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Characterization of systemic RNAi mutants in Caenorhabditis elegans 

Abstract 

RNA interference (RNAi) is sequence-specific gene silencing triggered by double-

stranded (ds)RNA. When dsRNA is expressed or introduced into one cell and is 

transported to and initiates RNAi in other cells, it is called systemic RNAi. Systemic RNAi 

enables easy and efficient whole-animal gene silencing in C. elegans. While the 

specificity and potency of RNAi offers tremendous therapeutic potential to treat genetic 

and infectious disease, effective delivery to human cells remains a major challenge. 

Understanding systemic RNAi transport pathways in C. elegans may help identify 

strategies for effective delivery in mammals. The Hunter lab conducted a genetic screen 

in C. elegans that identified five genes, sid-1 through -5, that are specifically required for 

systemic RNAi. Using whole genome sequencing, I identified sid-4 as nck-1, a non-

receptor tyrosine kinase adaptor protein. Interestingly, sid-3 is homologous to ACK 

tyrosine kinases that physically interact with NCK homologs. SID-3 and SID-4 are both 

broadly expressed and show similar subcellular localization patterns. My analysis showed 

that sid-4, like sid-3, is a dose-dependent import mutant. Although sid-3 and sid-4 mutants 

showed similar patterns of RNAi resistance, the sid-3; sid-4 double mutant was 

significantly more RNAi defective than either single mutant, indicating that these proteins 

do not function only in a simple linear pathway. Consistent with their identity as conserved 

signaling proteins, their activity is required to mediate temperature-dependent systemic 

RNAi efficiency effects. Interestingly, both mutants form dauers at elevated temperatures 

(27°C), suggesting that RNA mobility may regulate growth and development. A likely 
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model is that SID-3/SID-4 act to modulate the activity of the conserved dsRNA conducting 

channel, SID-1.   
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Summary 

RNA interference (RNAi) is the transcriptional or post-transcriptional silencing of 

homologous gene sequences triggered by exposure to double-stranded RNA (dsRNA). 

Silencing occurs through the processing of long dsRNA into small silencing RNAs 

(siRNAs) which then scan mRNA sequences to ultimately trigger RNAi. The process 

through which small RNAs are generated from exogenous dsRNA, is strikingly similar to 

the biogenesis of endogenous RNAs that can also trigger regulation of gene expression. 

In both plants and some animals, such as C. elegans, dsRNA present locally can spread 

and cause systemic gene silencing. This form of non-cell autonomous RNAi requires 

dsRNA transporters that help the silencing signals move from one cell to another.  
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The C. elegans genome encodes ~20,000 protein coding genes. However, with the 

advances in high throughput sequencing, a group of ~1300 genes were found, in C. 

elegans, that produce functional non-coding RNA transcripts (ncRNA) that are a direct 

contrast to the mRNA transcripts that encode proteins 1.  Known ncRNA genes that 

regulate basic mRNA function and translation include ~590 transfer RNA, 275 ribosomal 

RNA, 140 trans-spliced leader RNA, 120 microRNA, 70 spliceosomal RNA and 30 small 

nucleolar RNA (snoRNA) genes1. In addition, a number of small ncRNAs have been 

identified that regulate gene expression in C. elegans and are discussed below. 

 

RNA mediated gene-silencing 

The phenomenon of RNAi where exogenous dsRNA induces silencing of 

homologous genes was first reported in C. elegans by the Fire and Mello labs. Around 

the same time, the Ruvkun and Ambros labs also discovered the first endogenous small 

RNA, lin-4. lin-4 was originally believed to be a protein coding gene but was later found 

to code for a 22-nucleotide (nt) regulatory RNA 6, 7, 11 that could regulate the production 

of LIN-14 protein by base pairing with lin-14 mRNA 7. Soon after, a second conserved 

microRNA, let-7, was discovered that is also conserved in Drosophila and humans. This 

discovery suggested that the presence of small regulatory RNAs was more commonplace 

in biology than initially considered 8. Since then, it has become clear that the exogenous 

RNA and endogenous RNA pathways are different arms of similar gene silencing 

pathways 9, 10, 11. 
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Endogenous RNAi pathways 

~2600 annotated microRNAs have been described in the human genome 11,13 and 

thousands of unique endogenous small RNAs have been uncovered in C. elegans. These 

small RNAs fall into three classes: microRNAs (miRNAs), endogenous small interfering 

RNAs (endo-siRNAs) and piwi-interacting RNAs (piRNAs). All of these small RNAs 

function by binding and guiding Argonaute effector proteins to complementary target 

transcripts to direct regulation, often by silencing. However, all three greatly differ in their 

biogenesis mechanisms, protein cofactors and effector functions. Below, I briefly discuss 

the three classes of endogenous RNAs. 

 

microRNAs  

The first miRNA, LIN-4, and its target, LIN-14 were identified in C. elegans 14, 65. 

LIN-4 specifies neuronal cell-fates and hypodermal lineages and was therefore first 

identified in screens for cell-lineage mutants. As mentioned before, cloning of lin-4 

showed that it encoded two RNAs, a short 22-nt RNA and a longer 61-nt RNA with 

secondary structure 14. Subsequently, many similar genes were discovered that encode 

a short sequence within a longer hairpin structure. 

Each microRNA is believed to regulate hundreds of gene targets implicating the 

microRNA pathway as a critical element in controlling gene expression 66. In order to exert 

control over gene targets, microRNAs undergo a series of steps that convert the primary 

microRNA (pri-miRNA) transcript into a ~22-nt mature microRNA that ultimately drives 

gene silencing 67. The biogenesis of microRNA is a two-step process that begins with the 

transcription of the pri-miRNA. pri-mRNA is a long hairpin precursor that is quite similar 



 5 

to dsRNAs used to experimentally trigger the exo-RNA pathway (Figure 1.1). However, it 

is of a uniform length of ~70-nt and contains more mismatches and bulges. During or 

subsequent to transcription, the pri-mRNA is then processed in the nucleus by an 

RNaseIII type enzyme called Drosha 68, 69, 70, 71 which drives cleavage of the stem-loop 

precursor from the flanking pri-miRNA transcript to generate pre-miRNA 72, 73. The pre-

miRNA is then exported out of the nucleus by Exportin 5 in a Ran-GTPase dependent 

manner 74, 75, 76. The second step occurs in the cytoplasm where the conserved 

endonuclease, Dicer, cleaves off the loop from the pre-miRNA thereby releasing a mature 

miRNA that is ~21-nt long 9, 10, 11, 77. The mature miRNA duplex is then loaded into the 

RNA induced silencing complex (RISC) that is composed of either Argonautes ALG-1 or 

ALG-2 and the other strand is removed/degraded 78. Since most miRNAs do not have 

central complementarity, Argonautes are unable to cleave the passenger strand. The 

Argonautes then directly bind the mature miRNA and post-transcriptionally inhibit 

translation of target mRNAs that have complementarity to the miRNA. miRNA nucleotides 

2-7, also known as the “seed” region are responsible for target recognition 38, 79, 80. Seed 

sequences are capable of co-regulating groups of genes that share 3’UTR miRNA binding 

sites. Since there is redundancy within the miRNA family, loss of a single miRNA does 

not cause much of an effect. This is in contrast to loss of dicer or ALG-1 and ALG-2 that 

are key components of this inhibitory pathway 81.  
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Figure 1.1: miRNA biogenesis 

In the nucleus, RNA polymerase II/III transcribes primary miRNA (pri-miRNA) from protein 

coding genes. Drosha cuts pri-miRNA to form pre-miRNA. The pre-miRNA is transported 

to the cytoplasm by Exportin 5, where Dicer cuts it to form mature miRNA. Mature miRNA 

associates with the RNA induced silencing complex (RISC) to then cause mRNA 

degradation. 
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Figure 1.1 (continued): miRNA biogenesis 
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endo-siRNAs 

It was almost a decade after the discovery of lin-4 that deep sequencing revealed the 

presence of a large pool of 5’ guanosine antisense small RNAs with distinct 26-nt and 22-

nt subpopulations 82, 83, 84, 85, 86, 87. Over 700 endo-siRNAs were identified in the first 

sequenced libraries 88. Unlike miRNAs, these 26G/22G endo-siRNAs map to protein-

coding genes and have a strong anti-sense bias 89, 90. endo-siRNA biogenesis is similar 

to that of the exogenous pathway and undergoes two rounds of siRNA synthesis (Figure 

1.2). The first round generates 26G siRNAs and the second round generates 22G 

siRNAs. Both populations are named for their length and their bias towards a 5’ guanosine 

82, 85, 91, 92, 93. Dicer and RNA dependent RNA polymerase (RdRP) RRF-3, are required for 

the biogenesis of primary 26G siRNAs. RRF-3 transcribes 26G siRNAs using spliced 

mRNA as templates 93, 94, 85, 86. As expected of dicer products, 26G siRNAs still have a 5’ 

monophosphate. endo-siRNAs require functional helicase activity to produce 26G 

siRNAs, while exo-siRNAs do not, indicating that the biogenesis of primary endo- and 

exo-siRNAs is distinct 95. After their generation, 26G siRNAs are loaded into a primary 

Argonaute and, in association with target mRNA, recruit amplification machinery that 

generates 22G siRNAs (endogenous version of secondary siRNAs). 26G are abundantly 

present in male and female germlines where they can be further sub-divided into two 

subpopulations that are bound by unique effector complexes 85. In the spermatogenic 

gonad, 26G siRNAs bind Argonautes ALG-3 and ALG-4 while, 26G siRNAs present in 

the oogenic gonad bind the Argonaute ERGO-1 85, 86, 87. ERGO-1 26G siRNAs are also 

abundant in embryos 85, 92 and during larval development 93. Both populations of 26G  
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Figure 1.2: endo-siRNA biogenesis 

The RNA-dependent RNA polymerase (RdRP) complex consisting of RRF-3, along with 

the Dicer complex use spliced mRNA as a template to generate ~26 nt RNAs with a 

guanosine bias (26G RNA). In the oocyte, 26G RNAs associate with Argonaute, ERGO-

1, which then recruits the RdRP complex. The RdRP complex amplifies 26G RNAs to 

produce ~22 nt RNAs with a guanosine bias (22G RNA). These 22G RNAs are then 

directed by different worm Argonautes (WAGOs) to either the nucleus or cytoplasm to 

cause transcriptional or post-transcriptional inhibition. In spermatocytes, 26G RNAs 

associate with the Argonautes ALG-3 or ALG-4 which then direct amplification of 22G 

RNAs via the RdRP complex. Here, the spermatocyte generated 22G RNAs are only 

capable of post-transcriptional silencing in the cytoplasm. 

 

  



 10 

 

 

 

 

Figure 1.2: endo-siRNA biogenesis 
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siRNAs behave similarly to primary siRNAs in the exo-RNAi pathway and trigger 

production of 22G siRNAs.  

 22G siRNAs, as a whole, target almost 50% of the coding genome and most target 

unique genome sequences 96. 22G siRNAs are synthesized by similar RdRPs but can be 

divided based on interacting AGOs and sets of targets. These secondary Argonautes are 

often referred to as WAGOs, or worm specific Argonautes. Broadly, they form two distinct 

classes of small RNAs. The first is WAGO 22G siRNAs that direct both transcriptional and 

post-transcriptional gene silencing of protein-coding genes, pseudogenes, cryptic loci and 

transposons by binding semi-redundant WAGOs 96, 97, 98. The second class is the CSR-1 

22G siRNAs that bind CSR-1, another WAGO, that targets germline-expressed genes to 

promote chromosome segregation 99. 

