann-Whitney U test. (H) The 
density of WAGO-9 (HRDE-1) 22G-RNAs mapped to the indicated regions in wild type or in 
CSR-1 depleted animals of CSR-1 (top) or WAGO (bottom) targets. Blue lines represent median 
values. The statistical significance (P-value) of the difference in density between two regions 
was calculated by the Mann-Whitney U test. (I) The density of WAGO-9 (HRDE-1) 22G-RNAs 
in wild type or in CSR-1 depleted animals mapped to the indicated regions of CSR-1 subgroup 
genes, including 3’ end 22G-RNA enriched (top) or not enriched (bottom) CSR-1 genes. Blue 
lines represent median values. The statistical significance (P-value) of the difference in density 
between two regions was calculated by the Mann-Whitney U test. 
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Data file 4.1: piRNA binding site information for Figures 4.1B and 4.2A. 
 
Data file 4.2: Coordinates used for CSR-1 occupancy windows.  

Figure 4.10: The distribution of piRNA binding sites, related to Figure 4.5. 
(A) The distribution of piRNA binding events around the start codon (left) or stop codon (right) 
in wild type or in CSR-1 depleted animals.  A 200 nucleotide-window centered at start or stop 
codon is shown. The solid line indicates the average number of WAGO-9 22G-RNAs read 
counts in WAGO-1 targets (left) or CSR-1 targets (right). (B) The density of piRNA binding 
events (read counts) in the indicated regions of highly-translated or poorly-translated WAGO 
targets (left) and highly-translated or poorly-translated CSR-1 targets (right). The statistical 
significance (P-value) of the difference in density between two regions was calculated by the 
Mann-Whitney U test. 
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CHAPTER 5 

TOOL DEVELOPMENT FOR C. ELEGANS SMALL RNA RESEARCHERS 

AND THE BROADER RNA COMMUNITY 

5.1 Attributions 

This chapter has been adapted from three independently published works:  

(1) W.-S. Wu, et al., pirScan: a webserver to predict piRNA targeting sites and to avoid transgene 

silencing in C. elegans, Nucleic Acids Res. 46 (2018) W43–W48.  

(2) W.S. Wu & J.S. Brown, et al., PiRTarBase: A database of piRNA targeting sites and their roles 

in gene regulation, Nucleic Acids Res. 47 (2019) D181–D187. 

(3) W.-S. Wu & J.S. Brown, et al., CLASH Analyst: A Web Server to Identify In Vivo RNA–

RNA Interactions from CLASH Data, Non-Coding RNA. 8 (2022) 6. 

Wei-Sheng Wu and members of his lab (Tsung-Te Chen, Yu-Han Chu, Wei-Che Huang, Hao 

Chen, Pin-Hao Chen, Sheng-Cian Shiue, and Dong-En Lee) adapted analyses that were performed 

jointly with the author for the web. 

5.2 Introduction 

With the advent of next-generation sequencing technology, new datasets with increasingly 

complex and rigorous tools to analyze them have dominated the scientific landscape. In the C. 

elegans community, researchers that have relied on traditional molecular techniques to ask 

questions about RNA regulation are increasingly left behind due to the inaccessibility of this new 

and abundant source of data. We have adapted several applications involving complex analytical 

tasks to an easy-to-use graphical environment, enabling researchers from diverse backgrounds to 

access data directly that would otherwise require specialized knowledge of advanced 

bioinformatics to reproduce. Our goals in developing these tools are (1) to allow a wide array of 
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small RNA and C. elegans researchers access to techniques that are becoming ubiquitous in the 

field of RNA biology, and (2) to make our own work more accessible and reproducible by 

presenting the complex techniques used in a more user-friendly and easier to follow context. 

5.3 Results 

5.2.3 pirScan: a webserver to predict piRNA targeting sites and to avoid 

transgene silencing in C. elegans 

5.2.3.1 Motivation and purpose 

PIWI-interacting RNAs (piRNAs) are a class of small noncoding RNAs that guard animal 

genomes against mutation by silencing transposons [171]. piRNAs guide the Argonaute proteins 

of the PIWI subclass to target mRNAs for silencing [6,53,58,85]. The majority of the 

approximately 15,000 piRNAs encoded by the C. elegans genome, however, do not match 

transposon sequences [15,130]. It has been proposed accordingly that piRNAs target additional 

mRNAs with diverse functions. The rules governing piRNA targeting have proven enigmatic 

[57,155]. It has been shown, however, that piRNAs appear to tolerate at least three mismatches 

between their sequences and likely prefer pairing at a seed region [10,55,87,126,186]. Our group 

has further refined the piRNA targeting rules in C. elegans by examining how a single piRNA 

recognizes its target, and by analyzing piRNA reporter assays [185]. These analyses have 

confirmed that piRNAs require near perfect matching within the 2nd to 7th nucleotide seed-region, 

much like microRNAs [13]. Unlike microRNAs, however, piRNAs can only tolerate a few 

mismatches outside of the seed region. Lastly, the first nucleotide does not contribute to the piRNA 

targeting. Therefore, although the piRNA targeting rules share similarities with the miRNA 

targeting rules, the numerous tools available for miRNA target prediction are insufficient to 

successfully predict piRNA targeting sites [37,66,78]. 
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Significantly, the elucidation of the piRNA targeting rules can help resolve a decades-long 

impediment to C. elegans researchers: transgene silencing in the germline. Transgenes carrying 

GFP or mCherry tags are frequently silenced in C. elegans germlines [72,103]. Additionally, this 

transgene silencing phenomenon is dependent on the PIWI Argonaute PRG-1 [141]. By 

introducing silent mutations in silencing-prone transgenes, such as GFP, mCherry and Cas9, at 

sites predicted to be targeted by endogenous piRNAs, we have successfully observed strong 

germline expression of these transgenes in wildtype animals [185]. In total, the modified 

transgenes are expressed in all 14 independently isolated transgenic worm lines, while the 

unmodified transgenes are silenced in all 15 worm lines. Not only do these results validate that our 

piRNA targeting rules are correct, but they also provide an avenue to avoid the persistent silencing 

of transgenes in C. elegans germlines [185]. 

To make our piRNA targeting rules available to the worm community, we have developed 

pirScan (http://cosbi4.ee.ncku.edu.tw/pirScan/), which predicts the endogenous piRNA targeting 

sites in an input sequence using our established targeting rules. pirScan intuitively displays where 

piRNA targeting sites are located within an input sequence, as well as the pairing information at 

each piRNA targeting site. The results of each piRNA target prediction can subsequently be 

downloaded. pirScan then provides suggestions of how to break piRNA targeting rules and 

therefore render a given sequence more likely to be expressed. Once the suggested silent mutations 

are chosen by the user using the graphical interface, the revised sequence is re-scanned to verify 

that it is now free of piRNA-targeting sites. The final modified sequences can then be downloaded.  

5.2.3.2 General Framework 

pirScan is a tool that predicts the presence of piRNA targeting sites within a given sequence in C. 

elegans and suggests silent mutations that can be introduced to avoid silencing of transgenes by 
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piRNAs (Figure 5.1). The user can input a mature mRNA or spliced DNA sequence and choose to 

use default or customized piRNA targeting rules to search for targeting sites. The results are 

provided with a concise graphical and tabular representation displaying all predicted piRNA 

targeting sites within the input sequence. Each of these views can be downloaded in Portable 

Network Graphic (.PNG) and comma separated value (.csv) format, respectively. The user can 

then choose between suggested silent mutations that will allow the input sequence to escape 

predicted piRNA targeting, but still retain the same amino acid sequence. If more than one piRNA 

targeting site were present in the input sequence, then each piRNA will have its own separate table 

complete with the possible silent mutations to introduce. Upon the user’s completion of the 

proposed mutagenesis, the modified sequence are immediately re-submitted for scanning to verify 

that the sequence will successfully escape piRNA targeting and ensure that new targeting sites 

were not inadvertently introduced. Once the user is satisfied with the adjusted input sequence, the 

modified version can be downloaded as a text file (.txt).  
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 Figure 5.1: An overview of pirScan’s workflow. 
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5.2.3.3 Input 

pirScan will accept an input sequence in plain text format (Figure 5.1, 1. Input). The user must 

also specify an input name, which will be included in the output following modifications. The 

input can be a mature mRNA sequence or spliced DNA sequence. By default, pirScan will assume 

that the first nucleotide present is the start of the open reading frame (see Example 1 in the input 

window on pirScan). If the first nucleotide present is not the start of the open reading frame, users 

can also specify the numerical positions of the open reading frame to provide coding information 

of the input sequence by changing the selection in the input window (see Example 2 in the input 

window on pirScan). As piRNAs can also target 5’ and 3’ untranslated regions (UTRs), we suggest 

the user to include the sequence of 5’ and/or 3’ UTRs and simply specify the coding region. The 

input sequence should not contain introns. ‘None’ can be selected as the coding sequence region 

if the input is a noncoding RNA/DNA. 

5.2.3.4 Target Stringency 

pirScan will identify piRNA sites in C. elegans using the default target stringency setting if not 

specified (Figure 5.1, 1. Input). The default setting will predict the confident piRNA targeting sites 

according to our reporter assay which allows 0 non-GU mismatches in seed, less than or equal to 

2 GU pairs in seed, less than or equal to 2 non-GU mismatches in non-seed, less than or equal to 

3 GU pairs in non-seed, and less than or equal to 6 mismatches and GU pairs in seed and non-seed 

regions combined [185]. To predict more piRNA targeting sites, we have used a slightly relaxed 

rule (0 non-GU pairs in seed, less than or equal to 2 GU pairs in seed, less than or equal to 3 non-

GU pairs in non-seed, less than or equal to 4 GU pairs in non-seed, and less than or equal to 6 

mismatches in seed and non-seed regions combined). Both stringencies have enabled our group to 

obtain transgenic strains that stably express three silencing-prone transgenes in the germline, 
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including GFP::CDK-1, mCherry::ANI-1, and Cas9 [157,168,185]. The stringency of the targeting 

rules can be adjusted by the user prior to the first submission. If an adjustment to the target 

stringency is made, then those revised targeting rules are automatically used for rescanning of a 

modified sequence. If the chosen stringency results in over 100 predicted targeting sites, then the 

search will abort and ask the user to either strengthen the stringency or shorten in input sequence. 

