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RESUMO 

 

Os pequenos RNAs1 estão presentes em múltiplos organismos, onde 

desempenham um papel fundamental na manutenção da homeostase do organismo.  Estas 

vias influenciam a expressão de genes, protegem o genoma contra transposões e outros 

elementos ‘egoístas’2, participam no combate à replicação de vírus e promovem 

modificações ao nível da cromatina.  

No centro das vias de regulação por pequenos RNAs encontram-se complexos 

compostos por um pequeno RNA, em cadeia simples, e uma proteína pertencente à 

família de proteínas Argonauta.  A família de proteínas Argonauta divide-se em três 

ramos: as proteínas semelhantes a AGO1 da planta Arabidopsis thaliana, as proteínas 

semelhantes à proteína PIWI da mosca Drosophila melanogaster e as proteínas 

específicas do filo Nematoda, ao qual pertence C. elegans.   

Os primeiros complexos deste tipo a serem caracterizados estão envolvidos no 

silenciamento de genes através da degradação de moléculas de RNA mensageiros, e são 

conhecidos como Complexos Silenciadores Induzidos por RNA (RISC3).  Actualmente, 

outros complexos de composição semelhante, mas com funções distintas foram 

identificados.  Exemplos disso são complexos compostos por proteínas Argonauta e 

pequenos RNAs, como o RITS4 e o miRISC5.  O complexo RITS caracterizado 

inicialmente na levedura Schizosaccharomyces pombe, promove o silenciamento genico 

ao nível da cromatina, através do recrutamento de enzimas capazes de modificar 

                                                
1 Em Inglês: small RNAs.  
2 Sequências de DNA que agem como parasitas moleculares, aumentando o seu numero 
de cópias no genoma hospedeiro. 
3 Em Inglês, RNA Induced Silencing Complex.  
4 Em Inglês: RNA induced transcriptional silencing complex.  Em Português: Complexo 
de Silenciamento transcripcional induzido por RNA.  
5 Complexo RISC associado a miRNAs. 
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componentes da cromatina.  Os complexos miRISC, que se distinguem de outros 

complexos compostos por proteínas Argonauta e pequenos RNAs, pela presença de 

pequenos RNAs da família dos miRNA, executam as suas funções reguladorar inibindo a 

tradução dos RNAs mensageiro alvo. . 

As proteínas da família Argonauta caracterizam-se pela presença de um domínio 

PAZ e um domínio PIWI.  Os pequenos RNA permitem aos complexos efectores 

encontrar as moléculas alvo através do emparelhamento de bases entre o pequeno RNA e 

a molécula alvo.  Nos casos em que o complexo formado entre o Argonauta e o pequeno 

RNA levam a degradação do RNA alvo, o domínio PIWI é responsável pela actividade 

enzimática que leva ao corte endonucleolítico do RNA alvo. 

O foco da minha pesquisa incide sobre a caracterização de membros da família de 

proteínas denominada Argonautas, e das classes de pequenos RNAs que com elas 

interagem, no organismo modelo Caenorhabditis elegans. Este nematóide não-parasitico 

foi utilizado na descoberta de vários aspectos das vias reguladoras dependentes de 

pequenos RNAs, incluindo a descobertas dos miRNAs e da técnica de Interferencia por 

RNA (RNAi). 

Em C. elegans foram identificadas, até hoje, cinco classes de pequenos RNAs: os 

miRNA, os pequenos RNAs primários, os 21U-RNAs, os 22G-RNAs e os 26G-RNAs.  

Cada tipo de pequeno RNA interage com proteínas Argonauta específicas.  Nalguns 

casos, os Argonautas funcionam de forma redundante, pelo que algumas classes de 

pequenos RNAs interagem com mais do que uma proteína.  Em C. elegans, existem 27 

genes que codificam proteínas da família Argonauta, sendo que três deles são prováveis 

pseudogenes6. 

                                                
6 Genes que pela acumulação de mutações levam a producao de RNAs mensageiro que 
não são traduzidos em proteinas.  
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Quando exposto a moléculas de RNA em cadeia dupla, C. elegans desenvolve 

uma resposta específica e potente, que leva a destruição dos RNAs endógenos com 

sequências semelhantes ao RNA em cadeia dupla utilizado.  Esta resposta é conhecida 

como Interferência de RNA (RNAi).   