 WAGOs are incapable of slicing mRNA due to the absence of an RNase-H domain 

100. Most WAGOs are believed to function post-transcriptionally, but NRDE-3 functions 

uniquely to trigger transcriptional silencing100. While the generation of WAGO 22G 

siRNAs is directed by 26G siRNAs, CSR-1 22G siRNAs are generated by RdRP EGO-1 

101. EGO-1 is expressed in the germline and enables CSR-1 to associate with chromatin 

allowing for the proper segregation of chromosomes during development. Thus, the 

endogenous RNAi pathways are implicated in a huge variety of regulatory processes.  

 

21-U RNA (piRNA) 

Another category of small RNAs that were identified in the initial small RNA sequencing 

dataset are the 21U RNAs. In the germline, 21U RNAs interact with the Piwi clade 

argonaute PRG-1 and are therefore known as piRNAs 102, 103, 104, 105, 106. 21U RNAs are 
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divided into two classes: type-I and type-II 82, 107, 108 (Figure 1.3). Precursors of type-I 

piRNA are thought to be transcribed by RNA pol-II from autonomous genomic loci 82, 108, 

109, 110. These precursors are not polyadenylated and are ~26-nt with a 5’ cap 96. While 

their distribution is primarily to two ~3MB genomic loci on chromosome IV, they have 

>15,0000 loci across the genome 82. Type-II piRNAs precursors are converted to mature 

21U RNAs when a YRNT motif is present near the transcription start site 107. Type-II 

piRNAs are relatively less abundant and their function is still unclear. 

In C. elegans, the USTC complex recognizes the upstream 5’ motif of type-I piRNA 

sites and promotes precursor transcription via RNA pol-II.  Once precursors are 

transcribed, they are exported to the cytoplasm 111. The PETISCO complex containing 

PID-1, processes the 5’ cap, while PARN-1, a conserved 3’-to-5’ exonuclease, trims the 

3’ end 112. These 21U RNAs are loaded into PRG-1 and then HENN-1 drives 3’ 

methylation. PRG-1 RISCs identify targets based on their sequence complementarity with 

21U RNA 102, 105, 113, 114, 115.  Similar to miRNA targeting, the PRG-1 RISC tolerates 

mismatches in the target except between region 2-8 of the 21U RNA 116, 117. This 

mismatch tolerance broadens the potential target range and indicates that PRG-1 RISCs 

can potentially scan the entire germline transcriptome for non-self transcripts.  

 

Exogenous RNAi pathways 

Small-RNA mediated gene repression was brought to light with the discovery of RNA 

interference (RNAi) in C. elegans 2. RNAi is a multi-step process that starts with long 

double stranded (ds)RNA and ends in either transcriptional or post-transcriptional 

degradation of the target mRNA (Figure 1.4). First RDE-4 recognizes and binds the long  



 13 

Figure 1.3: piRNA biogenesis 

There are two types of piRNAs, Type I and Type II. The piRNA locus is transcribed by 

RNA Polymerase II to form ~26 nt piRNA precursors. The PETISCO complex trims the 

precursor to form ~21 nt RNAs with a uridine bias (21U RNAs). The 21U RNA is amplified 

with the help of the RNA dependent RNA polymerase (RdRP) complex to form 22G 

silencing RNAs (siRNAs). These associate with worm Argonautes (WAGO) to cause both 

transcriptional and post-transcriptional silencing in the nucleus and cytoplasm.  
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Figure 1.3 (continued): piRNA biogenesis 
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Figure 1.4: Mechanism of silencing by exogenous RNAs 

Long dsRNA is recognized by the RNA-binding protein RDE-4. RDE-4 recruits the Dicer 

complex that cuts the long dsRNA to shorter primary siRNAs. These are recognized by 

the Argonaute RDE-1 which cleaves the passenger strand and recruits the RNA 

dependent RNA polymerase complex (RdRP). The RdRP uses the mRNA target to 

generate and amplify secondary siRNAs. Secondary siRNAs associate with worm 

Argonautes (WAGOs) to either cause transcriptional or post-transcriptional silencing in 

the nucleus or the cytoplasm. 
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Figure 1.4 (continued): Mechanism of silencing by exogenous RNAs 
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dsRNA 34. Then, RDE-4 recruits the Dicer complex consisting of the conserved RNase III 

endonuclease DCR-1, DRH and RDE-1. The Dicer complex processes long dsRNA into 

~21 base pair (bp) double-stranded short-interfering RNAs (ds-siRNA) 77, 118. These 

primary siRNAs are short duplex RNAs with 3’-hydroxyl and 5’-monophosphate termini 

with 2 bp overhangs on the 3’ end 45. RNA defective 1 (RDE-1) was the first Argonaute to 

be implicated in the RNAi pathway. RDE-1 binds the primary siRNA and using its RNAse-

H domain, cleaves off the passenger strand. RDE-1 then uses the new single stranded 

short interfering RNA (ss-RNA) as a guide to find complementary mRNAs 119. Once the 

target is identified, the RNA-directed RNA polymerase (RdRP) RRF-1 is recruited to 

amplify the ss-RNA into multiple short single-stranded secondary siRNAs 83, 84, 93. The 

RdRP generated secondary siRNAs are much more abundant than primary siRNAs, 

however, they can also be distinguished by the presence of a 5’ triphosphate (indicative 

of a polymerase rather than nuclease product), preferential antisense sequences and 

interaction with a unique set of secondary Argonautes, WAGOs. Argonaute proteins bind 

secondary siRNAs and trigger post-transcriptional silencing by degrading mRNA in the 

cytoplasm. They can also initiate co-transcriptional silencing in the nucleus by binding 

nascent pre-mRNA. The transcriptional regulation by RNAi is carried out by NRDE-3 an 

Argonaute that shuttles siRNAs from the cytoplasm to the nucleus to regulate nuclear 

RNAi 97, 120. 

Co-incident with the discovery that intracellular dsRNA is capable of triggering 

silencing, it was discovered that the silencing observed was also non-cell autonomous 2. 

In systemic RNAi, the silencing signals are transported between cells and are capable of 

spreading silencing throughout the entire organism. Organisms respond to systemic RNAi  
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triggered by dsRNA that is injected or expressed from a transgene 1,15,16. Another 

variation of systemic RNAi is called environmental RNAi (eRNAi), where the silencing 

trigger is ingested from the environment rather than from within the organism. While RNAi 

was discovered in C. elegans, in 1998, post-transcriptional gene silencing had already 

been preliminarily identified and characterized in plants.  

 

Systemic RNAi in plants 

  Interestingly, one of the first published observations of RNAi in plants, although 

unknown at the time, was in petunia where experimental overexpression of pigmentation 

genes caused some cells to lose all color 17, 18. Years later in 1996, Palauqui et al. 

observed that mobile silencing signals were capable of moving intercellularly in tobacco 

plants. Spontaneous silencing of an endogenous gene was first noticed in individual cells 

which then began to expand to form large clusters and was eventually transmitted to new 

leaves 20. A transgene experimentally introduced to a subset of cells triggered silencing 

in other cells, indicating that non-cell autonomous silencing was also observed in cells 

not originally exposed to the silencing trigger 21. These transgene-induced silencing 

signals were also able to travel long distances, up to 30cm, suggesting the involvement 

of a diffusible signal 22,23. It was only after the discovery of RNAi by Fire et al., in 1998, 

that was it thought the silencing of pigmented cells was likely due to aberrant transgene 

RNAs that were converted into dsRNA 19. Shortly after Fire et al. published their 

observations on dsRNA as a silencing trigger in C elegans, Waterhouse et al., 

demonstrated that dsRNA also mediated silencing in plants 24.  
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In plants there are two distinct RNA mobility pathways responsible for the systemic 

spread of silencing. First, plants use plasmodesmata, direct cell-to-cell connections to 

transport 21-bp silencing RNAs (siRNAs) locally. These transported siRNAs are 

generated by Dicer-like 4 (DCL4) and undergo RDRP-dependent amplification in the 

recipient cells 25,64. Amplification of siRNAs enables the spread of effective silencing 

beyond a 10-15 cell radius; without siRNA amplification few silencing complexes could 

form beyond the primary source. The second transport mechanisms use phloem-based 

movement for long distance travel. This allows the signals to travel the length of the plant 

from roots to leaves. In contrast to the 21-nt siRNA that use plasmodesmata to travel 

between cells, 24-nt siRNA, produced by DCL-4 travel via the phloem 26,27,28. 

Since these discoveries, RNAi has been identified in many organisms (Table 

1.14,16,29). However, few of them are capable of systemic RNAi implying that over the 

course of evolution, systemic RNAi has been gained or lost multiple times 30,31. This 

repeated selection also suggests that for some organisms, systemic RNAi is 

advantageous. In fact, one evolutionary advantage of RNAi is its role in anti-viral defense 

32,33. Although systemic RNAi is essential for antiviral responses in plants, in C. elegans, 

published studies to date have failed to identify an important anti-viral role for systemic 

RNAi. However, unpublished data from the Hunter lab indicates that systemic RNAi 

transporters are important in protecting C. elegans from viral infection 33. 

 

Environmental RNAi and its applications 

A few other organisms, in addition to C. elegans, are capable of initiating RNAi 

from dsRNAs present in the environment 4.  This uptake and spread of dsRNAs from the 
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environment to initiate RNAi is known as environmental RNAi (eRNAi). eRNAi was first 

observed in experiments where C. elegans were either soaked in dsRNA (soaking RNAi) 

or fed E. coli expressing dsRNA (feeding RNAi) 34,35. It is important to note, not all 

organisms that undergo systemic RNAi are capable of eRNAi (Table 1.1), but all 

organisms that are capable of eRNAi must depend on systemic RNAi.  

In C. elegans, eRNAi enables researchers to simply control the food source of 

worms in order to direct silencing. To ease the process of exploiting eRNAi, Ahringer and 

colleagues constructed a library of bacterial strains, each expressing a single dsRNA 

against nearly 70% of the genes in C. elegans. This library has served as a great tool to 

both identify phenotypes of specific genes and to identify genes with specific phenotypes 

such as fat regulation or aging 36,37,38,39,40. One of the most active applications of eRNAi 

has been in agriculture biotechnology. Every year, insects and other parasites destroy 

billions of dollars worth of crops. It is estimated that pests and microbial pathogens cause 

up to 15% crop yield losses 41. However, it does not end there, an often-overlooked area 

is that of post-harvest diseases which occur during processing, transportation and storage 

leading to the decimation of 25-50% across the US and developing countries.  The most 

commonly used pesticides are often toxic to humans and often cause environmental 

damage. For these reasons, there has been active development of transgenic plants 

capable of protecting themselves from pests by expressing dsRNA. When insects ingest 

the transgenic plant, they are exposed to dsRNA targeting essential pest-specific genes. 

It is assumed that the silencing signals trigger downregulation of essential genes via the 

RNAi pathway and result in reduced growth or death of the insect 41.  

 



 21 

  

Table 1.1: Animals that are capable of RNAi 
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The first example of this strategy was provided by Monsanto in transgenic maize plants 

to control the Western corn rootworm (Diabrotica virgifera) 42. The transgenic plants were 

sprayed with an insecticide containing a dsRNA against vacuolar sorting gene Snf7. Since 

vacuolar sorting is an essential process, expression of Snf7 protected maize roots from 

feeding damage caused by rootworm larvae. A slightly different approach was used to 

protect cotton plants from the cotton bollworm (Helicoverpa armigera). Transgenic cotton 

plants expressed a construct targeting an insect enzyme that detoxifies the plant-

expressed toxin gossypol.  Therefore, bollworm larvae that consumed transgenic cotton 

leaves were affected by the toxin gossypol leading to stunted growth 43. An additional 

example is via the neurotoxin, nicotine, made by species of tobacco. The tobacco 

hornworm (Manduca sexta) is resistant to high nicotine concentrations. Dietary nicotine 

induces the activity of the gene CYP6B46 which, in turn, enables them to exhale nicotine 

and protects them from spider predation. Nicotiana attenuata, a species of tobacco, was 

transgenically modified to express a dsRNA against CYP6B46. The hornworm larvae that 

consumed transgenic tobacco were unable to exhale as much nicotine and were thus 

susceptible to spider predation. An advantage of this approach is that even a weak RNAi 

response can be effective when the insect interacts with the plants’ innate chemical 

defense. However, it is highly dependent on the nature of insect-plant interaction and in 

some cases may not be useful 43.  