5.2.3.5 Targeting Site Output 

Upon submission of an input sequence, the user can download a table in .csv format that contains 

the list of predicted piRNA targeting sites in the input sequence, the targeting score, the location 

of targeting sites, the numbers of mismatches, and some aspects about those mismatches (Figure 

5.1, 2. Target sites). The targeting score is based on the results of our reporter assay [185] and is 

calculated using a penalty system where a perfect targeting site is assigned a score of 10. Each 

non-GU mismatch in the seed region, GU pair in the seed region, non-GU mismatch in the non-

seed region, and GU pair in the non-seed region incurs a -7, -1.5, -2, and -1.5 penalty, respectively. 

We recommend changing any site predicted by the default targeting rules which results in targeting 

scores of 0 and above, as these are confident sites that are more likely to be critical for silencing. 

In fact, we have successfully expressed a silencing-prone gfp::cdk-1 transgene by modifying all 

four confident sites predicted with default targeting rules and one additional site found in the 

junction between the gfp and cdk sequence (Figure 5.2 and Table 5.1). This suggests that, in 

contrast to the more relaxed rules used in our previous study [185], it is possible to selectively 

mutate only a few sites and still observe transgene expression. Additionally, a visual representation 

of the predicted piRNA targeting to the input sequence is available for downloading in .PNG 

format. The pairing between the 21 nucleotide long piRNA and the corresponding position in the 

input sequence is displayed for clarity, with the target sites of the input sequence listed according 
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to targeting score. Either of these outputs can allow a user to customize his/her input sequence 

outside of our pirScan framework if he/she chooses.  

 

Figure 5.2: Avoiding only five piRNAs predicted to target GFP results in germline expression of 
a gfp::cdk-1 transgene. 
gfp::cdk-1 is not expressed prior to introduction of silent mutations, but gfpΔpiRNA::cdk-1 is 
expressed when five predicted piRNA target sites are modified to break the targeting rules. Nuclei 
are indicated by white arrows. 

Table 5.1: List of mutations in gfp::cdk-1 to avoid targeting by 5 piRNAs in gfpΔpiRNA::cdk-1. 
*21ur-1953 is present in the linker region between gfp and cdk-1. 
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5.2.3.6 Modification of Input Sequences 

At the end of the output page of piRNA target sites, a link is offered for users to introduce silent 

mutations in their input sequences to avoid piRNA recognition (Figure 5.1, 3. Introduce silent 

mutations). The system displays piRNA targeting sites by their targeting score from highest to 

lowest and lists up to 6 suggested changes at each site. Each piRNA will have its own separate 

table complete with the possible silent mutations to introduce. The user can select/deselect any 

modifications or select multiple modifications at each piRNA site. The system also indicates which 

rule(s) each mutation will break. Note that sometimes multiple mutations are needed for avoiding 

piRNA recognition. Importantly, pirScan will not suggest mutations that will result in the 

incorporation of a rarely used codon, defined as a codon present in less than 10% of the occurrences 

of a given amino acid [113]. Once the user chooses silent mutations to introduce into the input 

sequence, the program will automatically rescan any sites with modified sequence(s) and display 

a table summarizing the changes (Figure 5.1, 4. Check for new/remaining sites). pirScan will 

display “Success” if no piRNA targeting sites are found in the modified sequence, or “Fail” if 

additional piRNA targeting sites are found. The modified sequences (either success or failure) can 

be downloaded in .txt format. In the case of failure, the user can choose to refine the design and 

the program will first display the piRNA sites that remain to allow further modification. We 

suggest the user to choose additional sites if a single mutation is not sufficient to avoid piRNA 

recognition, or to choose different sites if a new piRNA targeting site is found. Additionally, a 

visual representation which highlights the chosen substitutions can be downloaded in .PNG format. 

5.2.3.7 Potential Applications 
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Our goal in developing pirScan is to make our discoveries concerning the rules of piRNA targeting 

available to the scientific community and to provide researchers with a method of avoiding the 

germline silencing of transgenes in C. elegans. pirScan can be employed for similar purposes, as 

well as for more disparate analyses. Examples of tangential goals are outlined below. 

We have described our success in expressing GFP, mCherry and Cas9 in C. elegans 

germline [185]. pirScan will be useful to recode other foreign sequences, such as RNA/DNA 

binding proteins, enzymes or additional fluorescent markers. A recent study has reported an 

alternative approach by adding periodic An/Tn clusters (PATCs) to the promoter and/or introns of 

the transgenic [50]. Although the function of PATCs in gene expression is not understood, this 

strategy has also been employed by our group to stimulate gene expression in the germline 

[50,185]. It remains to be determined whether transgene expression can be further promoted by 

combining both strategies. 

Interpreting the lack of expression from a previously published or previously used 

transgenic construct can be an important indicator of the merit in a particular hypothesis or research 

question. For example, when miRNA promoters are used to drive GFP expression, GFP is 

detectable in most tissue types with the exception of the germline [98]. This result suggests that 

either miRNAs are not expressed in the C. elegans germline, or that the transgenes used in this 

study are prone to germline silencing. pirScan can be applied to these constructs to suggest the 

best interpretation of this or a similar negative result. 

pirScan is designed so that the input sequence can ultimately be modified to escape 

silencing of the indicated endogenous piRNAs. In some cases, the user may be unable to introduce 

even silent mutations in his/her transgenic sequence. pirScan can be used to identify which piRNAs 
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are responsible for silencing a particular construct, and the user can apply CRISPR/Cas9 or a 

similar method to delete or modify the indicated piRNA sequence in the C. elegans genome. 

 

pirScan accepts sequences of any origin as input. Therefore, the piRNA targeting site 

prediction is not limited to exogenously constructed genes. If a user hypothesizes that the lack of 

germline expression or germline-specific regulation of an endogenous gene could be a result of 

piRNA targeting, then he/she can simply submit the endogenous sequence and look for piRNA 

targeting sites.  

5.2.3.8 Conclusions 

The discovery of small noncoding RNAs has changed how we understand the factors contributing 

to gene expression. In a similar vain to the numerous miRNA target prediction tools that are 

available to predict miRNA binding, we have developed a tool to predict piRNA targeting sites 

using the piRNA targeting rules. This piRNA target prediction tool is the first of its kind for C. 

elegans and we believe it will be highly valuable in assisting the C. elegans community to solve 

the decades old dilemma of germline-specific transgene silencing. Our piRNA targeting rules have 

only been experimentally validated in C. elegans; however, we will expand pirScan once the 

piRNA rules are identified in other animal systems. In addition, we can update our tool to 

incorporate any additional factors that influence targeting. For example, the influence of piRNA 

abundance on silencing efficiency is not yet understood, but our tool can be easily updated in the 

future to consider expression level if this is established as a deterministic factor. As the piRNA 

targeting rules are likely to be operant in C.briggsae as well, we have also provided the option of 

using the piRNA data of C. briggsae by simply choosing C.briggsae in the input page [139]. As 
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PIWI proteins are highly conserved among animals, pirScan offers an exciting platform of piRNA 

target prediction that can be expanded to various organisms in the future. 
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5.3.4 piRTarBase: a database of piRNA targeting sites and their roles in gene 

regulation 

5.3.4.1 Motivation and purpose 

Animals have evolved a robust mechanism to silence transposons and thereby guard their genomes 

against mutation using small noncoding RNAs called PIWI interacting RNAs (piRNAs) [171]. 

piRNAs guide the PIWI subclass of Argonaute protein to search for mRNA targets and regulate 

their expression [6,53,58,85]. Surprisingly, tens of thousands of piRNAs produced by animals, 

from nematodes to mice, do not match transposon mRNA sequences [7,15,130]. Recently, piRNAs 

have been shown to regulate the expression of endogenous mRNAs. For example, it has been 

reported in mice that piRNAs produced during the pachytene stage of meiosis initiate the 

destruction of thousands of mRNAs to prepare spermatocytes for sperm production [57]. In flies, 

piRNAs regulate the localization and degradation of mRNAs in the early embryo [127,167]. 

Additionally, recent studies have also reported the function of piRNAs in the regulation of sex 

determination, axonal regeneration, and nictation in silkworms and nematodes [75,76,86]. 

However, predicting transcriptome-wide piRNA targeting sites has been difficult due to limited 

knowledge of piRNA targeting. 
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Our group has recently determined the targeting rules that piRNAs use to find mRNA 

targets in C. elegans [185]. We found that piRNAs, like microRNAs [13], possess a 2nd to 7th 

nucleotide seed sequence that requires nearly perfect complementarity between the piRNA and its 

target. Though unlike most miRNA targeting events, piRNAs can only tolerate a few mismatches 

outside of the seed sequence. We have used the piRNA targeting rules to successfully express 

otherwise frequently silenced transgenes in the C. elegans germline by avoiding piRNA targeting 

and constructed a tool, pirScan, that allows other researchers to do the same [178,185]. 

Additionally, the cross-linking, ligation, and sequencing of hybrids (CLASH) approach has 

recently been applied to the PIWI Argonaute in C. elegans, which has revealed endogenous 

piRNA-mRNA interactions in vivo [137]. Both of these methods predict that many endogenous 

mRNAs can be targeted by piRNAs. However, both methods have been shown to identify many 

miRNA target sites that do not repress the expression of their targets, suggesting additional 

approaches are needed to reveal functional piRNA sites [2]. 

Our purpose in constructing piRTarBase (http://cosbi6.ee.ncku.edu.tw/piRTarBase/) is to 

synthesize the recent developments in piRNA targeting site identification from predictions and 

experiments into a user-friendly interface that will allow researchers to explore the piRNA 

targeting sites and their regulatory effects on endogenous genes (Figure 5.3). piRTarBase displays 

various information about these piRNA sites [137], allowing users to search for and browse desired 

endogenous genes for piRNA targeting sites, as well as to identify the predicted mRNA targets of 

desired piRNAs. Additionally, piRTarBase contains expression data from wildtype and PIWI 

mutant animals, allowing users to assess the effects that piRNA targeting has on a given gene. 