Este fenómeno foi identificado após a observação de que a injecção, na linha 

germinal de C. Elegans, de moléculas de RNA com sequências, em ambas as polaridades 

possíveis (sense e antisense), correspondentes a RNAs expressos, levava ao silenciamento 

dos RNAs mensageiros endógenos.  Apesar da capacidade dos RNAs de polaridade 

inversa à dos RNAs mensageiros (antisense) de interferir com a expressão de genes ter 

sido atribuída ao mecanismo de inactivação por emparelhamento complementar7, o 

mecanismo responsável pelo silenciamento do gene alvo por RNAs com a mesma 

polaridade que os RNAs mensageiros (sense) não podia ser explicada por nenhum dos 

mecanismos de regulação de genes conhecidos.  Ao tentarem compreender como é que a 

injecção de moléculas de RNA levava ao silenciamento de genes com sequência 

homologa ao RNA exógeno em cadeia dupla, Craig Mello e Andrew Fire identificaram os 

RNAs de cadeia dupla como os agentes responsáveis pelo silenciamento dos RNAs 

mensageiros endógenos.  Quantidades vestígiais de RNAs de cadeia dupla teriam 

contaminados as preparações de RNA de polaridade única utilizadas até então nas 

experiências de silenciamento por anti-polaridade, dado que constituem produtos 

secundários raros das reacções de síntese de RNA, e seriam eles os verdadeiros 

responsáveis pelo silenciamento observado. 

No trabalho apresentado nesta tese, demonstra-se que o silenciamento induzido 

por RNA de cadeia dupla envolve duas fases distintas.  Numa primeira fase, as moléculas 

longas de RNA em cadeia dupla são processadas pela enzima Dicer, em pequenos RNAs 

                                                
7 Em Inglês: Antisense silencing. 
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primários.  Os pequenos RNAs primários interagem com a proteína RDE-1, formando o 

complexo primário de silenciamento.  Pensa-se que este complexo identifica então o 

RNA alvo e inicia a segunda fase da via de silenciamento, ao promover a geração de 

pequenos RNAs secundários, pequenos RNAs que pertencem à classe dos 22G-RNAs.  

Os pequenos RNAs secundários são essenciais para silenciar o gene alvo, uma vez que 

mutantes incapazes de os produzir são resistentes à interferência por RNA.   

Este trabalho demonstra também que os pequenos RNAs secundários interagem 

com um grupo de proteínas Argonautas que funcionam de forma redundante8.  Este grupo 

de Argonautas, que pertencem ao ramo da família Argonauta específico do filo nematoda, 

não possui os resíduos de aminoácidos necessários à actividade enzimática do domínio 

PIWI.  Como tal, é pouco provável que estas proteínas sejam capazes de degradar 

directamente o RNA alvo.  Até hoje ainda não foi determinado como é que os pequenos 

RNAs secundários promovem a degradação dos seus alvos, mas uma possibilidade 

interessante é a de que estes Argonautas conduzam os RNAs alvo para o complexo do 

exossoma, conhecido pelo seu papel central nas vias de degradação de RNAs na célula.  

Apesar de se desconhecer ao certo qual é a função da via de Interferência por 

RNA em C. elegans, sabe-se, através do trabalho de vários grupos de investigação, que 

existem várias classes de pequenos RNAs endógenos que desempenham papéis essenciais 

na manutenção da linha germinal.  Consequentemente, são várias também as proteínas 

Argonauta necessárias ao desenvolvimento da linha germinal de C. elegans.   