 In addition to agriculture, another concern is the decimation of animal populations 

by viral infection. An example is the white spot syndrome virus (WSSV) which causes 

lethality of multiple crustacean species within days of infections. To test the efficacy of 

RNAi against WSSV, shrimp (Penaeus monodon) were fed with bacteria expressing 
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dsRNA against an essential WSSV gene. They were then infected with the virus. The 

infected shrimp were scored for survival after 30 days and they found 70% of the dsRNA-

treated shrimp had survived 44.    

 

RNAi therapeutics 

A key question for a few decades now has been whether RNAi is capable of 

inhibiting disease-causing genes in humans. The discovery of mammalian siRNA-

mediated gene silencing enabled the development of RNAi-based therapies45 (Table 1.2). 

Subsequently, researchers have explored the capability of using RNAi to treat diseases 

that are caused by misregulated genes or viral infections 46,47. However, a major issue is 

delivery-induced toxicity 48. Delivery agents, such as liposomes, expose RNA to PKR, 

Toll-like receptors and other downstream effectors of the inflammatory pathway which in 

turn trigger innate immunity. New methods to solve this problem include chemical 

modification of the RNA or the usage of alternative delivery methods like lipid nanoparticle 

technology 49,50. Naked RNA particles tend to be relatively unstable therefore, the usage 

of nanoparticles for delivery helps to overcome this challenge. There are various types of 

nanoparticles such as lipid nanoparticles (LNPs), N-acetylgalactosamine (GalNac) 

conjugates and dynamic polyconjugates (DPCs). LNPs are the most common method 

due to their efficiency of siRNA delivery 48.   

Ocular disease has historically been the easiest target for RNAi therapy. Macugen 

is the only approved RNA therapeutic that targets the vascular endothelial growth factor 

(VEGF). This is because the eye is a prime site for local delivery that helps to mitigate  
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off-target effects and inflammation 51. There are multiple drugs in Phase I/II/III trials that 

target the liver, gastrointestinal tract, dermis and various types of cancers (including 

vaccinations against cancer) (Table 1.2 48).  

 

Identification of systemic RNAi mutants 

Prior to investigating whether RNAi transport mechanisms in C. elegans are similar 

to those described above, it is important to first identify proteins responsible for systemic 

RNAi. As described earlier, RNAi in C elegans can be triggered by injection, transgene 

expression or feeding/soaking. For this research, C. elegans was used as a model system  

because it is a well characterized organism with a fully sequenced and annotated 

genome. In addition, there are extensive established mutant strains and experimental 

protocols. 

Previous screens have identified the proteins involved in RNAi transport using 

multiple methods to separate transported versus cell-autonomous gene silencing 

15,35,52,53. However, during the course of those screens, mutants were selected on the 

basis of strong transport defects and those that did not cause lethality. Therefore, it is 

likely that there exist additional unidentified components of the systemic and eRNAi 

pathways.   

 

Systemic RNAi defective (Sid) screen 

In order to differentiate between proteins involved in systemic versus cell-

autonomous RNAi, Winston et al constructed a transgenic strain that expressed two GFP 

reporters (pharynx and body wall muscle) and a pharyngeal expressed gfp hairpin dsRNA  
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Table 1.2: RNAi therapeutics currently in clinical trials 
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to simultaneously monitor autonomous (pharynx) and systemic (muscle) RNAi silencing. 

These animals were also cultured on bacteria engineered to expressed gfp dsRNA. In 

wild-type animals the pharyngeal expressed hairpin dsRNA autonomously silenced 

pharyngeal GFP expression and non-autonomously or systemically silenced anterior 

body wall muscle cells. Ingested dsRNA enhanced silencing everywhere, producing 

animals with only residual GFP in the pharynx (Figure 1.5). Following mutagenesis, the 

desired Sid mutants were identified by their intact silencing in the pharynx and reduced 

or eliminated silencing in body wall muscle cells. On the other hand, RNAi defective 

mutants (discarded) had bright GFP in the pharynx and in all body wall muscle cells 

(Figure 1.1). The Sid screen identified 106 alleles that fell into 5 major complementation 

groups: sid-1, sid-2, sid-3, sid-4 and sid-5.  

 

SID-1 

 SID-1 is the strongest and most frequent systemic RNAi mutant identified in the 

screen with 52 alleles isolated. SID-1 is a multi-pass transmembrane protein 5,15 which 

functions as a dsRNA channel that selectively allows for transport of dsRNA between 

cells 15,54. It has 11 predicted transmembrane domains with a short C-terminal cytosolic 

domain and a long N-terminal extracellular domain 54. Pratt et al. biochemical analysis of 

the extracellular domain of human SID-1 homologs suggests they assemble as 

tetramers62. sid-1 mutant worms are resistant to the transport of dsRNA silencing signals 

either from feeding, injections or transgenic expression and SID-1 is required for the 

import of dsRNA from cells that express these silencing signals 55. However, cell-

autonomous RNAi is intact. Transcriptional and translational fusions show that SID-1 is  
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Figure 1.5: Sid Screen 

A transgenic worm (pharyngeal and body wall muscle GFP; pharyngeal gfp-dsRNA) was 

constructed that acts as a sensor for both cell-autonomous RNAi (pharynx) and systemic 

RNAi (body wall muscle). The transgenic worm was mutated using EMS and only worms 

that were mutated for systemic RNAi were selected for further analysis (sid-1, sid-2, sid-

3, sid-4, sid-5)  

  



 28 

 

 

 

 

 

Figure 1.5 (continued): Sid Screen 
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expressed in all cells capable of systemic RNAi. Mosaic experiments show that 

extracellular dsRNA is only capable of silencing cells that express SID-1 5,15,55. It is 

expressed in all non-neuronal cells which might explain why neurons are incapable of 

systemic RNAi but are sensitive to cell-autonomous RNAi 56.  

Since Drosophila melanogaster has no known SID-1 orthologs, Drosophila derived 

cell lines were used for further studies on SID-1 function. The fly S2 cell system can import 

dsRNA when it undergoes both serum starvation and is exposed to high concentrations 

of dsRNA. In vitro studies where Drosophila S2 cells express C. elegans SID-1 were 

shown to be capable of importing more 32P-labeled dsRNA than control cells 54,57. When 

serum starvation is omitted and extracellular dsRNA concentrations are lowered (~1K-

10M fold), SID-1-dependent transport can be easily detected. Uptake assays and 

electrophysiology demonstrate that the specificity of the channel is governed by the RNA 

specific hydroxyl group. Shih et al. tested many RNA and RNA-like substrates to 

understand the specificity of the channel. Their results suggest that SID-1 recognizes 

double-strandedness and requires RNA on both strands. Furthermore, the SID-1 channel 

transports dsRNA in an ATP independent bidirectional manner 5. 

 

SID-2 

sid-2 was the second most abundant mutant identified in the screen with 33 alleles 

15. Mutants are defective only for eRNAi and are capable of systemic RNAi when dsRNA 

is injected or expressed via a transgene 31. SID-2 encodes a 311 amino acid single pass 

transmembrane protein with a cytoplasmic C-terminus and an extracellular N-terminus. A 

translational fusion rescue construct of SID-2 localizes primarily to the apical lumen. This 



 30 

may explain why SID-2 is involved in feeding/ eRNAi.  Studies in the S2 cell culture 

system show that SID-2 enables dsRNA uptake in a pH-dependent manner 58. However, 

eRNAi also requires SID-1 31. Two non-exclusive models explain this dual requirement. 

The first is SID-2-dependent endocytosis of ingested dsRNA followed by SID-1-

dependent release from endosomes into the cytoplasm. This dsRNA must then be 

exported from the intestine to cause silencing in other tissues.  The second model is 

transcytosis; endocytosed ingested dsRNA is transported through the intestinal cells and 

released into the body cavity. Subsequently, SID-1 is then required for uptake 55,58. 

Available evidence supports both models. 

 SID-2 is a rapidly evolving protein in nematodes and has not been identified in any 

other animal. Even within nematodes, the presence of a SID-2 homolog does not 

necessarily predict competence for eRNAi. For example, despite the presence of a sid-2 

gene, C. briggsae is incapable of initiating RNAi when fed with bacteria expressing 

dsRNA. However, expressing the C. elegans SID-2 in C. briggsae is sufficient to initiate 

eRNAi 31.  This result indicates that SID-2 is the specialized machinery required for eRNAi 

in nematodes. 

 

SID-3 

The screen recovered 14 alleles of sid-3, making it the third most abundant Sid 

from the screen 3. sid-3 encodes a conserved protein with a tyrosine kinase domain, a 

Cdc-42/Rac interactive binding domain (CRIB) and a Src homology 3 (SH3) domain. This 

domain composition is similar to that found in the Cdc-42-associated kinase (Ack) family 

of cytoplasmic tyrosine kinases. While C. elegans contains two homologs of this broadly 
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conserved family, SID-3 and ARK-1, phylogenetic analysis of the two implies that the SID-

3 tyrosine kinase domain is more closely related to human ACK. ark-1, also does not 

have a RNAi deficient phenotype. Mouse ACK cDNA expressed under the native sid-3 or 

body wall muscle promoter resulted in larval and embryonic lethal transgenic lines. So, it 

is still unclear whether ACK is capable of functionally replacing SID-3.   

The deletion mutant, sid-3(tm342) when tested on a panel of RNAi foods was 

resistant to dpy-7 (hypodermis) 3 and fkh-6 (gonad) (Figure 2.4), partially resistant 3 to 

unc-45 (muscle), pos-1 (germline) and act-5 (intestine) and completely sensitive to unc-

22 (strong muscle target). Transcriptional reporters show a broad expression of SID-3 

including gut, pharynx, skin/hypodermis and excretory canal cells. Translational reporters 

show that SID-3 is localized to the cytoplasm and likely functions there. When sid-3 

mutants were rescued either in the gfp-dsRNA exporting (pharynx) or importing tissues 

(body wall muscle), only rescue of sid-3 in the body wall muscle was capable of restoring 

systemic RNAi, indicating that sid-3, like sid-1, is an import mutant. Import of dsRNA 

occurs weakly in the absence of sid-3. However, when sid-3 is present, RNAi is much 

more efficient. Therefore, its phenotype is weaker than sid-1 3.   

 

SID-5 

Only three sid-5 alleles were recovered 59. Compared to the three Sid mutants mentioned 

above, sid-5 has a weaker phenotype and is partially sensitive to exogenous dsRNA. sid-

5 encodes a novel, nematode-specific protein that co-localizes with late endosomal 

proteins 59. Embryonically expressed sid-5 is required for parental RNAi 121. 

Transcriptional and translational reporters of sid-5 GFP are expressed in all somatic cells 
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(intestine, muscle, neurons, somatic gonad and embryos) and localize to membrane 

structures in the cytoplasm of intestinal cells. Interestingly, SID-5::GFP has a dominant 

negative effect that is more severe than the sid-5 null mutant. Rescuing sid-5 mutants in 

only source cells can rescue silencing, suggesting that SID-5 is important for export but 

not import of silencing signals. Interestingly, inhibition of late endosomal proteins reduces 

RNAi efficiency 60,61. 