Importantly, our analysis suggests that piRNA targeting sites that are both predicted by our 

targeting rules and identified by CLASH, referred to as common sites, are significantly better at 
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predicting mRNAs that are regulated by PIWI in vivo than either method alone. While numerous 

miRNA targeting site databases are available, there is currently only one database for piRNA 

targeting sites, and it only inventories piRNA sequences and the limited published targets [187]. 

By contrast, piRTarBase integrates the results derived from the piRNA targeting rules, PIWI 

CLASH data, and expression data of mRNAs and small RNAs, allowing researchers of different 

fields to identify candidates of functional piRNA targeting sites. Database entries that pertain to 

piRNA target sites were collected from transcriptome-wide prediction of piRNA target sites using 

pirScan [178] and published PIWI PRG-1 CLASH data [137]. Database entries corresponding to 

mRNA and small RNA expression profiles in WT and PIWI mutant animals were collected from 

published data [15,54,87,102,137]. We will continue to update piRTarBase with new datasets as 

they become available. 
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5.3.4.2 Compendium of pirScan predicted piRNA targeting sites 

pirScan predicts transcriptome-wide piRNA targeting sites of 17849 C. elegans piRNAs (15364 

type 1 and 2485 type 2 piRNAs) based on stringent and relaxed rules, resulting in 571204 and 

1420256 piRNA targeting sites, respectively [178]. The stringent rules are based on an in vivo 

Figure 5.3: Workflow of piRTarBase. 
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reporter assay in C. elegans that reveals which sites, when mutated, are sufficient to avoid silencing 

[185]. Therefore, predicted sites based on stringent rules are more likely to contribute to gene 

silencing. The piRNA targeting score is based on the data obtained in the same reporter assay 

[178]. Alternatively, the relaxed rules are based on genome-wide monitoring of secondary siRNA 

(22G RNA) expression changes surrounding presumptive piRNA targeting sites [185]. In C. 

elegans, when PIWI-piRNA complexes recognize a target gene, they induce the production of 22G 

RNAs by RNA-dependent RNA polymerases around the targeted site [10,87]. The piRNA rules 

derived from this approach are slightly less stringent than those derived from the piRNA reporter 

assay and are therefore defined as the relaxed rules. 

5.3.4.3 Compendium of CLASH predicted piRNA targeting sites 

The cross-linking, ligation, and sequencing of hybrids (CLASH) approach is a powerful method 

that can be used to identify RNA-RNA interactions in vivo [65]. Using the CLASH method 

culminates in the sequencing of chimeric molecules representing a ligation event between the small 

RNA and a fragment of its mRNA target [79]. Recently, CLASH was performed on the C. elegans 

PIWI Argonaute PRG-1, revealing in vivo interactions between piRNAs and their mRNA targets 

[137]. However, the paper does not provide a list of sites identified by CLASH. Here we 

reanalyzed their published CLASH data to provide transcriptome-wide piRNA targeting sites. As 

CLASH data are known to be noisy and chimera reads can result from random RNA ligations, we 

restricted our analysis to chimeric reads that appear at least 5 times in the ligated libraries. We 

analyzed CLASH data by first finding a piRNA whose full mature sequence perfectly matches a 

portion of a chimera. To identify the mRNA target of that piRNA, we mapped the remainder of 

the chimera sequences that were over 15 nucleotides in length to the C. elegans transcriptome. As 

steps of CLASH experiments require RNase treatment, the chimeras may experience RNA 
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degradation; therefore, to identify the best possible pairing between the piRNA and the target 

mRNA, we extended the length of the mapped mRNA region by 21 nucleotides from both the 5’ 

and 3’ ends of the read and predicted the piRNA targeting site as the interaction with the highest 

piRNA targeting score, similar to the approach taken in the previous study [65]. piRTarBase 

displays the targeted mRNA region of each chimera, while the predicted pairing between the 

mRNA and the mapped piRNA is found in a separate table as described below. In total, 

piRTarBase inventories 10116 CLASH-identified piRNA target sites. 

5.3.4.4 mRNA and small RNA sequencing data 

In C. elegans piRNAs trigger silencing of their targets using amplified siRNAs known as 22G 

RNAs. Therefore, in prg-1 PIWI mutants, which lose all piRNAs, piRNA targets have been shown 

to have increased levels of mRNAs and reduced levels of 22G RNAs [10,87]. In order to allow 

users to better evaluate how piRNA targeting affects a particular gene, piRTarBase collects mRNA 

expression data from wildtype (N2) and PIWI mutant (prg-1) animals. Normalized mRNA 

expression data is displayed for each gene in wildtype and in PIWI mutant animals. piRTarBase 

also displays the mRNA fold change (averaged between replicates) in PIWI mutant vs. wildtype 

animals for each gene. Therefore, genes with mRNA fold changes greater than 1 are more likely 

to be regulated by piRNA targeting events. For example, it has recently been shown that xol-1, a 

master regulatory gene controlling dosage compensation and sex determination in C. elegans, is 

regulated by piRNAs [151]. Looking at the piRTarBase entry for xol-1, a user can see that the 

mRNA fold change in PIWI mutants is over 2, meaning that xol-1 is more than twice as highly 

expressed in PIWI mutants. This confirms that xol-1 is likely to be regulated by piRNAs. 

piRTarBase also collects small RNA expression data from wildtype and PIWI mutant 

animals. “22G RNA seq data” displayed in piRTarBase reflects the accumulation of 22G RNAs 
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on a given mRNA species. This data is also available in wildtype and PIWI mutant animals. The 

calculated fold change compares the accumulation in 22G RNAs in PIWI mutants to that in 

wildtype animals. Because successful piRNA targeting events lead to the production of 22G RNAs 

[10,87], a reduction in 22G RNAs along a given gene in a PIWI mutant would be expected if that 

gene was being regulated by piRNAs. Therefore, a fold change less than 1 would suggest possible 

piRNA regulation of that gene. Taking xol-1 as an example again, it can be seen that the 22G RNA 

fold change is 0.0215, which shows that 22G-RNAs are dramatically reduced in PIWI mutants and 

suggests that xol-1 is being regulated by piRNAs. 

5.3.4.5 Defining common piRNA targeting sites 

pirScan’s prediction algorithm is based on a robust reporter assay that allowed our group to 

optimize transgene sequences for germline expression in C. elegans [185]. While the sites 

predicted using pirScan robustly identifies sites that contribute to silencing in vivo, it also considers 

piRNAs that do not actually interact with their predicted mRNA targets. For example, it may be 

that some piRNAs are expressed at low levels, or a piRNA and its presumptive target are not 

expressed at the same developmental time, or that mRNAs are protected for piRNA interaction by 

anti-silencing signals such as periodic An/Tn repeats (PATCs) or CSR-1 Argonaute interaction 

[50,137]. Conversely, the targets predicted based on CLASH data may identify targets that interact 

with mRNA targets but do not actually contribute to silencing, as shown in the case of miRNAs 

[2]. Therefore, we examined whether the piRNA targeting sites identified by both methods (904 

sites and 2273 sites using stringent and relaxed rules, respectively), referred to as common piRNA 

target sites, are more likely to represent targeting events that are sufficient for regulating mRNA 

targets. Indeed, for reported targets xol-1 and Y40B10A.2a, removing only a single common 

piRNA targeting site displayed in piRTarBase (21ur-4863 and 21ur-8264 targeting sites, 
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respectively) in each of these genes was sufficient to increase these genes’ expression levels [137]. 

Furthermore, overall mRNA expression is significantly higher in PIWI mutants for genes whose 

targets were predicted using both pirScan and CLASH, but not for genes identified using each 

method separately (Figure 5.4A). Additionally, when we compare the 22G RNA fold changes in 

genes whose targets were predicted by pirScan, CLASH, or by both independently, we see that 

overall 22G RNAs are reduced significantly in PIWI mutants for target genes identified using both 

methods, but not for target genes identified by the individual methods (Figure 5.4B). Taken 

together, these observations suggest that the common piRNA target sites provided by piRTarBase 

are more likely to have regulatory effect on their targets in vivo than sites that are identified only 

by prediction or experimental approach alone.  
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5.3.4.6 Comparison with other piRNA databases 

Currently only one database (piRBase) of piRNA targeting sites is established. This piRNA 

database focuses on curating a list of piRNAs and their targets [187]. While such databases 

successfully condense the existing literature into a more easily searchable format, they lack the 

predictive power of piRTarBase. piRTarBase uniquely provides candidates of piRNA target sites 

on endogenous transcripts using pirScan’s prediction algorithm and PIWI CLASH data. This 

allows piRTarBase to collect piRNA targeting sites genome-wide at a much higher confidence 

level than existing databases. In addition, piRTarBase offers a better integrative platform that 

Figure 5.4: 22G RNA and mRNA fold expression changes in germline expressed genes with 
piRNA targeting sites predicted using different methods. 
Only genes found to be expressed in the C. elegans germline according to [110] were considered. 
Distributions are displayed without outliers for clarity. Outliers were defined as points less than 
Q1-1.5*IQR or greater than Q3+1.5*IQR. Statistics were performed using the Mann-Whitney U 
test. Comparisons were made between each distribution and the full germline expression gene set. 
*** indicates p < 1e-9, ** indicates p < 1e-3, * indicates p < 0.05, n.s. indicates not significant. 
(A) mRNA fold expression changes, from [102], in genes with predicted piRNA targeting sites. 
(B)  22G RNA fold expression changes, from [87], in genes with predicted piRNA targeting sites. 
Note that prg-1 mutant animals have a reduced number of germ cells compared to wildtype, which 
likely contributes to the reduction of overall levels of 22G RNAs and mRNAs among all germline 
expressed genes. 
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allows users to examine various information about piRNA targeting sites, including expression 

level of mRNA targets, piRNA and 22G-RNA. In addition, users can easily examine the position 

of mismatches, pairing score, abundance of chimera reads/piRNAs for each piRNA targeting site 

with sortable tables. While piRTarBase does not inventory the limited piRNA target sites reported 

in mice or flies, we plan to expand piRTarBase to other organisms once the corresponding piRNA 

targeting rules and PIWI CLASH data are available. Taken together, we believe that piRTarBase 

offers a user-friendly interface for researchers of diverse fields to explore the potential regulatory 

function of piRNAs. 