Uma destas proteínas é PRG-19, que pertence ao ramo PIWI dos Argonautas.  Os 

nossos estudos identificaram os 21U-RNAs como os pequenos RNAs associados a PRG-

1 durante o desenvolvimento da linha germinal de C. elegans.  Esta classe de RNAs 

                                                
8 Ou seja, proteínas que se podem substituir entre si para executar a mesma função. Neste 
caso particular, levar ao silenciamento de RNAs alvo através da interacção com os 
mesmos pequenos RNAs. 
9 Em Inglês, Piwi Related Gene. 
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carateriza-se pelos 21 nucleótidos de comprimento, sendo que o nucleotido 5´ 

predominante é o Uracilo, e pela modificação do ultimo nucleotido da extremidade 3´.  

No genoma existem acima de 15000 loci que codificam 21U-RNAs, estando todos eles 

concentrados em duas regiões do cromossoma IV.   

Estes loci são compostos pela sequência correspondente ao pequeno RNA e um 

pequeno motivo a montante.  Apesar do  motivo associado aos 21U-RNAs ser conservado 

entre diferentes espécies de nemátodes, as sequências dos pequenos RNAs não exibem 

conservação evolutiva.  Os 21U-RNAs e o Argonauta PRG-1 são expressos 

exclusivamente na linha germinal, onde se associam directamente.  Estas observações 

estabelecem os 21U-RNAs como membros da família de pequenos RNAs conhecida 

como piRNAs10. Os piRNAs estão presentes em todos os metazoa, onde são necessários 

para o desenvolvimento e manutenção da linha germinal.  Apesar de existirem milhares 

de loci que dão origem a 21U-RNAs, em C. elegans apenas o RNA derivado do 

transposão TC3 pode ser identificado como alvo dos 21U-RNAs.  Os alvos dos restantes 

21U-RNAs permanecem desconhecidos.  Uma vez que os 21U-RNAs não apresentam 

homologia perfeita em relação a outros RNAs expressos, pensa-se que os 21U-RNAs 

possam funcionar através de emparelhamento imperfeito com os seus alvos, à semelhança 

do que acontece com os miRNAs.   

Tal como as proteínas do ramo PIWI noutros  metazoários, a proteína PRG-1 

localiza-se em estruturas especializadas conhecidas como grânulos da linhagem P11, 

estruturas na região perinuclear, presentes especificamente em células que dão origem a 

linha germinal de C. elegans.  Sabe-se que vários RNAs mensageiros expressos durante o 

desenvolvimento da linha germinal são retidos nestas estruturas.  Uma hipótese 

interessante é a de que os 21U-RNAs desempenharem um papel importante na retenção 

                                                
10 Em Inglês: piwi interacting small RNAs. 
11 Em Inglês: P granules. 
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de RNAs mensageiros nos grânulos da linhagem P.  PRG-1 e os 21U-RNAs formariam 

um complexo que, através da elevada diversidade de sequências dos pequenos RNAs, 

seria capaz de interagir através de homologia parcial, com os RNA mensageiros que 

transitam pelos grânulos de linhagem P e levar a sua retenção nestas estruturas. 

A classe mais abundante de pequenos RNAs endógenos em C. elegans é a classe 

dos 22G-RNAs.  Os RNAs desta classe desempenham um papel essencial em várias vias 

de regulação na linha germinal.  Estes pequenos RNAs têm características únicas que os 

diferenciam das classes de pequenos RNAs presentes noutros organismos.  Os 22G-

RNAs são sintetizados directamente por polimerases de RNA dependentes de RNA e sem 

intervenção da enzima Dicer.  Devido ao mecanismo único de biogénese, os 22G-RNAs 

são tri-fosforilados na extremidade 5´, posição na qual apresentam uma forte tendência 

para incorporar o nucleósido guanidina.   

Todos os 22G-RNAs interagem com proteínas do ramo especifico dos nemátodes.  

Uma das vias reguladoras em que os 22G-RNAs funcionam como determinantes de 

especificidade funcional é necessária para a correcta segregação dos cromossomas e 

depende exclusivamente do argonauta CSR-112.  Esta via reguladora utiliza 22G-RNAs 

gerados a partir de genes que codificam proteínas expressas na linha germinal, de modo a 

promover a organização apropriada da cromatina nos cromossomas holocêntricos de C. 

elegans.  Ao contrário do que foi observado na maioria das vias reguladoras dependentes 

de pequenos RNAs, os complexos de CSR-1 não parecem promover à degradação dos 

seus alvos.  Em vez disso, a proteína CSR-1 parece utilizar estes 22G-RNAs para 

interagir com RNAs mensageiros nascentes, recrutando enzimas capazes de modificar as 

histonas e proteínas associadas para regiões específicas da cromatina.   