 

SID-4 

As noted above, several transport proteins have been identified and characterized. 

However, until now, sid-4 has remained uncharacterized and unidentified due to its 

relatively weak phenotype. This leaves many unanswered questions. For example, how 

does sid-4 function as part of this pathway? Is sid-4 an import or export mutant? Are there 

other unidentified proteins involved in systemic RNAi? Do stronger alleles of weak RNAi 

mutants reveal developmental or physiological phenotypes that might reveal a function 

for systemic RNAi? To address some of these questions, I have identified and 

characterized the role of sid-4 in systemic RNAi. In addition, I have conducted a 

bioinformatic interactor screen of SID-3 and SID-4 homologs to identify other potential 

signaling partners that may regulate systemic RNAi. Finally, I explore novel non-RNAi 

phenotypes of systemic RNAi mutants. Together, this work forms a basis to ask additional 

interesting questions such as, what other pathways does systemic RNAi intersect with 

and what, if any, are the roles of systemic RNAi transporters in those pathways?  
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Summary 

In this chapter, I identify and characterize the final systemic RNAi defective (Sid) mutant, 

sid-4. Whole genome sequencing identified sid-4 as the non-catalytic region of tyrosine 

kinase adaptor protein (nck-1). Interestingly, sid-3 is also a non-receptor tyrosine kinase5. 

Additionally, the mammalian and Drosophila orthologs of SID-3, ACK/DAck, interact with 

mammalian and Drosophila orthologs NCK/Dock 6,7. In C. elegans, previously published 

data shows that SID-3 and SID-4 are expressed in the same tissues 3,5. I show that sid-3 

and sid-4 have similar RNAi sensitivity to foods targeting various tissues. Additionally, like 

sid-3, sid-4 is also a dose-dependent systemic RNAi mutant that is defective for import. 

These results indicate that similar to sid-3, sid-4 is also weak Sid mutant.  
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Whole genome sequencing of sid-4 

The Sid screen recovered four non-complementing alleles of sid-41 that showed sex 

chromosome (X) linkage. One of these sid-4 alleles was mapped to a 5-map unit interval 

on the X-chromosome2. I used whole genome sequencing to identify all four sid-4 alleles. 

All four strains had protein altering nucleotide variants uniquely in ZK470.5 (nck-1): sid-

4(qt15) [S338L], sid-4(qt17) [G162E], sid-4(qt33) [Y250-stop] and sid-4(qt35) [E132K] 

(Figure 2.1). For subsequent characterization, I used the 1814-bp deletion allele, sid-

4/nck-1 (ok694) (Figure 2.1).  

 

Non-catalytic region of tyrosine kinase adaptor protein (NCK/SID-4) 

In C. elegans, ZK470.5 (sid-4/nck-1) encodes two SID-4 isoforms 3 SID-4A and SID-4B 

generated by alternative transcription start sites. A comparison of mammalian and C. 

elegans SID-4 has 57% sequence identity (Figure 2.2). SID-4A is 397 amino acids (aa) 

long and consists of three SH3 domains and a single SH2 domain. SID-4B is 286 aa long 

and lacks the first SH3 domain but is otherwise identical to SID-4A (Figure 2.1). SID-4 is 

broadly expressed in the nervous system and in non-neuronal tissues (Figure 2.3 3). 

Mohamed et al. reported that the SID-4 deletion (sid-4(ok694)) causes defects in neuronal 

axon guidance, neuronal cell migration and male mating. Defects were also reported in 

the excretory cell morphology, gonad size (smaller), and brood size. However, it is 

important to note that the observations listed in the paper above were made in mutants 

that had not been outcrossed.  

For further studies using the sid-4(ok694) deletion mutant, I outcrossed the strain 

eight times to remove any background defects that could confound downstream analysis  
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Figure 2.1: sid-4 encodes the non-catalytic region of tyrosine kinase adaptor 

protein 

Illustration of protein altering SNPs identified in ZK470.5 adapted from Mohamed et al. 

2011. SID-4A (397 amino acids) and SID-4B (286 amino acids) are driven by their own 

promoters and may have functional differences in systemic RNAi due to the 

presence/absence of the first SH3 domain. 

  



 48 

 

 

 

 

 

Figure 2.1 (continued): sid-4 encodes the non-catalytic region of tyrosine kinase 

adaptor protein 
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Figure 2.2: Alignment of mammalian NCK and C. elegans SID-4 

A. A comparison of Homo sapiens NCK-1 and C. elegans SID-4 shows ~41% sequence 

identity. B. A comparison of Homo sapiens NCK-2 and C. elegans SID-4 shows ~42% 

sequence identity. However, the domain structure of the two orthologs is identical. Both 

mammalian and C. elegans SID-4 encode three SH3 domains and a single SH2 domain. 

Black highlights indicate the same residue, grey highlights indicate residues that have 

similar properties and no highlighting indicates dissimilar residues. 
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Figure 2.2 (continued): Alignment of mammalian NCK and C. elegans SID-4 
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Figure 2.2 (continued): Alignment of mammalian NCK and C. elegans SID-4 
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Figure 2.3: Expression pattern of NCK-1 

Figure adapted from Mohamed et al 2011. (A-C) General expression of NCK-1 is 

observed in the hypodermis, intestine, pharynx, nervous system and gonad 
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Figure 2.3 (continued): Expression pattern of NCK-1 
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of sid-4. In line with this, I did not observe any defects in brood size (~99% survival, not 

shown) or male mating. Other neuronal and excretory cell defects were not investigated 

in the outcrossed strain.  

 

sid-4 alleles have weak systemic RNAi defective phenotypes 

To compare systemic RNAi silencing defects among sid-4 alleles (qt33 and ok694) and 

other Sid mutants, I constructed a transgenic strain containing sid-4(ok694) in the Sid 

screen transgenic background (HC57: pharyngeal and body wall muscle expressed GFP 

and pharyngeal expressed gfp dsRNA). The HC57 strain shows strong but incomplete 

silencing of pharyngeal GFP and anterior but not posterior body wall muscle cell silencing. 

However, when grown on bacteria expressing gfp dsRNA the body wall muscle GFP is 

undetectable. In contrast, HC57 sid-1(qt9) worms grown on bacteria expressing gfp 

dsRNA show silencing of pharyngeal GFP only – they are completely resistant to systemic 

RNAi silencing in body wall muscle cells. sid-2 is required for uptake of ingested dsRNA. 

Thus, when fed with dsRNA, it continues to have only pharynx and anterior silencing. 

Transgenic worms with a sid-2(qt15) background were completely resistant to 

feeding/ eRNAi. In this assay both sid-4 alleles showed partial silencing of the anterior 

body wall muscle (Figure 2.4A). This may reflect a higher concentration of ingested 

dsRNA within anterior intestinal cells. Since sid-4 has weak phenotypes, it is a weak 

mutant. Both alleles, qt33 and ok694, had a variation in the extent of systemic silencing 

of the body wall muscle. Quantification of this observation showed similar distributions of 

variable silencing in both sid-4 alleles (Figure 2.4B). This indicates that sid-4 is not 

required for uptake of ingested dsRNA. It is possible the ingested dsRNA is being taken- 
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Figure 2.4: sid-4 mutants are defective for RNAi 

(A) Deletion mutant sid-4(ok694) in the HC57 background (pharyngeal GFP and gfp-hp-

dsRNA; body wall muscle GFP). Both alleles, sid-4 (ok694) and sid-4 (qt33) were tested 

on bacteria expressing GFP dsRNA along with empty vector control. Adult F1 progeny 

of staged L4’s were scored for their sensitivity to GFP RNAi. Scale bar 0.1mm. (B) 

Animals were scored for both the extent of silencing within the worm and the number of 

animals silenced. sid-4 (ok694) and sid-4 (qt33) progeny show similar extents of 

silencing (light green > green > dark green) and are represented with accompanying 

schematics (n>400). 
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Figure 2.4 (continued): sid-4 mutants are defective for RNAi 
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up and degraded, therefore the lack of complete silencing may indicate a dose-dependent 

response to ingested dsRNA.  

To determine whether sid-4 mutants show similar incomplete systemic silencing 

defects, I next compared the RNAi resistance of both sid-4 alleles, qt33 and ok694, with 

other Sid mutants to bacterial RNAi targeting a variety of tissue-specific genes. I tested 

strains on strong foods: pos-1, fkh-6, act-5 and unc-22 and weak foods: bli-1, dpy-11 and 

unc-45. Wild-type worms were completely sensitive (100% silencing) to all these RNAi 

foods (Figure 2.5) and sid-1 and sid-2 mutant worms were completely resistant (0% 

silencing, not shown). In contrast sid-4(qt33) and sid-4(ok694) worms showed a variety 

of food- or tissue-specific responses. Both sid-4 alleles were completely or nearly 

completely resistant to fkh-6 (gonad), unc-45 (muscle), and bli-1 (hypodermis); 

completely or mostly sensitive to act-5 (intestine) and unc-22 (muscle); and intermediately 

sensitive to pos-1 (germline) and dpy-11 (hypodermis). The only discrepancy between 

the two alleles was observed in sensitivity to dpy-11 RNAi. This result indicates that the 

nonsense mutant qt33 may have residual activity compared to the deletion allele, but this 

difference may also reflect unidentified background effects (Figure 2.5A). Notably, sid-3 

mutants are similarly sensitive and resistant to these RNAi foods (Figure 2.5B). The 

characterization and RNAi phenotypes of sid-3 were initially reported in Jose et al 2011. 

However, here, I test sid-3 on additional foods, fkh-6 and dpy-11, in addition to retesting 

it on RNAi foods from Jose et al. 2011. This sid-3 and sid-4 gene-specific pattern of 

resistance and sensitivity mirrors that for weak sid-1 alleles, consistent with the notion 

that sid-3 and sid-4 mutants are sensitive to easily silenced genes and resistant to less 

easily silenced genes 4. In summary, these results indicate that the sid-4 null phenotype  
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Figure 2.5: sid-4 and sid-3 have similar RNAi phenotypes 

A. The adult progeny (F1) of A) sid-4(qt33) and sid-4(ok694) or B) sid-3(tm342) L4 

animals (F0) placed on RNAi foods were scored for their RNAi sensitivity to each food. 

Here sensitivity is scored as the number of worms silenced within the population. Each 

circle represents the plate mean sensitivity for each F0 (n=10) with n>150 F1’s for each 

F0.  
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Figure 2.5 (continued): sid-4 and sid-3 have similar RNAi phenotypes 
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is, similar to sid-3, an incomplete RNAi defect.  