5.3.4.7 Searching by gene in the interface 

piRTarBase supports querying either by gene or by piRNA (Figure 5.5, 1. Input). The user can 

select the desired species (currently C. elegans or C.briggsae) and the desired stringency of the 

targeting rules. For gene/transcript querying, clicking search following input of the gene/transcript 

name results in a table displaying the queried terms, a table displaying mRNA and small RNA 

expression data, and a table displaying isoform-specific piRNA targeting site information (Figure 

5.5, 2a. Targeting piRNAs). In the mRNA expression data, expression levels for the input gene are 

displayed in reads per kilobase million (RPKM) for wildtype (N2) animals and PIWI (prg-1) 

mutant animals, with two biological replicates for each strain. This information is summarized for 

the user in a mRNA fold change field, which calculates the average mRNA fold change in PIWI 

mutants relative to wildtype animals. The user can use this field to determine whether loss of PIWI 

results in an elevated level of expression (fold change > 1) or a reduced level of expression (fold 

change < 1). Additionally, 22G RNA sequencing data is available in reads per million (RPM) for 

wildtype and PIWI mutant animals. The 22G RNA fold change is displayed in a field, which will 

allow the user to determine whether loss of PIWI results in a reduction of 22G RNAs mapping to 
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that gene (fold change <1) or an accumulation of 22G RNAs mapping to that gene (fold change 

>1). As of the publication of this manuscript, piRTarBase curates all four publicly available 22G 

RNA sequencing datasets in C. elegans [15,54,87,137] and the single available 22G RNA 

sequencing dataset in C.briggsae [151]. The last table on the page displays the piRNA targeting 

sites for each mRNA isoform of the queried gene. Targeting sites are grouped into three categories: 

(1) Predicted piRNA target sites: targeting sites predicted by pirScan’s algorithm (2) CLASH 

identified piRNA target sites: targeting sites predicted by CLASH data (3) Common piRNA target 

sites: targeting sites that were predicted by both pirScan and CLASH data. Additional information 

about each identified targeting site can be found by clicking “Show target sites” (Figure 5.5, 3a. 

Target Site Data). On this page, piRNA targeting sites are first displayed as a graphic, with pirScan 

predicted target sites in red, CLASH identified target sites in blue, and common piRNA target sites 

in yellow. Tables corresponding to each type of identified targeting site follow. Hovering over any 

displayed targeting site gives the user additional information about that site, including which 

piRNA is being displayed, the expression level of that piRNA, the number of hybrids/chimeras 

sequenced (if the piRNA was predicted by CLASH), the region targeted in the mRNA identified 

in the chimera and the predicted pairing region, the piRNA targeting score, and the mismatches 

and pairing between the piRNA and the targeted site. This information is additionally displayed in 

the tables that follow the graphic. By clicking the sorting icons, the order of piRNA sites displayed 

can be sorted by the values in various columns, such as piRNA abundance or piRNA targeting 

score.  

5.3.4.8 Searching by piRNA in the interface 

For querying by piRNA, the user can input a piRNA name and click search. The average piRNA 

expression data displayed in this case corresponds to the expression of that piRNA as determined 
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by PIWI immunoprecipitation (PRG-1 IP) small RNA sequencing studies (Figure 5.5, 2b. Targeted 

mRNAs). All mRNA targets are displayed in a single table, with each row containing all of the 

information outlined above for querying by gene, including mRNA and small RNA expression 

fold changes and numbers of target sites predicted for that particular piRNA on a given gene. Users 

can click the sorting icons to display the mRNA targets in ascending or descending order of the 

values in various columns, such as mRNA or 22G RNA fold change. To find more information 

about the piRNA-mRNA information displayed in each row, the user can click ‘Show target sites’ 

to open an analogous page as described for querying by gene, except only targeting sites involving 

the queried piRNA are displayed (Figure 5.5, 3b. Target Site Data).  
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Figure 5.5: An overview of piRTarBase’s user interface. 
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5.3.4.9 Browsing by genes or piRNAs in the interface 

All transcripts or piRNAs can be displayed in a single sortable table. Browsing by transcript will 

allow users to find the mRNA and 22G RNA fold change information and the piRNA targeting 

site information, and to access the target site specific pages for each transcript. Browsing by 

piRNA will allow users to find expression information for each piRNA and its corresponding 

mRNA targets, and to access the target site specific pages for each target of the queried piRNA. 

Rows can be sorted by any field, allowing users to identify which mRNA transcripts contain the 

most target sites, or whose expression is most affected by loss of PIWI for example. 

5.3.4.10 Summary and Prospective Works 

piRTarbase provides the first integrative database allowing users to access both predicted and 

experimentally identified piRNA targeting sites and to explore their regulatory function. 

Importantly, our analyses demonstrate that the common piRNA sites identified by both 

bioinformatic and experimental approaches are more likely to have regulatory effects on their 

targets than those identified by the individual approaches. The user can further examine the change 

in mRNA and 22G-RNA expression of each specific target gene to assess the likelihood that 

piRNAs might regulate that target. Together, such an integrative platform uniquely allows users 

to sort through the hundreds of thousands of possible piRNA target sites and focus hypotheses on 

those sites that are more likely to be functional in vivo. 

Currently, C. elegans is the only species whose piRNA targeting rules have been elucidated 

and the only species where PIWI CLASH has been performed. As prediction algorithms or 

CLASH data become available in other organisms, we will expand piRTarBase to include piRNA 

target sites for those organisms as well. For example, since the C. elegans piRNA targeting rules 
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are likely conserved in C.briggsae due to the high similarity between their PIWIs, we have 

expanded the piRTarBase to include the piRNA target sites in C.briggsae. 

We believe that piRTarBase provides a user friendly and informative interface for 

researchers of diverse backgrounds to investigate whether genes of interest are regulated by 

piRNAs or vice versa. For example, recent quantitative trait locus (QTL) analyses in C. elegans 

have mapped the nictation behavior- controlling and other gene regulatory loci to regions inside 

the piRNA clusters on chromosome IV [86,128]. piRTarBase will allow researchers to identify 

candidates for the mRNA targets of the piRNAs located within these QTLs that may be 

contributing to the phenotype. Similarly, the authors of a recent study that linked piRNA regulation 

to axonal growth in C. elegans [75] will benefit from the ability to search through genes critical 

for neuronal regeneration and ask whether those genes may be targeted by specific piRNAs that 

underlie the regeneration defects. Such selective analyses were not possible prior to piRTarBase. 
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5.3.5 CLASH Analyst: a webserver to identify in vivo RNA-RNA interactions from 

CLASH data 

5.3.5.1 Motivation and purpose 

RNA molecules perform some of the most fundamental and important functions in organisms, 

including coding for proteins (mRNAs), providing structural support (tRNAs, lncRNAs), acting 
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as vital enzymes (snRNAs, ribozymes), and guiding proteins to regulate other RNAs (miRNAs, 

piRNAs, siRNAs). Although discovered only relatively recently, this last category of RNA 

function has been shown to play a prominent role in posttranscriptional and transcriptional gene 

regulation. By guiding Argonaute family proteins to RNA targets using base-pairing interactions, 

miRNAs, piRNAs, and siRNAs can effectively and specifically target diverse mRNAs for 

regulation. For example, it has been estimated that ~50% of human genes are regulated by miRNA 

[9,13,91]. To attempt to identify functionally significant RNA–RNA interactions, researchers have 

historically relied on bioinformatic prediction to locate possible regulatory events based on 

sequence complementarity, sequence conservation of target sites, and by experimentally validated 

results of each regulatory site individually [115]. 

Recently, a technique has been developed to capture in vivo RNA–RNA interactions, 

called CLASH (crosslinking, ligation, and sequencing of hybrids) [65,79,137]. UV crosslinking 

and immunoprecipitation (CLIP) is a powerful biochemical approach to map protein-RNA 

interactions in vivo [161]. CLASH builds off of the idea of capturing RNA–protein complexes in 

vivo, as developed with CLIP, and adds a ligation step to produce chimeric RNA molecules made 

up of the regulatory RNA, which was held by the protein and the target RNA in proximity to 

regulatory RNAs in the cell (Figure 5.6, a model showing how CLASH works). In addition, several 

other techniques, such as iCLIP and CLEAR-CLIP [22,107], also generate similar chimeric RNA 

reads that reveal in vivo RNA–RNA interactions. Although CLASH and other CLASH-like data 

have proven powerful in identifying various types of RNA–RNA interactions, including miRNAs, 

piRNAs, and other non-coding RNAs with their targets, the data are not trivial to analyze. 

Sequenced CLASH reads represent fusions of two different RNA molecules that cannot be mapped 

using traditional approaches as accomplished with RNA-seq. Furthermore, currently developed 
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chimera-identifying programs such as CLAN and Hyb are limited in their accessibility to 

researchers with little bioinformatic knowledge [156,188]. CLAN identifies RNA–RNA pairs 

from chimeric reads but does not integrate other critical components of the analyses, including 

preprocessing of sequencing reads and postprocessing analyses such as calculation of base-pairing 

energy, leaving these necessary steps up to the user. Hyb is a command-line program that requires 

some degree of computational experience to use. Furthermore, neither of these tools include a 

visual display of these RNA–RNA interactions, nor do they have the capability to search for sites 

with specific criteria.  
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 Figure 5.6: A model showing the experimental framework underlying CLASH. 