 

sid-4 is a dose-dependent Sid 

In response to expressed dsRNA, sid-4 mutant worms retain RNAi silencing activity in the 

pharynx and in response to ingested dsRNA, they undergo partial silencing in anterior but 

not posterior body wall muscle cells (Figure 2.4 A). This is consistent with the expectation 

that sid-4 mutants are partially defective for systemic but not autonomous RNAi. However, 

a weak RNAi defective mutant that is suppressed by high dsRNA dose may also produce 

wild-type silencing levels in the pharynx in response to high levels of expressed dsRNA 

and decreasing levels of silencing along the anterior-posterior axis in response to 

decreasing levels of ingested dsRNA. To test sid-4 mutants for a weak RNAi defective 

(Rde) phenotype I injected pal-1 dsRNA directly into the syncytial germline of wild-type 

and sid-4 mutant hermaphrodites and scored the frequency of the embryonic lethality. 

pal-1 is an essential gene expressed both maternally and zygotically and is sensitive to 

germline injected dsRNA, even in a sid-1 mutant, indicating that dsRNA transport is not 

required for effective RNAi1, 6. Because the germline is syncytial, injections into the 

anterior or posterior gonad do not require dsRNA transport for effective silencing in the 

germ cells and embryos produced within each gonad arm 7. However, because of dsRNA 

transport in wild-type animals, injecting a single gonad arm can result in 100% embryonic 

lethality. To limit variability and enable direct comparison between strains, I used a single 

needle and identical injection times (similar volumes) for each dsRNA concentration. To 

eliminate the effect of gonad to gonad transfer, I initially injected both gonad arms. I found 

that both wild-type and sid-4(ok694) mutants showed proportionate increases in 



 61 

embryonic lethality when injected with increasing concentrations of pal-1 dsRNA (Figure 

2.5). This indicates that sid-4 mutants have a wild-type level of RNAi activity in the 

germline. To test sid-4(ok694) mutants for systemic RNAi defects (Sid), I similarly injected 

single gonad arms with either a high or low dsRNA dose. Consistent with effective 

systemic RNAi, in wild-type worms there was no detectable difference between single 

and double gonad injections at either dsRNA dose (Figure 2.6). In contrast, in sid-

4(ok694) animals I observed a 50% reduction in embryonic lethality at the low dose. This 

result is consistent with lack of transport of dsRNA between gonad arms. However, 

because this effect is only seen at low dsRNA concentrations, I conclude that sid-4 is a 

weak, dose-dependent Sid mutant. 

 

sid-4 is import defective  

SID-4 may support systemic RNAi by promoting dsRNA export and/or import. To 

determine whether sid-4 is required in importing cells, I examined the correlation between 

RNAi sensitivity and sid-4 genotype in target cells. Specifically, I rescued sid-4(ok694) 

animals with a sid-4::gfp construct maintained as a mitotically unstable extrachromosomal 

array. Most progeny from a SID-4::GFP-positive adult are either GFP negative (sid-4 

mutant) in all cells or GFP positive (sid-4 WT) in most/all cells. However, some progeny 

lose the SID-4::GFP-positive extrachromosomal array post fertilization, in a lineage-

related set of cells, creating a sid-4+/sid-4- genetic mosaic animal. In three separate trials, 

the progeny of SID-4::GFP-positive adults placed on bli-1 RNAi food were sorted into 

resistant (no blisters) and sensitive (full-body blisters). These animals were then scored 

for SID-4::GFP expression. All of the examined bli-1 RNAi sensitive worms (full body  
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Figure 2.6: sid-4 is defective for transport of dsRNA 

 
Staged wild-type and sid-4(ok694) young adults were injected with varying pal-1 dsRNA 

concentrations into one or both gonad arms and then 6 hours post injection singled and 

allowed to lay eggs for 2 days. The fraction of hatched eggs for each injected adult 

(n>10) was scored three days later.  
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Figure 2.6 (continued): sid-4 is defective for transport of dsRNA 
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blister) expressed SID-4::GFP in the hypodermis and often in other cells. In contrast, most 

of the resistant worms lacked detectable GFP expression. However, among the resistant 

worms were animals that expressed GFP in some cells. Examination at high 

magnification showed that many of these animals lacked GFP expression in the intestine 

and hypodermis and that a few expressed GFP in the intestine, but not the hypodermis 

(Figure 2.7). These results indicate that animals that fail to express a functional sid-4 gene 

in hypodermal cells are unable to effectively silence bli-1 in response to ingested bli-1 

dsRNA. Thus, sid-4 is inferred to be required for dsRNA import. This experimental design 

does not test for export functions. 

 

sid-4 constructs rescue systemic RNAi 

Two different sid-4 promoters and transcription initiation sites produce distinct sid-

4 isoforms; SID-4A and SID-4B3 (Figure 2.1). These isoforms differ in the presence or 

absence of the first of three Src homology domain 3 (SH3) domains. SH3 domains bind 

proline-rich sequences to mediate protein-protein interactions, thus it is possible that 

either one or both of the isoforms is required for systemic RNAi. To test each isoform 

independently, I rescued the sid-4(ok694) with isoform specific cDNA constructs driven 

by their endogenous promoters obtained from the worm ORFeome 8. To monitor RNAi 

efficacy in multiple tissues I crossed in an integrated sur-5::gfp transgene construct that 

expresses nuclear localized GFP in all somatic cells. Three independent SID-4A or SID-

4B lines were established and tested for GFP silencing on gfp RNAi food. As described 

previously in Jose et al 2011, GFP expression in intestinal cells is not reliable in the 

presence of the array and is lost mitotically 5. Therefore, I blind-scored GFP silencing in  
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Figure 2.7: sid-4 genotype in importing tissue correlates with RNAi resistance. 

Progeny of gravid sid-4(ok694); [Ex:sid-4::GFP] animals were scored for bli-1 RNAi 

sensitivity and then scored for tissue-specific sid-4::GFP expression. A. In three separate 

trials the proportion of RNAi sensitive, resistant, and GFP expression patterns were 

similar (sensitive, sid-4(+) (n) =1255, 1537, 1456; resistant intestine sid-4(+), hypodermis 

sid-4(-) (n) = 8, 8, 6; resistant intestine sid-4(-), hypodermis sid-4(-) (n) = 23, 12, 17). 

Gravid adults expressing the transgene were singled onto bacteria expressing bli-1 

dsRNA. Three days later, the Bli and non-Bli F1 progeny were segregated and then 

among the resistant worms, GFP-expressing worms were selected. Scale bar: 0.1mm. B. 

The tissue-specific GFP expression pattern in these mosaic transgenic worms was 

visualized on a confocal microscope. Scale bars: 25µm and 5µm respectively. 
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Figure 2.7 (continued): sid-4 genotype in importing tissue correlates with RNAi 

resistance 
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non-intestinal cells only. The SID-4A and SID-4B constructs partially and indistinguishably 

rescued silencing in sid-4;sur-5::gfp strains (Figure 2.8). This result suggests that SID-4 

isoforms are redundant or have non-complementary parallel functions. To test this, I 

injected both SID-4A and SID-4B cDNA into sid-4(ok694), however, the resulting 

transgenic line was developmentally arrested.  
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Figure 2.8: Isoforms of SID-4 rescue systemic RNAi 

 (A) Representative images of variable silencing of sur-5::GFP in the sid-4(ok694) 

background and in isoform specific rescue lines. (B-C) Quantification of variable 

expression in two independent experiments. Gravid adults were placed on bacteria 

expressing GFP dsRNA. GFP expression was scored three days later in adult F1 

progeny. Scale bars: 0.1mm 
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Figure 2.8 (continued): Isoforms of SID-4 rescue systemic RNAi 
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Summary 

Given the similar Sid phenotypes of sid-3 and sid-4 detailed in the previous chapter, here 

I explore the non-Sid phenotypes of these mutants. Previously published data by our lab, 

has shown that transgenic worms undergo more efficient silencing of GFP at lower 

temperatures. Interestingly, this phenotype can also be observed when tested with a 

different food, unc-22. Unlike wild-type worms, sid-3 and sid-4 mutants do not respond to 

temperature-dependent RNAi indicating that they may regulate this phenotype. Further 

exploration of this temperature-dependent effect shows that at higher temperatures of 

27°C, sid-3 and sid-4 undergo formation of dauers. Analysis of sid-3; sid-4 double mutants 

show that they function in a non-linear pathway. Given this observation, I tested the 

existence of additional weak interactors of the systemic RNAi pathway using a targeted 

bioinformatic and genetic screen. Candidate strong hit, ver-1, was examined further for 

RNAi defective phenotypes.  
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sid-3 and sid-4 regulate temperature-dependent RNAi 

SID-3 and SID-4 are likely components in a signal transduction pathway that modulates 

systemic RNAi in response to environmental conditions (temperature, food, etc.). Our lab 

previously observed temperature effects on systemic RNAi efficiency1. Systemic silencing 

of body wall muscle GFP in response to pharyngeal expressed dsRNA is more efficient 

at 20° than 25°C. I first asked whether temperature effects silencing of ingested dsRNA 

targeting an endogenous gene, unc-22. The progeny of ten singled wild-type L4’s placed 

on unc-22 RNAi food at 15°C, 20°C and 25°C were scored for unc-22 twitching as adults. 

Consistent with the previous findings, two independent trials showed more efficient 

silencing at 15° and less efficient silencing at 25°C (Figure 3.1). Thus, the temperature 

effect on systemic RNAi silencing may be independent of the method of dsRNA delivery 

(expression vs ingestion) and target (transgene vs endogenous gene). I then repeated 

the experiment with sid-3 and sid-4 mutants (Figure 3.1). In contrast to wild-type, the 

progeny of both sid-3 and sid-4 worms showed less efficient silencing at all three growth 

temperatures. It was repeated in a separate large trial (Figure 3.1). This result indicates 

that sid-3 and sid-4 are required for the enhanced systemic RNAi silencing observed at 

lower temperature.  

 

sid-3 and sid-4 do not function in a simple linear pathway 

SID-3 and SID-4 are broadly expressed proteins with similar subcellular localization 

patterns that likely function as partners in a signal transduction pathway modulating 

systemic RNAi efficiency in response to environmental cues. Furthermore, both sid-3 and 

sid-4 are weak Sid mutants required in importing cells for effective systemic RNAi (Figure  
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Figure 3.1: sid-3 and sid-4 regulate temperature-dependent RNA 

Wild-type, sid-3(tm342) and sid-4(ok694) were singled and allowed to lay eggs either at 

15°C, 20°C or 25°C. F1 progeny was blind-scored as adults via 3mM Levamisole 10 

treatment (n>375). Sensitivity to unc-22 RNAi was scored as paralysis or twitching. Each 

circle on the graph represents a single replicate (n>20). Mean with 95% confidence 

interval (with continuity correction) is also presented.             
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Figure 3.1 (continued): sid-3 and sid-4 regulate temperature-dependent 

RNA 
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2.7) and both have similar sensitivities to tissue-specific RNAi (Figure 2.5). If these genes 

function together as a kinase and adapter, then the double mutant is expected to 

resemble both single mutants. To test this hypothesis, I constructed a sid-4(ok694); sid-

3(tm342) double mutant between these X-linked genes. When tested on a panel of weak 

RNAi foods one or the other single mutants showed complete resistance preventing 

analysis of the double mutant. However, on two of the strong foods, unc-22 and pos-1, 

the single mutants showed an intermediate resistance that was in each instance 

enhanced in the double mutant (Figure 3.2). This enhanced phenotype was also observed 

when tested at elevated temperatures (Figure 3.3). These results indicate that sid-3 and 

sid-4 do not act in a simple linear pathway to modulate systemic RNAi. 

  

sid-3 and sid-4 mutants are dauer development defective 

RNAi resistance is the only reported defect for systemic RNAi mutants. However, sid-

4/nck-1 mutants have been reported to inappropriately develop as dauer larvae when 

grown at a slightly elevated temperature (26.5°C) 2. When young C. elegans larvae 

develop in stressful environmental conditions (excessive population density, limiting food, 

elevated temperature), they can, during the transition from the first to second larval stage, 

reversibly arrest growth as a dauer larva, an alternate larval stage that is resistant to 

adverse environments3. Many mutations that affect dauer development have been 

isolated that fall into two main classes: dauer-constitutive (Daf-c) and dauer-defective 

(Daf-d) 11. Daf-d mutants fail to form dauers under stressful conditions, while Daf-c 

mutants constitutively develop as dauers under favorable conditions. Most Daf-c and Daf-

d mutants have been identified as reversible temperature sensitive mutants. A third class  
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Figure 3.2: sid-3; sid-4 double mutants show enhanced RNAi phenotypes  

To test the difference in RNAi sensitivity between sid-3(tm342), sid-4(ok694) and their 

double sid-3(tm342);sid-4(ok694), staged young adults were placed on bacteria 

expressing different RNAi foods: muscle: unc-22, unc-45; hypodermis: bli-1, dpy-11, 

gonad: fkh-6, germline: pos-1 and intestine: act-5. 3 days later, resulting F1 progeny 

were scored for sensitivity to RNAi. In this experiment, n>400 and each data point 

reflects the sensitivity per independent P0 replicate (n = 10). p-values: 0.01, 0.0005, 

2.3xe15, 2xe18, respectively. 
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Figure 3.2 (continued): sid-3; sid-4 double mutants show enhanced RNAi 

phenotypes  
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Figure 3.3: sid-3 and sid-4 function in independent pathways 

Wild-type, sid-3(tm342); sid-4(ok694) doubles, sid-3(tm342) and sid-4(ok694) were 

singled and allowed to lay eggs either at 15°C, 20°C or 25°C. F1 progeny were blind-

scored as adults via 3mM Levamisole treatment (n>375). Sensitivity to unc-22 RNAi was 

scored as paralysis or twitching. Each circle on the graph represents a single replicate 

(n>20). Mean with 95% confidence interval (with continuity correction) is also presented. 

Wild-type worms at 15°C are significantly more sensitive than those at 20°C or 25°C (p-

values: < 3.9 x 10-5 and 2.4 x 10-13, respectively).  
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Figure 3.3 (continued): sid-3 and sid-4 function in independent pathways 
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of mutants form dauers at elevated temperatures. While growth at 27°C will induce a low 

frequency of dauer development in wild-type worms, high temperature induction of dauer 

(Hid) mutants form a high percentage of dauers at 27°C 11.  

To confirm that the outcrossed sid-4(ok694) strain remains Hid and to test another 

Sid mutant for the Hid phenotype, I used SDS resistance to score for dauer development. 

Dauers develop a desiccation resistant cuticle and pharyngeal plug that virtually 

eliminates molecular exchange between the worm and its environment. This property 

renders dauer larvae resistant to prolonged incubation in 1% SDS 12. I tested wild-type, 

sid-4(ok694), sid-3(tm342) and daf-2(e1370) mutants at 27°C for 66hrs and then used a 

standard 1% SDS assay to determine dauer formation. During the course of SDS 

treatment, most Sid worms, in contrast to the wild-type controls, visually appeared dauer-

like and survive a 10-minute incubation in SDS (Figure 3.4A), but only a fraction survived 

80 minutes post-SDS incubation (Figure 3.4B). 

This discrepancy suggested that Sid Hid dauers may develop either slowly, 

partially, or perhaps prematurely exit dauer (Daf-d). To distinguish between these 

alternatives, I repeated the SDS resistance test at 48hr and 66hr of 27°C growth (Figure 

3.4). As expected, the proportion of wild-type Hid dauers did not change over the time 

course, while the positive control daf-2 animals formed an increasingly high or maximum 

percentage of dauers. Both sid-3 and sid-4 mutants showed a positive correlation 

between growth time at 27°C and the fraction of dauer-like animals that survived SDS 

treatment (Figure 3.4). This result indicates that sid-3 and sid-4 mutants do not 

prematurely exit dauer (Daf-d), but likely are slow to form complete dauers. Since both 

sid-4 and sid-3 show Hid phenotypes at 27°C, it is possible that the systemic RNAi  
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Figure 3.4: sid-3 and sid-4 have Hid phenotypes 

sid-3(tm342), sid-4(ok694), daf-2(e1370) and wild-type were allowed to lay eggs either 

at 20°C or 27°C. F1 progeny was scored at 48 hours and 66 hours post-placement in 

incubator. Presence of dauers was determined using 1% SDS assay. Graph indicates 

mean survival across trials, after a 10-minute SDS incubation. Pie charts indicate per 

cent dauer rates at 80 minutes post-SDS treatment. Partial dauers or dauer-like worms 

were those that looked phenotypically like dauers but did not survive 80 minutes after 

1% SDS treatment.  
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Figure 3.4 (continued): sid-3 and sid-4 have Hid phenotypes 
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pathway intersects with the dauer pathway. To test this hypothesis, it will be important to 

investigate the phenotypes of other Sids at 27°C. 

 

Weak Rde phenotypes among likely SID-3/SID-4 interacting loci 

Mammalian and Drosophila SID-3 (ACK/DAck) and SID-4 (Nck/Dock) non-receptor 

tyrosine kinase and adapter protein homologs physically interact, therefore it is likely they 

do so in C. elegans as well 4,5. This is consistent with their similar expression, subcellular 

localization, weak systemic RNAi import defect, and common Hid phenotype. Because 

these conserved proteins are components of conserved signal transduction pathways, in 

mammals, Drosophila and C. elegans, it is possible that additional interacting signaling 

proteins will also have Sid/Rde phenotypes. Mutations in these genes may not be 

recovered in forward Sid screens if the defects are weak or the loss-of-function 

phenotypes interfere with normal growth and fertility. Identifying additional signaling 

pathways required for dsRNA transport may provide insight into extrinsic conditions that 

modify/control systemic RNAi as well as mechanistic hypotheses for how sid-3 and sid-4 

modify dsRNA import.  

To identify candidate sid-3 and sid-4 interacting signaling proteins I first compiled a 

list of all known and predicted mammalian NCK-1 and ACK-1 interacting proteins (see 

methods); mammalian signaling pathways have been much more thoroughly 

investigated. This process identified 113 mammalian proteins that likely interact (directly 

or indirectly) with both a NCK and an ACK ortholog. I then identified 116 C. elegans 

orthologs. Among these, 80 viable mutants have been described and I tested 52 of these 

by feeding RNAi for reduced sensitivity to fkh-6 RNAi food (Table 3.1). Wild-type animals  
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Table 3.1: SID-3/SID-4 interactor candidates tested for response to RNAi 
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are fully sensitive to and both sid-3 and sid-4 mutants are fully resistant to fkh-6 RNAi 

food (Figure 2.4). Given the relatively large volume of candidates, I scored for fkh-6 

resistance by looking for the presence of eggs on the plate instead of scoring the number 

of egg-laying adults. Of the mutants tested, I identified five strong candidates that were 

resistant to fkh-6 RNAi (Table 3.2). Among these, several were also partially resistant to 

dpy-11 RNAi.  

One of these candidates, VER-1, like SID-3, is a tyrosine kinase expressed in 

neuronal sheath cells and the intestine 6. Interestingly VER-1 expression in sheath cells 

is detected only at high temperatures 7,8. Furthermore, the mammalian ortholog of ver-1, 

VEGF Receptor 1 (VEGFR1) is a known interactor of NCK1 (sid-4 ortholog)9. To explore 

the RNAi sensitivity of the ver-1(ok1783) deletion mutant, I scored the RNAi phenotypes 

of the progeny of L4 animals placed on a panel of RNAi foods targeting a variety of tissues 

(Figure 3.5). While wild-type animals grown on fkh-6 RNAi food fail to lay any eggs, ver-

1 was only marginally resistant to fkh-6 (scored for number of egg-laying adults) and dpy-

11. These results suggest that ver-1 is a very weak RNAi mutant. Because sid-3; sid-4 

double mutants show a stronger RNAi resistance than either single mutant, I constructed 

and tested ver-1(ok1783); sid-3(tm342) double mutant on the same panel of RNAi foods. 

I found that the double was more resistant to unc-22 and bli-1 than either single mutant 

(Figure 3.6). Because ver-1 is a temperature sensor, I also tested the response of both 

sid-3(tm342); ver-1(ok1783) and sid-4(ok694); ver-1(ok1783) to unc-22 at 15°C, 20°C 

and 25°C, however no significant interactions were revealed (data not shown). This is 

likely because ver-1 is a weak Rde.  

Overall, while the identification of weak Rde interactors is promising, the high level of  
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Table 3.2: Candidate hits from the SID-3/SID-4 interactor screen 
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Figure 3.5: ver-1 is a very weak Rde 

Wild-type and ver-1(ok1783) were tested on a panel of foods targeting different tissues. 

Adult F1 progeny of staged L4’s was scored for their sensitivity to each food (n>450). 

Each circle represents an individual replicate (n=10).  
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Figure 3.5 (continued): ver-1 is a very weak Rde 
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Figure 3.6: ver-1; sid-3 is resistant to some RNAi foods 

Wild-type, sid-3(tm342), ver-1(ok1783) and sid-3(tm342);ver-1(ok1783) were tested on a 

panel of foods targeting different tissues. Adult F1 progeny of staged L4’s was scored for 

their sensitivity to each food (n>450). Each circle represents an individual replicate 

(n=10).  
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Figure 3.6 (continued): ver-1; sid-3 is resistant to some RNAi foods 
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noise in experimental assays makes it challenging to verify the significance of the 

interactions and to directly determine whether systemic RNAi is affected. However, these 

results are consistent with the hypothesis that sid-3 and sid-4 interactors may identify 

weak Sid mutant genes. Further analysis may identify additional physiological pathways 

that could intersect with systemic RNAi. 
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Summary 

C. elegans kinase, sid-3, and adaptor, sid-4, together may function to titrate the systemic 

RNAi pathway. This may explain their weak phenotypes in comparison to strong import 

mutant SID-1. Having characterized the final Sid mut ant, sid-4, below, I describe some 

models of systemic RNAi. In addition, the results described in Chapter 3 suggest that the 

systemic RNAi pathway may intersect with other pathways. This is not so surprising given 

that mammalian SID-4 functions in over 65 different pathways. Finally, the presence of 

weak mutants, sid-3 and sid-4, that function in independent pathways suggests that there 

are additional weak mutants which are yet to be discovered. Therefore, in this chapter, I 

discuss a few models for systemic RNAi, the possibility for its intersection with other 

pathways and suggest future directions.  
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C. elegans SID-3 and SID-4 have been implicated in a multitude of functions ranging from 

dsRNA import to cell migration and viral entry 1, 2, 3. Here, I explore some facets of these 

phenotypes and propose a model for the systemic RNAi pathway. SID-3 and SID-4 are 

conserved signaling proteins that are required for the control of normal growth (Hid) 

(Figure 3.3). SID-4/NCK-1 has been implicated in cell and axon migration1. SID-3, on the 

other hand acts upstream of STA-1 in the JAK/STAT pathway to regulate accumulation 

of the Orsay virus 3. A recent forward screen also identified SID-3 and SID-4/NCK-1 as 

essential for viral infection 2. Both proteins also act in the systemic RNAi pathway and 

may mediate temperature dependent RNAi efficiency (Figure 3.1). Below I describe my 

reasoning behind a systemic RNAi model where SID-3/SID-4 act at the endocytotic pit to 

recruit SID-1 and enable efficient or faster import of dsRNA through effects on SID-1 

localization (Figure 4.1). 

 

Does systemic RNAi converge with other pathways? 

The kinase SID-3 and kinase adapter SID-4 have non-RNAi related phenotypes. 

As described in Chapter 3, sid-3 and sid-4 mutants form dauers in response to elevated 

temperatures (27°C). Additionally, at lower temperatures (15°C), they are resistant to 

enhanced RNAi observed in wild-type (Figures 3.3 and 3.1). sid-4 mammalian ortholog 

has been implicated in numerous pathways, thus it seems that the above-mentioned non-

Sid phenotypes may only be the tip of the iceberg.   