169 

5.3.5.2 General Framework 

CLASH Analyst is a tool that identifies RNA–RNA interactions using user-provided raw CLASH 

data in three simple steps (Figure 5.7). First, the user will upload three files: CLASH raw data, a 

file containing the presumed regulatory RNA sequences, and a file containing the presumed target 

RNA sequences (Supplementary Figure 5.9A). Second, the user will choose to apply default or 

customized parameters to preprocess the raw sequencing reads, which removes RNA linker 

sequences and filters the sequenced reads based on desired sequencing quality. Third, the user can 

choose how CLASH Analyst will search for chimeric reads using a specific searching algorithm, 

such as pirTarBase, CLAN, or Hyb [156,177,188] (Supplementary Figure 5.9B). A Job ID and a 

link are provided upon job submission to access the results of the analyses. As the process takes 

some time to run, users can provide an email address so that they can be informed once the analysis 

is complete. Upon completing the analysis, the CLASH Analyst will provide two summary tables 

that indicate the parameters chosen for the search and the numbers of chimera and RNA–RNA 

interactions found (Supplementary Figure 5.9C). CLASH Analyst allows users to browse or search 

through the identified chimeric reads according to the names of their input regulatory RNAs, the 

names of their target RNAs, or by RNA–RNA pair according to the nature of the chimeric reads 

(abundance or pairing energy). For example, if users are interested in identifying the targets of a 

given regulatory RNA (such as lin-4 miRNA), they can immediately sort all chimeric reads 

containing such RNA of interest, based on the abundance of the interaction in chimeric read count 

(Supplementary Figure 5.9D). For each RNA–RNA interaction, such as lin-4 miRNA and its target 

lin-14 (T25C12.1a.1), the user can click to reveal comprehensive information of each chimeric 

read, including where along each molecule the chimeric reads originated, how many reads were 
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captured, and where mismatches occurred within the base-pairing interaction (Supplementary 

Figure 5.9E). The user can also download the complete analysis results. 

 

5.3.5.3 Data Input 

The user must upload a compressed FASTQ file and two compressed FASTA files (Supplementary 

Figure 5.9A). The FASTQ file contains the raw data from the CLASH experiment that the user 

wishes to analyze. The first compressed FASTA file must correspond to the regulatory RNA 

sequences, and the second FASTA file should correspond to all RNA sequences the user wants 

CLASH Analyst to query as the target sequences. Example uploaded files are included and can be 

loaded by clicking “Load example files”. In addition, common regulatory RNA sequences (e.g., 

Figure 5.7: A graphical depiction of CLASH Analyst’s workflow. 
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human miRNAs, C. elegans miRNAs, C. elegans piRNAs) and target RNA sequences (e.g., human 

mRNAs, C. elegans mRNAs) are preloaded and can be selected by the user using a drop-down 

menu to skip uploading/downloading those data. 

5.3.5.4 CLASH Read Pre-processing 

CLASH Analyst performs all necessary steps to preprocess the raw reads (including 

adaptor/barcode sequence removal and reads quality control, etc.) so that chimeras can be 

identified. The user can choose default settings or select specific settings according to how the 

CLASH libraries were prepared (Supplementary Figure 5.9B). Users should provide adaptor 

information to allow precise trimming of adaptor sequences from the sequencing reads. Some 

library preparations include the ligation of a multiplexing barcode to the 5′ end of each RNA. This 

sequence should be provided so that CLASH Analyst can trim it from reads before downstream 

analysis. Some library preparations may also include some random nucleotides in the 5′ adaptor to 

act as unique molecular identifiers (UMIs). In this case, the user should provide the number of 

random nucleotides included in the 5′ adaptor to allow CLASH Analyst to trim UMIs. For 

example, if the 5′ adaptor includes 6 random nucleotides, then the user should input NNNNNN as 

part of the 5′ barcode input. Similarly, the 3′ adaptor sequence can be provided for precise 

trimming. Since Trim galore is capable of detecting 3′ adaptor sequences without prompting 

(although providing the sequence can help), Trim galore is chosen as the default trimming tool 

[97]. If the user chooses this tool, then 3′ adaptor sequence input is optional. The user can also 

select from two other tools, flexbar or fastx, to perform adaptor trimming [44,81]. In addition, the 

user provides the range of RNA sizes that will be analyzed. Based on how molecules were selected 

during library construction, the user should have an expectation of the length of reads following 

adaptor trimming and select/filter only reads of a certain length range for analyses. For example, 
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if RNA molecules between 17 nt and 70 nt long were selected and ligated to adaptors, then the 

trimmed reads should be 17–70 nt in length. Finally, the user can filter reads that do not meet a 

quality threshold, which is encoded in the FASTQ file called the Phred score. Phred scores are 

assigned during sequencing based on the probability of errant base calling. The default threshold 

for the Phred score is 30. A Phred score of 30, 40, or 50 for a particular base corresponds to a 

99.9%, 99.9%, or 99.999% likelihood that the called base is accurate, respectively. CLASH 

Analyst can also accept data that have been preprocessed prior to being uploaded if the user wishes 

to perform these steps themselves. 

5.3.5.5 Identify Chimeras 

Once data are preprocessed, CLASH Analyst identifies chimeric reads using default or user-

defined settings. The user can choose among three different algorithms to assign chimeric reads: 

CLAN [188], Hyb [156], and piRTarBase [177] (Supplementary Figure 5.9C). These algorithms 

differ on how they search for chimeric reads, resulting in some differences in the set of interactions 

they each identify (details can be found in “Section 5.3.5.11 Analysis Results”). The default 

searching tool in CLASH Analyst is CLAN. 

If the user chooses to use CLAN, they can use default settings or specify criteria for 

searching chimeric reads, including (1) the minimum size of each fragment within a chimeric read 

for analyses; (2) how much overlap between the two fragments is allowed (if the default value of 

4 is selected, then 4 nt would be allowed to map to each fragment simultaneously); (3) how many 

hits will be allowed for each fragment, as each fragment could match multiple user-input FASTA 

sequences. Similarly, the user can use default or specify criteria for searching chimeric reads using 

Hyb or piRTarBase. We recommend users first analyze their data with CLAN if they are unsure 

of which algorithm to choose, as CLAN performs the least stringent analysis and identifies more 
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RNA–RNA interaction candidates (for details, see Section 5.3.5.11). Then, to further refine the 

results, users can choose to rerun their data using piRTarBase or Hyb. To reanalyze data using a 

different algorithm quickly, the user can select the “Reanalyze old data?” option and adjust the 

algorithm settings accordingly after providing a Job ID (provided upon original submission). Users 

can access analysis results using the provided Job ID for 30 days. Extensions to this 30-day default 

can be provided upon reasonable request. 

5.3.5.6 User Information 

Once the user has uploaded all data and selected all necessary settings, they can submit the analysis 

job by pressing submit at the bottom of the page. A Job ID and a website link are provided for the 

users to check the status and examine the results. The analysis can typically take several hours to 

run (sometimes a day for larger datasets), so we provided an option to input an email address for 

the user to be notified once the analysis is complete. This is an optional, step and the email address 

is used only to notify and send the user a link to the results page. 

5.3.5.7 Chimeric Reads Output 

The user can input the Job ID or use the website link to browse the results within CLASH Analyst. 

The user can choose one of the three ways to display their results, which include browsing by (1) 

regulatory RNAs within the chimera, (2) target RNAs within the chimera, or (3) individual RNA–

RNA pair ranked by chimera abundance or pairing energy. Regardless of what the user chooses to 

browse by, a summary of the analysis is first displayed in two tables (Supplementary Figure 5.9D). 

The first shows all the user-specified settings that were used to perform the analysis, while the 

second shows the number of various reads identified by CLASH Analyst, including (1) the number 

of reads provided by the user, (2) the number of reads and unique reads after trimming the adaptors, 

(3) the number of those trimmed reads that were identified as chimeric, and (4) the number of 
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RNA–RNA interactions identified. The browsable and searchable table containing the remainder 

of the output will depend on which browse mode was selected and will be discussed separately 

here. By selecting any of these three options, users can also download the full output files 

organized by CLASH read, regulatory RNA name, target RNA name, and RNA–RNA interaction 

in .csv format. 

5.3.5.8 Browse by Regulatory RNA Name 

The browsable and searchable output table will contain three columns: A column corresponding 

to regulatory RNA names, a column displaying the number of identified targets, and an option to 

show more details about the targets for each regulatory RNA (Supplementary Figure 5.9D). The 

user can choose to show more details for any regulatory RNA that was included in the input. This 

reveals all target RNA sequences identified within chimeras containing the selected regulatory 

RNA in a tabular format. Within the table, users can find the number of chimeric reads representing 

the number of unique chimeras containing that RNA–RNA interaction, such as lin-4 and lin-14 

(T25C12.1a.1). Additionally, any of the regulatory RNA–target RNA pairs can be further 

examined by clicking “show interaction”. A graphic showing the interactions between target RNA 

and regulatory RNA is available for viewing (Supplementary Figure 5.9E). Additionally, a table 

that shows each identified interaction by chimeric read can be viewed. This table shows 

information about each hybrid, including the number of reads (read count), the thermodynamic 

favorability of the identified regulatory RNA and target RNA hybrid, where the interacting site 

mapped, and the predicted base pairing between the regulatory RNA and its target RNA. 

5.3.5.9 Browse by Target RNA Name 

The output table contains four columns: A column corresponding to the target RNA name, a 

column displaying the number of unique chimeras that contained that target RNA, a column 
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displaying the number of unique regulatory RNAs found to pair with that target, and an option to 

show interactions involving each target RNA (Supplementary Figure 5.9D). By clicking “show 

interaction”, the user can view a detailed graphic and table outlining all interactions involving that 

target RNA. The graphic and table contain the same information outlined at the end of the Browse 

by Regulatory RNA Name section. 

5.3.5.10 Browse by RNA-RNA Pair 

Users can also browse by RNA–RNA pair. The results can either be sorted according to read count 

or according to the most favorable binding energy (Supplementary Figure 5.9D). The output table 

has rows corresponding to each unique chimera and presents information about each hybrid, 

including the number of reads (read count), the thermodynamic favorability of the identified 

regulatory RNA and target RNA hybrid, where the interacting site was mapped, and the predicted 

base pairing between the regulatory RNA and its target RNA. The webpage only shows the first 

10,000 results. To view the rest, the user can download the result table in .csv format, as discussed 

above. 

5.3.5.11 Analysis Results 

Among the three searching algorithms available in CLASH Analyst, piRTarBase is the most 

stringent, and CLAN is the least stringent but most sensitive algorithm. Specifically, piRTarBase 

first searches for the regulatory RNA sequences within each read, and the default settings do not 

tolerate mismatches or deletions. It then uses the remaining sequence to identify targets with 

perfect matches. By using its default setting, piRTarBase requires the presence of intact regulatory 

RNA and does not allow insertions between regulatory RNA and target RNAs. Hyb tolerates short 

deletions and insertions in regulatory RNAs and target RNAs, and it also tolerates overlapping 

fragments. Nonetheless, Hyb will then choose one RNA–RNA interaction with the highest score 
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among multiple possible matches, which increases its searching stringency. The least stringent 

algorithm, CLAN, will identify more interactions using more sensitive searching and will report 

all possible matches, resulting in multiple interpretations of RNA–RNA interactions for some 

individual chimeric reads. To compare the performance of each of the three searching algorithms 

(CLAN, Hyb, and piRTarBase) [156,177,188] available in CLASH Analyst, we used a previously 

published C. elegans PRG-1 CLASH dataset (SRR6512652) [137] and compared the outputs of 

these three algorithms. We identified 712,560 RNA–RNA interactions from this dataset by 

piRTarBase, compared with 826,993 identified by Hyb and 2,966,772 identified by CLAN. We 

found that using the more stringent options (piRTarBase and Hyb), the identified chimeras 

generally have more favorable free energies of hybridization (Figure 5.8A), which suggests that 

they are more likely to represent true in vivo interactions [92]. In these analyses, CLAN can 

identify the majority of interactions identified by piRTarBase or Hyb and report many more 

possible interactions (Figure 5.8B), although some will represent lower confidence hits. 

 

Figure 5.8: Comparison of RNA–RNA interactions identified from three available searching 
algorithms in CLASH Analyst. 
(A) the distribution of RNAup scores from RNA–RNA interactions identified in three searching 
algorithms. The lower the RNAup score, the more thermodynamic favorable interactions are 
predicted. ***: p< 0.0001; (B) a Venn diagram showing the unique and overlapping RNA–RNA 
interactions identified from three searching algorithms. 
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To compare CLASH Analyst’s performance with previously analyzed results, we used the 

default parameter setting of CLASH Analyst to analyze three CLASH datasets including human 

miRNAs, C. elegans miRNAs, and C. elegans piRNAs [22,65,137]. Since previous CLASH 

studies of C. elegans miRNAs and piRNAs did not provide the full details of their results, we were 

not able to compare the number of targets found in CLASH Analyst to those from previous studies. 

Nonetheless, we found that C. elegans miRNA-binding sites are enriched at 3′ untranslated regions 

(UTRs) of their mRNAs, consistent with the previous report (Supplementary Figure 5.10) [22]. In 

addition, we found that regulatory RNA-binding sites identified by CLASH Analyst include all 

the key examples shown in the original CLASH studies, such as the interactions between lin-4 

miRNA and lin-14 mRNA, as well as 21ur-1 (type 2) piRNA and xol-1 mRNA (Supplementary 

Figure 5.11). In addition, using a human miRNA CLASH dataset (SRR959751), we found that the 

default searching algorithm (CLAN) in CLASH Analyst identified significantly more miRNA–

target interactions (13,860 vs. 1436) than using the Hyb searching algorithm, which was used to 

identify RNA–RNA interactions in the previous report (Supplementary Figure 5.12) [65]. Another 

recently published tool, ChiRA, was reported to identify approximately fourfold more interactions 

than the original human miRNA CLASH mRNA–target interactions [165]. Since ChiRA groups 

RNA–RNA interactions with similar interactions into common reads loci (CRLs), it is difficult to 

directly compare the results of ChiRA to CLASH Analyst. Taken together, we conclude that 

CLASH Analyst can identify similar or more miRNA targets than the currently published methods. 
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5.4 Discussion 

As high throughput next-generation sequencing techniques continue to grow in popularity and 

specificity, the ability to interact with newly generated datasets will become increasingly necessary 

to researchers from diverse backgrounds. Routinely developing tools to simplify and parameterize 

complex analysis tasks will allow for the wide swath of small RNA researchers to keep pace and 

make use of valuable data. 

The discovery of small noncoding RNAs has changed how we understand the factors 

contributing to gene expression. In a similar vain to the numerous miRNA target prediction tools 

that are available to predict miRNA binding, we have developed a tool to predict piRNA targeting 

sites using the piRNA targeting rules. This piRNA target prediction tool is the first of its kind for 

C. elegans and we believe it will be highly valuable in assisting the C. elegans community to solve 

the decades old dilemma of germline-specific transgene silencing. Our piRNA targeting rules have 

only been experimentally validated in C. elegans; however, we will expand pirScan once the 

piRNA rules are identified in other animal systems. In addition, we can update our tool to 

incorporate any additional factors that influence targeting. For example, the influence of piRNA 

abundance on silencing efficiency is not yet understood, but our tool can be easily updated in the 

future to consider expression level if this is established as a deterministic factor. As the piRNA 

targeting rules are likely to be operant in C. briggsae as well, we have also provided the option of 

using the piRNA data of C. briggsae by simply choosing C. briggsae in the input page [139]. As 

PIWI proteins are highly conserved among animals, pirScan offers an exciting platform of piRNA 

target prediction that can be expanded to various organisms in the future. 

piRTarbase provides the first integrative database allowing users to access both predicted 

and experimentally identified piRNA targeting sites and to explore their regulatory function. 
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Importantly, our analyses demonstrate that the common piRNA sites identified by both 

bioinformatic and experimental approaches are more likely to have regulatory effects on their 

targets than those identified by the individual approaches. The user can further examine the change 

in mRNA and 22G-RNA expression of each specific target gene to assess the likelihood that 

piRNAs might regulate that target. Together, such an integrative platform uniquely allows users 

to sort through the hundreds of thousands of possible piRNA target sites and focus hypotheses on 

those sites that are more likely to be functional in vivo. Currently, C. elegans is the only species 

whose piRNA targeting rules have been elucidated and the only species where PIWI CLASH has 

been performed. As prediction algorithms or CLASH data become available in other organisms, 

we will expand piRTarBase to include piRNA target sites for those organisms as well. For 

example, since the C. elegans piRNA targeting rules are likely conserved in C. briggsae due to the 

high similarity between their PIWIs, we have expanded the piRTarBase to include the piRNA 

target sites in C. briggsae. We believe that piRTarBase provides a user friendly and informative 

interface for researchers of diverse backgrounds to investigate whether genes of interest are 

regulated by piRNAs or vice versa. For example, recent quantitative trait locus (QTL) analyses in 

C. elegans have mapped the nictation behavior- controlling and other gene regulatory loci to 

regions inside the piRNA clusters on chromosome IV [86,128]. piRTarBase will allow researchers 

to identify candidates for the mRNA targets of the piRNAs located within these QTLs that may be 

contributing to the phenotype. Similarly, the authors of a recent study that linked piRNA regulation 

to axonal growth in C. elegans [75] will benefit from the ability to search through genes critical 

for neuronal regeneration and ask whether those genes may be targeted by specific piRNAs that 

underlie the regeneration defects. Such selective analyses were not possible prior to piRTarBase. 
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CLASH is a critical approach to identify RNA–RNA interactions, including the interaction 

between small non-coding RNAs and their targets. However, the analyses of CLASH data are not 

trivial, and current tools are limited to researchers with advanced bioinformatic experience. Our 

goal in developing the CLASH Analyst was to allow researchers of varying levels of 

bioinformatics expertise to harness the power of CLASH to identify RNA–RNA interactions easily 

and quickly. CLASH Analyst can take raw sequencing reads and perform comprehensive analysis 

on CLASH data. CLASH Analyst further provides browser and virtualization tools that are critical 

for researchers to identify RNA–RNA interactions of interest. By analyzing published CLASH 

datasets using three available searching algorithms offered by CLASH Analyst, we showed that 

CLAN identified more RNA–RNA interactions, while pirTarbase identified high confidence 

interactions whose pairing are generally thermodynamically more stable. Since CLASH Analyst 

offers three searching algorithms with different stringencies, it empowers its users to perform 

customized searching by choosing the searching algorithm and selecting specific parameters based 

on their preferences and needs. In addition, we found that by repeating analysis of published 

CLASH datasets using CLASH Analyst, we could identify as many or more RNA–RNA 

interactions as reported in the respective original studies. We also confirmed that we could readily 

identify all RNA–RNA interaction signatures relevant to the respective studies, such as 3′ UTR 

enrichment for miRNA-targeting events and physiologically relevant miRNA and piRNA-

targeting events. During the development of CLASH Analyst, our analyses of piRNA CLASH 

datasets revealed genome-wide, piRNA-binding sites in C. elegans [177]. In addition to exploring 

RNA–RNA interactions from user-generated CLASH datasets, CLASH Analyst will be valuable 

for researchers of diverse fields to identify RNA–RNA interactions of interest from published 

CLASH datasets. Many published CLASH studies highlight specific aspects of the RNA–RNA 
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interactions. The majority of RNA–RNA interactions were not mentioned due to space constraints 

or lack of interest. Although some of these papers include supplemental material that contains the 

processed results from the CLASH experiment, the list of RNA–RNA interactions is not 

exhaustive and may not include specific details of the interactions that are critical for further 

analyses. We envision CLASH Analyst as the perfect tool for researchers to retread previously 

published data, to find unappreciated results that can be used to support or formulate new 

hypotheses. In addition, CLASH Analyst can be used to identify noncanonical RNA–RNA 

interactions. For example, it has been proposed that Argonaute proteins can bind tRNA fragments 

(i.e., tRFs) to translationally repress mRNAs [140]. Researchers interested in this hypothesis can 

search through publicly available Argonaute CLASH datasets from various organisms to find 

evidence of tRF–mRNA interactions using CLASH Analyst. As RNA–RNA interactions have 

proven to be increasingly present in diverse biological contexts, novel techniques have been 

developed to capture these interactions. Although CLASH Analyst was developed to assist 

researchers in finding interactions from CLASH data, we anticipate our tool to be equally as useful 

in identifying RNA–RNA interactions in datasets from other methods which generate chimeric 

reads, such as recently developed techniques MARIO and RIC-seq [21,22]. Therefore, CLASH 

Analyst will lower the barrier for researchers who are interested in employing these exciting new 

tools but reticent due to their inexperience with advanced bioinformatics. We are confident that 

CLASH Analyst will allow users from any background to analyze their own data or previously 

published data to identify potential in vivo RNA–RNA interactions. We believe that with such 

advanced bioinformatic techniques available to all researchers in the RNA community, CLASH 

Analyst will allow for significant and novel advancement in our understanding of RNA regulation. 