Mammalian NCK is implicated in over 65 pathways including axon guidance, cell-

junction organization and the insulin pathway, to name a few 4. Mammalian Nck proteins 

act as connectors between receptor/non-receptor tyrosine kinases and the actin  
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Figure 4.1: Model of systemic RNAi  

A. In a sid-3 or sid-4 mutant, systemic RNAi occurs through SID-1 dependent import of 

dsRNA. (B and C). In a wild-type worm, where both SID-3, a tyrosine kinase 7, and SID-

4, an adaptor protein 1, are present, systemic RNAi is more efficient. In this model, a 

receptor tyrosine kinase (RTK) is activated by a ligand which triggers auto-

phosphorylation of tyrosine residues present in its cytoplasmic domain 20. The 

phosphorylated tyrosine kinase recruits SID-4, which binds the RTK 20. Simultaneously, 

during endocytosis, the endocytotic pit is formed at the membrane which recruits clathrin 

molecules 15. SID-3 binds the clathrin heavy chain with its CRIB domain 12 and SID-4 with 

its SH3 domain 12. This interaction triggers more efficient RNAi either through a SID-1 

dependent or SID-1 independent manner. In the case of SID-1 dependent import, SID-3 

and/or SID-4 trigger enhanced localization of SID-1 either by multimerization at the 

endocytotic membrane (B) or recruitment to endocytotic vesicles carrying dsRNA. Testing 

this model will require visualization of SID-1::GFP and testing the localization of SID-1 in 

the presence/absence of sid-3, sid-4 and sid-3;sid-4. If SID-1::GFP expression is 

enhanced at the endocytotic cell membrane in wild-type vs sid-3/sid-4 mutants, then it 

would support the SID-1 dependent hypothesis. On the other hand, in SID-1 independent 

import, endocytosis may be enhanced (C) and since dsRNA import requires SID-1, 

indirectly, it may increase efficiency of systemic RNAi. It is difficult to test this model since 

any mutation in the endocytotic pathway is either too weak to see an effect or is lethal.  
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Figure 4.1 (continued): Model of systemic RNAi 
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reorganization machinery. In most instances, the SH2 domain binds phosphorylated 

receptors or their associated phosphoproteins. SH3 domains assist in the formation of 

large complexes. Known NCK SH2 and SH3 domain interactors are listed in Tables 4.16. 

Due to the fact that mammalian NCK interacts with so many different pathways and 

proteins, it seems likely that there are other interactors in C. elegans that may impact 

systemic RNAi. 

 

How does SID-4 fit in the systemic RNAi pathway? 

Mammalian and Drosophila orthologs of SID-3, activated Cdc-42 non-receptor tyrosine 

kinases7 ACK and DAck, and SID-4, non-catalytic region of a tyrosine kinase adaptor 

proteins1 NCK and Dock, are known interactors 8, 9, 10, 11. Therefore, it is likely that, the 

SID-4 adaptor also interacts with the SID-3 tyrosine kinase in C. elegans. To my 

knowledge this has not been tested. 

ACK has been implicated in endocytosis through the binding of Cdc-42 12. In order 

to interact with Cdc-42, Ack uses a CRIB domain that is highly conserved between ACK 

and SID-3 7. In mammalian cell culture, activated ACK associates with invaginated 

endocytotic vesicles along with Cdc-42 13. In these endocytotic pits, dynamin-1 (dyn-1) 

was found to be phosphorylated at a tyrosine, implicating SID-3 further in endocytosis 14. 

Lastly, a Drosophila screen has shown that clathrin-mediated endocytosis is an integral  

part of dsRNA import in S2 cells 15. Based on these points, I speculate that SID-3 may 

assist in endocytotic import of dsRNA 7. This dsRNA may then be released into the 

cytoplasm through the action of SID-1. NCK is also a known interactor of DYN-1 (Table 

4.1) and might assist in SID-3 interactions with the endocytic vesicle. Independently, the 
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Table 4.1: Proteins that interact with the SH3 and SH2 domains of Nck (adapted 

from Lettau 2009) 

 
SH3 Interactors    SH2 Interactors 
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bioinformatic interactor screen also identified dyn-1 as a relatively weak Rde in 

comparison to the candidate hits (Table 3.2). This partial phenotype could be due to the 

fact that I tested only a change of function allele rather than a deletion (Table 3.1). The 

physiological effects of temperature-sensitive dyn-1 alleles have previously interfered 

with determining whether dyn-1 affects systemic RNAi (Hunter, personal communication). 

Together, this suggests that SID-4 may help to bind and/or recruit SID-3 to the site of 

endocytosis in order to promote SID-1 dependent import of dsRNA (Figure 4.1). Thus, 

adaptor and kinase may help to titrate the systemic RNAi pathway. 

 

What are the other phenotypes of Sid mutants? 

The observations that sid-3 and sid-4 form incomplete dauers at 27°C (Figure 3.3) and 

that both are resistant to enhanced RNAi at lower temperatures (15°C, Figure 3.1), 

suggest a role of these Sids in responding to temperature changes. Until now, other 

phenotypes of systemic RNAi mutants have been few. The identification of additional 

temperature-dependent and Daf-c phenotypes implies that there could be cross-talk 

between pathways. In addition, the SID-3/SID-4 interactor screen identified novel Rde 

candidates (Table 3.2), two of which, vab-1 and ver-1 also have Hid phenotypes. The 

surprising result that a sid-3; sid-4 double mutant has enhanced resistance to some RNAi 

foods (pos-1 and unc-22) suggests that they do not work in a simple linear pathway 

(Figure 3.3). In addition, in mammals and Drosophila, NCK/Dock is known to function in 

the insulin pathway 17, 18.  In C. elegans, dauer formation is also regulated by insulin-like 

signaling, especially during larval development 19. So, it is possible that the dauer pathway 

could signal systemic RNAi or vice versa. One way to test this hypothesis is to look for 
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Sid or enhanced RNAi (Eri) phenotypes in known Daf-c mutants. In order to determine 

whether systemic RNAi is required for the Hid dauer pathway, it will be important to test 

the strong import mutant, sid-1, at 27°C. 

 

Why were additional weak mutants not recovered in the Sid screen? 

The original Sid screen was skewed towards strong systemic RNAi mutants because only 

normal-growth mutants were analyzed. sid-3/sid-4 deletion alleles have weak 

phenotypes, suggesting that there are other redundant and unidentified Sid mutants. Of 

the Sids, only mammalian and Drosophila orthologs of SID-3/SID-4 are known interactors 

8, 9, 10, 11. A bioinformatic screen of ACK/NCK interactors and pathways identified five 

strong candidate Rdes with relatively weak Sid phenotypes (Table 3.1 and Figure 3.5). I 

have not yet quantified their strength on a spectrum of sid-1 to sid-3/sid-4, but that could 

be tested using an unc-22 dilution series. There are two reasons why I think that these 

weak interactors may also influence SID-1 localization. 1. sid-3/sid-4 may regulate the 

sid-1-dependent import of dsRNA and 2. ver-1, ver-3 and ced-2 are localized to tissues 

where SID-1 is known to be expressed. This hypothesis can be easily tested by studying 

SID-1::GFP localization in the presence of the candidate strong hits.  The candidates 

identified may have weak Sid phenotypes because I was either unable to obtain deletion 

mutants (residual activity) or they function redundantly with other genes. A screen 

favoring weak, lethal or sterile mutants may identify additional weak systemic RNAi 

mutants.  
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The novel Sid importer, SID-4, may act together with SID-3, to titrate the systemic RNAi 

pathway. If SID-1 is the target of SID-3/SID-4, then overexpression of SID-1 should mask 

SID-3/SID-4 phenotypes. Additionally, sid-3 and sid-4 have Hid and temperature-

dependent RNAi phenotypes. Therefore, it will be interesting to study SID-1 localization 

at different growth temperatures. Identification of other weak systemic RNAi mutants can 

be accomplished through forward screens that select for sickly/lethal phenotypes. While 

it is exciting that a conserved mammalian protein, NCK, is part of the systemic RNAi 

pathway, additional research is required to further the understanding of RNAi transport 

and inform systemic-RNAi based therapies.   
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Strains  

All strains used are listed in Table S.1. Strains were maintained using standard methods1. 

The sid-4(ok694) and sid-4(qt33) alleles were isolated from background mutations by 

eight backcrosses to N2. 

 

Sample preparation and Whole-Genome sequencing 

Genomic DNA was extracted from the four sid-4 strains; sid-4 (qt15) HC259, sid-4 (qt17) 

HC119, sid-4 (qt33) HC158 and sid-4(qt35) HC160. The genomic DNA was then purified 

to remove RNA using a protocol adapted from the Hobert laboratory2 and DNA 

concentrations determined (Qubit). For each allele, 1.5 µg of genomic DNA was sheared 

to an average length of 250 bp, purified (Qiagen kit), quantified (Qubit) and size and 

concentration verified (TapeStation). End repair, addition of 3’ A and Illumina adapter 

ligation were done according to the NEB Ultra DNA library kit E7370S protocol. Adapter 

addition was verified (Tapestation) and properly adapter ligated fragments were size 

selected (Pippin Prep). DNA samples were concentrated (Zymo DNA clean and 

concentrator kit) and quantified (Qubit). Size and concentration were verified 

(TapeStation) and ~600ng of adaptor ligated fragments were PCR amplified using 

Illumina sequencing indices 1-4, purified (Kapa Kit KK4824) and then quantified via qPCR 

against a standard dilution curve. Samples were diluted to ~71nM and sequenced. 

 

Bioinformatic analysis after whole genome sequencing 

I obtained ~250 million reads with 80x coverage of the genome. The sequences were 

trimmed and I used bowtie2, samtools to align the reads to the C. elegans genome (ce10). 
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I used variant calling to identify chromosome X exon SNPs. This identified ~150 X-linked 

mutations in each sid-4 strain. Of these, only nck-1 was uniquely mutated in all four 

strains. Rescue of nck-1 was tested in the sid-4 import assay where worms expressing 

SID-4::GFP in all tissues were 100% sensitive to bli-1 RNAi. The sid-4(ok694) deletion 

mutant is completely resistant to bli-1 RNAi.   

 

Plasmids 

All primer sequences are listed in Table S.2. Primers were purchased from Integrated 

DNA Technologies. All plasmids were verified by sequencing. 

 

SID-4 isoforms 

ORF plasmids constructed by Marc Vidal’s lab were obtained from Open Biosystems. Full 

length cDNAs ZK470.5a (SID-4A) and ZK470.5b (SID-4B) had a pDONR201 vector 

backbone and were resistant to kanamycin. Both plasmids were verified for the presence 

of SID-4A using primers SID-4A F / SID-4R and SID-4B cDNA using primers SID-4B F / 

SID-4R. ZK470.5a was independently injected as a complex array with a Pmyo-

2::mCherry co-injection marker (PCFJ90) into HC1133 to generate 3 independent lines: 

HC1140, HC1141 and HC1142. ZK470.5b was also independently as a complex array 

with a Pmyo-2::mCherry co-injection marker (PCFJ90) into HC1133 to generate 3 

independent lines: HC1143, HC1144 and HC1145. 
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C. elegans RNAi 

dsRNA feeding RNAi assays 

Bacterial clones for pos-1, fkh-6, unc-22, act-5, bli-1, dpy-11 were obtained from the 

Ahringer RNAi library3. Bacterial clones for gfp (pPD126.25) and empty vector (L4440) 

were a gift from A. Fire. Bacteria were grown overnight at 37°C and then seeded onto NG 

plates made with 25µg/ml carbenicillin and 1mM IPTG. Seeded bacterial cultures were 

allowed to grow overnight. L4-young adults (F0) were placed on tissue-specific RNAi food 

at room temperature (unless otherwise indicated) and in every case, F1 adults were 

scored for sensitivity to target tissue RNAi (Table S.3). Controls included OP50 and 

bacteria expressing empty-vector L4440.   

 

sid-4 import assay 

sid-4(ok694); SID-4::gfp (HC1139) young adults were placed bli-1 dsRNA and three days 

later their progeny were scored for blistered cuticle. Worms that were resistant to bli-1 

were then examined under a fluorescent microscope for GFP expression. Most resistant 

animals lacked GFP, but rare animals were mosaic for GFP expression. These rare 

mosaic animals were then analyzed by wide-field or confocal microscopy, scoring the 

tissue specific GFP expression; primarily plus/minus hypodermis, intestine, and other.  

 

dsRNA injections 

pal-1 dsRNA template was made by amplifying a 1.2 kb region of the Ahringer library pal-

1 plasmid using a forward and reverse T7 primer (Sense: pal-1 FT7 and pal-1 R; anti-

sense: pal-1 F and pal-1 RT7). A T7-flash Ampliscribe kit was used to produce single-
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stranded sense and anti-sense strands. Equal amounts of each single strand RNA were 

combined, annealed, and diluted for injection. Injected animals were allowed to lay eggs 

for ~6hr and were then singled. 30hr post injection, the injected adults were moved to 

new plates; laid eggs and hatched larvae were counted. Three days later, the number of 

progeny on each plate were counted to determine embryonic lethality. 

 

Temperature-dependent RNAi assay 

Staged young adults were placed on unc-22 RNAi or empty vector (L4440) food at room 

temperature and were allowed to lay eggs either at 15°C, 20°C or 25°C and the entire 

brood was scored. 3mM Levamisole was added to the plate and the F1 adults were 

scored at room temperature for sensitivity to unc-22 RNAi. 

 

Hid assay 

Approximately 10 gravid adults (N2, HC74, HC770 and HC1093) were placed on plates 

seeded with 200 µl of OP50 and allowed to lay eggs for ~4hrs (20°C). The eggs were 

then allowed to hatch at either 20°C or 27°C. The temperature of the 27°C incubator was 

monitored using a Hobo temperature sensor (range 27.0°C to 27.1°C). Progeny were 

allowed to grow for either 48hr or 66hr at both temperatures. After 48 or 66 hr the worms 

were treated with 1% SDS (3-5 ml added to the plate). The number of surviving worms 

were scored after a 10-minute incubation. Worms that survived 80 minutes post-treatment 

were scored as dauers.  
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Interactor Screen 

BioGrid and Human protein reference database (HPRD) were used to identify all known 

physical interactors of mammalian orthologs of sid-4/NCK and sid-3/ACK. Mammalian 

network information for both ACK and NCK was obtained from PathCards. All identified 

NCK interactors were cross-referenced against both identified ACK interactors and 

networks. ACK interactors were also cross-referenced against NCK networks. Analysis 

identified 113 mammalian proteins. Wormbase was then used to identify 116 C. elegans 

orthologs. 52 available mutants were obtained and tested on fkh-6 RNAi food. Five young 

adults were placed on each plate (n=2) of food and 3 days later each plate was scored 

for presence or absence of laid eggs. As a secondary test of RNAi sensitivity, mutant 

worms were placed dpy-11 RNA and their progeny scored for the Dpy phenotype. The 

five selected strong candidates (Table 3.2) were tested for a common mut-16(mg461) 

background mutation using primers mut-16 F and mut-16 R. 

 

Microscopy 

Figure 2.6B images were taken with a Zeiss Axiovert 200m spinning disc confocal 

microscope equipped with a PerkinElmer Ultra view confocal scanner unit, Melles Griot 

ion laser and Hamamatsu Orca-ER digital camera, using Axiovision software. Lenses 

used: Zeiss apochromat 63x 1.4 oil DIC and apochromat 100x 1.4 oil DIC.  

  All the other images were taken with an Olympus SZX2-TR30PT fluorescent 

microscope (filter (GFP-470) equipped with a Hamamatsu digital camera using HC Image 

software. 
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Table S.1: Strains 

Strain Gene(allele) LG 

BA1090 cav-2(hc191) V 

CB3257 ced-2(e1752) IV 

CB96 vab-2(e96) IV 

CX51 dyn-1(ky51) X 

CZ375 vab-1(e856) II 

CZ414 vab-1(e699) II 

EM305 efn-4(bx80) IV; him-5(e1490) V 

HC1088 sid-4(qt33) X 

HC1093 sid-4(ok694) X 

HC1098 sid-4 (ok694) X. mIs11(myo-2::GFP, pes-10::GFP and gut::GFP) IV, 

ccIs4251[pSAK2 (myo-3 promoter driving a nuclear-targeted GFP-LacZ 

fusion), pSAK4 (myo-3 promoter driving mitochondrially targeted GFP) 

and a dpy-20 subclone] I qtIs3(BMW14 plasmid (myo-2::GFP--unc-22--

PFG)) III; 

HC1133 sid-4 (ok694) X, nrIs20 [sur-5::NLS-GFP]IV 

HC1139 sid-4(ok694) X; quEx159 [sid-4::GFP] 

HC1140 sid-4 (ok694) X, nrIs20 [sur-5::NLS-GFP]IV; qtEx204[ZK470.5a ORF 

(plasmid)  Pmyo-2::mCherry]; line 1 

HC1141 sid-4 (ok694) X, nrIs20 [sur-5::NLS-GFP]IV; qtEx204[ZK470.5a ORF 

(plasmid)  Pmyo-2::mCherry]; line 2 

HC770 sid-3(tm342) X 
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Table S.1: Strains (continued) 

Strain Gene(allele) LG 

HC1142 sid-4 (ok694) X, nrIs20 [sur-5::NLS-GFP]IV; qtEx204[ZK470.5a ORF 

(plasmid)  Pmyo-2::mCherry]; line 3 

HC1143 sid-4 (ok694) X, nrIs20 [sur-5::NLS-GFP]IV; qtEx204[ZK470.5b ORF 

(plasmid)  Pmyo-2::mCherry]; line 1 

HC1144 sid-4 (ok694) X, nrIs20 [sur-5::NLS-GFP]IV; qtEx204[ZK470.5b ORF 

(plasmid)  Pmyo-2::mCherry]; line 2 

HC1145 sid-4 (ok694) X, nrIs20 [sur-5::NLS-GFP]IV; qtEx204[ZK470.5b ORF 

(plasmid)  Pmyo-2::mCherry]; line 3 

HC1146 sid-4(ok694) X ; sid-3 (tm342) X 

HC1148 sid-3(tm342) X ; ver-1(ok1738) X 

HC119 ccIs42511[pSAK2(myo-3::NGFP-LacZ); pSAK4(myo-3::mtGFP); dpy-

20+]I; mIs1[myo-2::GFP]IV; sid-4(qt17)X 

HC158 ccIs4251[pSAK2 (myo-3::NGFP-LacZ); pSAK4 (myo-3::mtGFP); dpy-

20]I; qtIs3(myo-2::GFP dsRNA)III; mIs11(myo-2::GFP, pes-10::GFP 

and gut::GFP)IV; sid-4(qt33)X 

HC160 ccIs4251[pSAK2 (myo-3::NGFP-LacZ); pSAK4 (myo-3::mtGFP); dpy-

20]I; qtIs3(myo-2::GFP dsRNA)III; mIs11(myo-2::GFP, pes-10::GFP 

and gut::GFP)IV; sid-4(qt35)X 

HC259 ccIs42511[pSAK2(myo-3::NGFP-LacZ); pSAK4(myo-3::mtGFP); dpy-

20+]I; mIs1[myo-2::GFP]IV; sid-4(qt15)X 
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Table S.1: Strains (continued) 

Strain Gene(allele) LG 

HC57 ccIs4251 [pSAK2 (myo-3::NGFP-LacZ); pSAK4 (myo-3::mtGFP);  

dpy-20] I; qtIs3(myo-2::GFP dsRNA)III;  

mIs11(myo-2::GFP, pes-10::GFP and gut::GFP)IV 

HC74 daf-2(e1370) dpy-17(e164) III 

JT6130 daf-21(p673) V 

MJ563 tpa-1(k530) IV 

MT1079 egl-15(n484) X 

MT12615 mys-1(n3681) V 

MT4434 ced-5(n1812) IV 

MT5013 ced-10(n1993) IV 

MT5267 soc-1(n1789) V 

N2 Wild type 

NG324 wsp-1(gm324) IV 

NW1549 efn-2(ev658) IV;  efn-3(ev696) X 

NW1550 efn-2(ev658) IV; him-5(e1490) V 

PS1839 let-23(sa62) II 

PS2728 sli-1(sy143) X 

RB1078 T10G3.5(ok1040) V 

RB1100 ver-4(ok1079) X 

RB1267 D1009.3(ok1349) X 

RB1566 F09A5.2(ok1900) X 
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Table S.1: Strains (continued) 

Strain Gene(allele) LG 

RB1591 ddr-1(ok1956) X 

RB1679 cav-1(ok2089) IV 

RB1751 H08M01.2(ok2241) IV 

RB2027 src-1(ok2685) I 

RB2088 F11E6.8(ok2754) IV 

RB2513 C26C6.6(ok3481) I 

RB2625 F40F12.7(ok3684) III 

RB552 aap-1(ok282) I 

RB759 akt-1(ok525) V 

RB776 kin-32(ok166) I 

RB783 scd-2(ok565) V 

RB788 F11D5.3(ok574) X 

RB796 sta-1(ok587) IV 

RB942 cdc-42(ok825) II 

VC126 rac-2(ok326) IV 

VC1263 ver-1(ok1738) III 

VC127 pkc-2(ok328) X 

VC1462 max-2(ok1904) II 

VC1587 C16C2.4&ocrl-1(gk752) I 

VC204 akt-2(ok393) X 

VC2149 T12G3.1(ok2869) IV 
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Table S.1: Strains (continued) 

Strain Gene(allele) LG 

VC2149 T12G3.1(ok2869) IV 

VC2167 gck-2(ok2867) V 

VC2570 Y92H12A.2 (ok3321) I 

VC259 pak-2(ok332) V 

VC610 ver-3(ok891) X 

VC664 ras-1(ok977) II 

VC674 sorb-1(gk304) IV 

XR1 abl-1(ok171) X 

ZD500 hecw-1(ok1347) III 
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Table S.2: Primer Sequences 

Primer Sequence 

SID-4 isoforms 

SID-4A F 5’-TGTCGGAGGACTATGTGGTCGTCAAA-3’ 

SID-4 R 5’-CTTGGGAAGAGGACCGGTCAAAAAC-3’ 

SID-4B F 5’-TGAGCTCGAAAACGAAAGCTG-3’ 

pal-1 dsRNA 

pal-1 FT7 

5’-TAATACGACTCACTATAGGTCCCATTTTA 

GGCAGTGAGTTA-3’ 

pal-1 R 5’-GTTGCCAGCTCGTTATTTTATTG -3’ 

pal-1 F 5’-TCCCATTTTAGGCAGTGAGTTTA -3’ 

pal-1 RT7 

5’-TAATACGACTCACTATAGGCTCGAGAAGA 

AAAAGAACGACAA-3’ 

Pmut-16 

mut-16 F 5’-CCCGCCGATACAGAAACTAA -3’ 

mut-16 R 5’-CTGCTTGCCGATCGAATATT -3’ 
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Table S.3: RNAi phenotypes scored 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strength Food Tissue Phenotype 

Strong fkh-6 Gonad Sterility 

pos-1 Germline Embryonic lethality 

act-5 Intestine Larval arrest 

unc-22 Muscle Muscle twitching/paralysis 

Weak unc-45 Muscle Paralysis 

bli-1 Hypodermis Full-body blisters 

dpy-11 Hypodermis Short 
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