5.5 Methods 
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5.5.1 pirScan webserver construction 

pirScan identifies piRNA targets by searching for homology between the input sequences and the 

C. elegans piRNA sequence data, which includes 15364 type I piRNAs that can be downloaded 

from WormMine (http://intermine.wormbase.org/tools/wormmine/) and 2485 type II piRNAs, 

which was collected from PRG-1 IP data [60] with at least 1 read per million reads in [152]. For 

C. briggsae piRNAs, a 14453 piRNA-containing database is composed of piRNAs that are cloned 

at least 1 read from one of three small RNA libraries separately on three strains, i.e., adult 

hermaphrodites, adult males, and embryos, and contain an upstream motif score of at least 5, based 

on the data in [139]. The search for piRNA target sites is performed using our Python script. The 

web interface of pirScan was constructed using Django, a Python web framework that encourages 

rapid web development. All figures in pirScan were generated using D3.js, a JavaScript library 

which provides powerful visualization components. All tables in pirScan were generated using 

DataTables, a table enhancing plug-in for the jQuery Javascript library which adds sorting, paging 

and filtering abilities to plain HTML tables with minimal effort. pirScan is available at 

http://cosbi4.ee.ncku.edu.tw/pirScan/. (main site), http://cosbi2.ee.ncku.edu.tw/pirScan/ (backup 

site 1) or http://cosbi5.ee.ncku.edu.tw/pirScan/ (backup site 2). 

5.5.2 piRTarBase database construction 

piRTarBase curates target sites that correspond to the WS230 C. elegans genome assembly and 

the WS230 C.briggsae assembly. The number of target sites compiled in piRTarBase are displayed 

in Table 5.2. Expression data was taken from [15,54,87,102,137,151]. 

 The web interface of piRTarBase was constructed using the Python language with the 

Django MTV framework. The figures were generated by D3.js, which is a JavaScript library for 

manipulating documents based on data.  

http://cosbi4.ee.ncku.edu.tw/piScan/
http://cosbi2.ee.ncku.edu.tw/piScan/
http://cosbi5.ee.ncku.edu.tw/piScan/
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5.5.3 CLASH Analyst webserver construction 

CLASH Analyst analysis pipeline behind the web interface was implemented using awk, bash, and 

Python scripts. The web interface of CLASH Analyst was constructed using Django, a Python web 

framework that encourages rapid web development. All figures in CLASH Analyst were generated 

using D3.js, a JavaScript library that provides powerful visualization components. All tables in 

CLASH Analyst were generated using DataTables, a table enhancing plug-in for the jQuery 

JavaScript library, which adds sorting, paging, and filtering abilities to plain HTML tables with 

minimal effort. CLASH Analyst is freely available for academic use at 

https://cosbi7.ee.ncku.edu.tw/CLASHanalyst or https://cosbi.ee.ncku.edu.tw/CLASHanalyst 

(backup site). The source code of CLASH Analyst can be downloaded from Github at 

https://github.com/t50504/CLASHanalyst. 

 

 

 

 

Table 5.2: Database statistics for piRTarBase. 
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5.6 Supplementary Information 

 Figure 5.9: A step-by-step depiction of the CLASH Analyst workflow. 
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Figure 5.10: The distribution of miRNA and piRNA binding sites in C. elegans. 
Note that while more piRNA targeting sites are found in CDSs, more miRNA targeting sites are 
found in 3’ UTRs. 
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Figure 5.11: Examples of RNA-RNA interactions identified by CLASH Analyst. 
The RNA-RNA interactions identified by CLASH Analyst, including lin-4 miRNA and lin-14 
(T25C12.1a.1) mRNA (top), and 21u-x1 piRNA and xol-1 (C18A11.5c.1) mRNA (bottom). 
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Figure 5.12: A comparison of RNA-RNA interactions identified by CLAN or Hyb. 
A Venn diagram showing the unique and overlapping RNA-RNA interactions identified 
by CLAN or Hyb in analyzing the human miRNA CLASH data set (SRR959751). 
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CHAPTER 6 

CONCLUSIONS 

In this dissertation, I have discussed several facets of small RNA-mediated transcriptome 

surveillance in C. elegans. I have described novel factors involved in piRNA-mediated gene 

silencing, the functional impact of germ granules to small RNA pathway function, features 

common to endogenous piRNA targeting events, and several tools available to assist researchers 

in the small RNA community. In this final chapter, I will discuss the implications and outlook of 

this work. I will close by suggesting several future studies that will be essential to extend this work 

further. 

6.1 The significance of germ granules to small RNA pathway function 

A longstanding question in the field of C. elegans small RNA biology is what role, if any, do germ 

granules play in small RNA-mediated gene silencing. In Chapter 3, I reported several lines of 

evidence that in the absence of germ granules, self versus non-self distinction becomes blurred, so 

that a subset of typically silenced mRNAs become activated while a subset of typically expressed 

mRNAs become aberrantly silenced. This suggests that the germ granule does not represent a 

cellular locale for gene silencing, but rather plays a more complex role as an arbiter between 

competing signals that are generated and acted upon in the same place, namely at the sites of 

mRNA export.  

There are some surprising implications of this work. One finding that was very surprising 

to us was that piRNA accumulation is relatively unaffected in germ granule mutants (Figure 3.10). 

Not only does PRG-1 accumulate in germ granules, but so too do key piRNA processing enzymes 

such as PARN-1 [152]. One naïve expectation we had was that the germ granule could function as 

a convenient localization structure to allow processing of piRNA precursors to occur as immature 
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piRNAs are exported into the cytoplasm and bound by PRG-1. It is easy to imagine that without 

some strategy of keeping newly exported precursors in a central location, PARN-1 could act too 

early and fully degrade piRNA precursors. Contrary to this idea, mature piRNA levels were 

unaffected in germ granule mutants, indicating that PRG-1 concentration at the site of nuclear 

export is not essential for piRNA maturation. This leads to the prediction that either the 

concentration of PRG-1 at sites of piRNA precursor nuclear export are sufficient to protect 

precursors prior to PARN-1 action even when germ granules are dispersed, or there is alternative 

mode of protection afforded to piRNA precursors between the time of their nuclear export to their 

association with PRG-1. To follow up on the implications of our finding, it will be important to 

understand more completely what factors are necessary for piRNA loading onto PRG-1 and 

whether piRNA precursors are actively protected from PARN-1 or other exonucleases following 

their transcription and until PRG-1 loading. 

Similarly, the longstanding finding that small RNA factors, and piRNA pathway factors in 

particular, co-localize to germ granules has led to the hypothesis that the germ granule is necessary 

for efficient gene silencing. Under this model, germ granules concentrate silencing factors such as 

RdRPs and Argonautes so that siRNAs can efficiently find their targets, and so that degradation 

factors can rapidly degrade targeted mRNAs prior to their contact with the ribosome. Consistent 

with this subcellular partitioning model, it has been shown that germ granules do not contain 

appreciable amounts of rRNA and are therefore not likely sites of translation [132]. Our data 

contradict this model, as only a subset of WAGO 22G-RNAs fail to accumulate in the absence of 

germ granules (Figure 3.4). This does not exclude the possibility that the germ granule does indeed 

enhance the efficiency of silencing, but it suggests that small RNA silencing efficiency does not 

completely rely on germ granule partitioning. 
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The role of subcellular localization on regulatory outcome has become a major area of 

focus for small RNA biologists. It has recently been shown that manipulating the localization of a 

reporter mRNA by tethering it to a germ granule enriched protein is sufficient to change its 

expression state [5]. Additionally, it has been shown that cytoplasmic rather than germ granule 

localized CSR-1 regulates mRNAs post-transcriptionally for poorly translated mRNAs [144]. The 

data presented in Chapter 3 similarly show that when PRG-1 is not restricted to the germ granule, 

it begins to silence self mRNAs in the cytoplasm. An open question is whether aberrant PRG-1 

silencing in the absence of germ granules occurs because CSR-1 fails to protect these transcripts, 

or rather is the function of PRG-1 in germ granules fundamentally different than cytoplasmic PRG-

1. An interesting experiment to distinguish between these two models would be to restrict PRG-1 

from entering the germ granule when the germ granule is still intact. An impediment to this 

experiment currently is that we do not understand how PRG-1 is recruited to the germ granule. 

Another group published data similar to the work presented in Chapter 3 at nearly the same 

time that our group published that story, but with several key differences that led to very different 

interpretations [39]. The authors were focused on the same observation foundational to Chapter 3 

of this work: the aberrant accumulation of 22G-RNAs targeting CSR-1 transcripts in glh-1 

mutants. They made two observations that contradict our work. First, they saw that mutation of 

GLH paralogs glh-2, glh-3, or glh-4 in the presence of the glh-1 mutation can suppress aberrant 

22G accumulation. We saw that most mRNAs that accumulate aberrant 22G-RNAs in the absence 

of glh-1 still do so in the absence of glh-1 and glh-4, and that many of these targets aberrantly 

accumulate 22G-RNAs to an even higher degree (Figure 3.5). Second, they did not observe an 

aberrant accumulation of 22G-RNAs in the glh-1 (DQAD) mutant which fails to release RNA, 

directly in contrast to our observations (Figure 3.5). These differences led to an alternative model 
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to explain the aberrant accumulation of 22G-RNAs in the absence of GLH-1: GLH-1 itself 

prevents WAGO 22G-RNA accumulation against CSR-1 targets and in the absence of GLH-1, 

GLH paralogs promote 22G-RNA accumulation against these typically expressed mRNAs. The 

observation that the glh-1 (DQAD) mutant fails to accumulate 22G-RNAs aberrantly against CSR-

1 targets is key to this interpretation, as its failure to release targeted mRNAs prevents GLH 

paralogs from promoting 22G-RNA accumulation in their model. Our interpretation of this similar 

data is that the germ granule and not GLH-1 itself prevents aberrant 22G-RNA accumulation. Key 

pieces of evidence in support of this model are the aforementioned continued accumulation of 

aberrant 22G-RNAs in the glh-1 (DQAD) mutant that we saw, and our finding that loss of other 

germ granule regulators leads to similar aberrant 22G-RNA accumulation (Figure 3.5). This 

contradicts the model proposed by the other group because in the deps-1 and mip-1/2 mutants, 

GLH-1 is still present and presumably still functioning, yet 22G-RNAs still aberrantly accumulate. 

Therefore, the key feature to explain aberrant 22G-RNA accumulation is the absence of germ 

granules. These two models, however, are not mutually exclusive. It could be that GLH paralogs 

regulate 22G-RNA accumulation against very different sets of targets, and also that germ granule 

integrity is important to preserve those differences and promote small RNA silencing fidelity. 

6.2 The feasibility of predicting the regulatory fate of germline transcripts 

The holy grail in demonstrating our understanding of how mRNAs are regulated by small RNAs 

in the germline would be to predict de novo whether a given mRNA will be silenced or expressed. 

To accomplish this goal, we would need a complete understanding of all intrinsic features of 

mRNAs sampled by small RNAs, and we would need complete mechanistic insight into how small 

RNAs interact with mRNAs. In Chapter 4 of this dissertation, I report one previously undescribed 

feature of piRNA targeting events: that piRNAs preferentially target the coding regions of 
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germline transcripts. Findings such as these inch us closer to that complete picture of transcript 

features that small RNAs interrogate. This observation currently does not provide additional 

mechanistic insight into how piRNAs and PRG-1 can use this intrinsic property of germline 

transcripts to enhance targeting potential. We are confident, however, that the anti-silencing 

Argonaute CSR-1 does not play a mechanistic role in this process (Figure 4.9).  

The findings reported in Chapter 4 and Chapter 5 illustrate how wide the gap is between 

our current understanding of small RNA-based mRNA regulation and that holy grail. The 

elucidation of the piRNA targeting rules in C. elegans was a significant step forward in our ability 

to predict whether given sequences will be targeted by piRNAs [178,185]. However, we also saw 

that only relatively few endogenous sites predicted to be bound by piRNAs are actually bound in 

vivo [177]. This contradiction illustrates that additional and as yet unknown modes of regulation 

exist in the germline. One currently known regulator of piRNA targeting, anti-silencing Argonaute 

CSR-1, can explain some of the inconsistency between in silico predicted piRNA targeting sites 

and in vivo bound sites, but cannot explain our recent discovery that coding regions but not 

untranslated regions are highly enriched for piRNA targeting in vivo as described above. As more 

features of piRNA targets are found, it will be important to re-characterize our ability to predict 

piRNA targets de novo as a means of assessing how exhaustive our understanding of piRNA 

biology is. 

6.3 Tool availability as a means for inclusivity in science 

In biology and in science more broadly, experimentation has become higher throughput and 

datasets have become larger and increasingly more complex. Interaction with next-generation 

sequencing data has become a necessity for virtually any researcher in life sciences, even those 

that do not generate sequencing datasets themselves. For scientists that fall into this category, it 



193 

may be difficult to justify the hundreds of hours and sustained effort necessary to learn the 

bioinformatic techniques necessary to analyze and interpret next-generation sequencing, even 

when the insights gained from that data could contribute to their own research goals. In Chapter 5 

of this work, I have described efforts we have made to allow scientists without any bioinformatic 

expertise to interact with complex sequencing data in an easy-to-use graphical format.  

Publication of the servers and databases described in Chapter 5 help the community in two 

important and distinct ways. First, they help bridge the gap between valuable published datasets 

and the scientists who could benefit from exploring them but lack the technical knowhow to 

process the complex publicly available raw data. Second, they help increase transparency in our 

own work by taking an analytical pipeline that we have developed and wrapping it into a 

parametrized format that can be used to easily reproduce our results. As NGS applications become 

more diverse and specific, it will be important to foster this inclusive mindset so that the larger 

scientific community can gain insights from published data and also verify claims made about that 

data by the originators of it. It is not difficult to imagine that as more NGS applications are 

developed, even those of us who are intimately familiar with bioinformatics will not have the 

expertise necessary to analyze datasets of diverse and increasingly esoteric experimental origin. 

Novel RNA isolation techniques and library design constantly introduce new difficulties and 

complications in genomic data analysis. The upkeep of dedicated webservers and databases will 

allow data to be accessed and explored inclusively by the scientific community at large. 

6.4 Future directions 

A key question referenced many times throughout this work is how sufficiently does mRNA 

localization predict regulatory outcome. Much of the data presented and referenced reports 

correlations, where some mutation disrupts mRNA regulation and that disruption coincides with a 
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change in mRNA localization. These correlations suggest a relationship between localization and 

mRNA regulation, but a definitive causal link is missing. One promising experimental technique 

that could be used to address this gap is mRNA tethering, which has been used successfully in the 

C. elegans germline to bring particular proteins of interest into direct proximity with particular 

mRNAs [5,36,42,170]. This technique involves appending RNA hairpins derived from the lambda 

phage box b gene to an mRNA of interest that can be tightly bound by lambda phage N anti-

termination protein fragment tagged to a protein of interest. Groups that have used this technique 

in C. elegans were mainly interested in the role of their tagged protein in gene regulation. This 

technique could also be used more generally to shuttle mRNAs of interest to different subcellular 

locales. For example, if a particular protein always accumulates in the cytoplasm and rarely enters 

the germ granule, then one could test the effect of excluding an mRNA from the germ granule by 

tethering that mRNA to the cytoplasmic protein. As the atlas of proteins grows, we know with 

increasing confidence and precision where particular proteins tend to reside in the cell. Therefore, 

it will become increasingly easier to enrich particular mRNAs in particular subcellular locations 

using a tethering approach. With a system like this in place, mRNA, small RNA, and peptide 

production could all be monitored to gain a full regulatory picture of a particular mRNA based 

solely on localization differences. In this way, localization as a causal determinant of mRNA 

regulation could be fairly assessed. 

Another open question that I hoped to address more completely in my work is what 

determines the fate of 22G-RNAs manufactured by RRF-1 and EGO-1. As previously described, 

the RdRP EGO-1 is solely responsible for CSR-1 22G-RNA production, but it also contributes to 

WAGO 22G-RNA production as well. If these molecules are being produced by the same 

polymerase, presumably sharing the same molecular characteristics, then what determines whether 
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a given 22G-RNA will be bound by a WAGO Argonaute or by CSR-1? This decision is of great 

consequence, as CSR-1 targeted transcripts tend to be highly expressed while WAGO targeted 

transcripts tend to be silenced. Additionally, the decision to be bound by WAGO or CSR-1 happens 

in a relatively reproducible way, as there are few population level differences in the transcripts 

enriched for CSR-1 versus WAGO targeting when immunoprecipitation experiments are 

performed independently. Also, it has been shown previously that by resetting germline RNAi 

pathways by mutating key RNAi pathway factors and then reintroducing them, CSR-1 and WAGO 

bound 22G-RNAs become mis-sorted and confused, suggesting that the key determinant in this 

sorting is not likely to be a characteristic of the 22G-RNA molecule itself [4,117]. One simple 

model is that subcellular localization is the key determinant. CSR-1 bound 22G-RNA molecules 

do not depend on germ granules for their accumulation [144]. Therefore, EGO-1 activity in the 

germ granule could feed 22G-RNAs into the WAGO pathway while EGO-1 activity in the 

cytoplasm could feed 22G-RNAs into the CSR-1 pathway. If this model is correct, then mRNA 

residence time in the germ granule should be highly predictive of that mRNA’s fate as a WAGO 

or CSR-1 target. We already know with high confidence which mRNAs are targeted by WAGOs 

versus by CSR-1. We are lacking information about transcriptome-wide mRNA subcellular 

localization. One very promising technique that could address this is multiplexed error-robust 

fluorescent in situ hybridization (MERFISH) [179]. MERFISH allows for simultaneous spatial 

quantification of thousands of mRNAs using a barcoding approach. Performing this technique in 

the C. elegans germline would give a snapshot of mRNA localization for nearly the entire germline 

transcriptome. Taking an array of snapshots would allow for high confidence quantification of 

where particular mRNAs tend to reside in subcellular space. Comparing the information gained 
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from a MERFISH experiment to the CSR-1/WAGO occupancy data that we have already could 

reveal much about the relationship between mRNA localization and templated 22G-RNA fate. 

6.5 Concluding remarks 

In this dissertation, I have described a reporter assay that revealed evolutionarily ancient factors 

involved in piRNA-mediated transcriptome surveillance. I have shown that germ granule loss leads 

to a breakdown of self versus non-self distinction in germ cells. I have reported that the coding 

regions of germline mRNAs are uniquely vulnerable to piRNA targeting, and I have helped 

increase the availability of the techniques used to draw these conclusions. This work has helped 

contribute to our understanding of small RNA pathways in the C. elegans germline, and more 

broadly has increased our understanding of gene regulation at large.  
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