                                                
12 Em Inglês: Cromosome Segregation and Rnai deficient 
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Um outro ramo da via reguladora dependente dos 22G-RNAs esta envolvido no 

silenciamento de moléculas de RNA aberrantes, moléculas cuja expressão tem 

potencialmente efeitos nefastos.  Esta via reguladora identifica RNAs com características 

‘aberrantes’ e promove o seu silenciamento através da geração de pequenos RNAs 

homólogos.  Esta via reguladora é capaz de identificar dois grupos de RNAs.   

Um dos grupos de RNAs silenciados por esta via reguladora possui características 

de RNA aberrantes inerentes a sua biogenese ou obtidas durante a maturação das 

moléculas de RNA.  Um exemplo de moléculas pertencentes a este grupo são os 

transposões, que levam a geração de RNA de cadeia dupla, e pseudogenes, RNA que não 

completam as reacções de maturação.   

O segundo grupo de RNA regulados por esta via são os RNAs que são alvo de 

outras vias reguladoras dependentes de pequenos RNAs, tais como a via de interferência 

por RNA.  Neste caso, apesar do RNA alvo não possuir características de RNAs 

aberrantes, a interacção do RNA com o complexo de RDE-1, leva a que o RNA seja 

utilizado na geração de 22G-RNAs, que consequentemente, levam ao silenciamento do 

RNA.  Além da via de interferência por RNA, as vias de pequenos RNAs que levam  ao 

silenciamento do RNA através da geração de 22G-RNAs, incluem as vias dependentes de 

pequenos RNAs conhecidos como 26G-RNAs.   

Os 26G-RNA são pequenos RNAs com uma guanidina na extremidade 5´, e, à 

semelhança dos 21U-RNAs, são modificados na extremidade 3´. Ao contrário dos 21U-

RNAs e dos 22G-RNAs, a produção de 26G-RNAs requer a enzima Dicer. A via dos 

26G-RNAs divide-se em dois ramos distintos, o ramo embrionário e o ramo da 

espermatogénese.  Os parceiros Argonauta para os 26G-RNAs são ERGO-1 no ramo 

embrionário e ALG-3 e ALG-4 no ramo da espermatogénese. 
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No seu conjunto, as observações recolhidas durante a caracterização dos 

Argonautas de C. elegans, e das classes de pequenos RNAs com eles associadas, sugerem 

que a escala e o espectro das vias reguladoras por pequenos RNAs vai muito alem daquilo 

que inicialmente se presumia.  Os nossos estudos sugerem que os pequenos RNAs, alem 

de estarem envolvidos na regulação de genes durante o desenvolvimento, funcionam à 

escala do genoma inteiro, sendo essenciais no controlo de qualidade de todos os RNA 

expressos na linha germinal e na formação das estruturas necessárias a segregação dos 

cromossomas. 

 

Palavras Chave: Caenorhabdites elegans; Interferência de RNA; pequenos RNAs; 

Argonauta; Polimerase de RNA dependent de RNA; Dicer 
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ABSTRACT 

 
 In Small-RNA-mediated pathways, small RNAs engage a protein of the Argonaute 

family and utilize base-pairing interactions to identify and regulate complementary 

genetic information.  My research has focused on understanding how diverse classes of 

small RNAs in the model organism Caenorhabditis elegans interact with specific 

members of the Argonaute protein family to carry out unique biological functions. 

 During RNA interference (RNAi), functionally and structurally distinct Argonaute 

proteins act sequentially to silence target mRNAs.  In the first step, the Argonaute RDE-1 

interacts with primary siRNAs, and interaction of this complex with the target mRNA 

triggers a secondary amplification step. In this second step, RNA dependent RNA 

polymerases (RdRPs) use the targeted mRNA as a template to generate an abundant pool 

of small RNAs (22G-RNAs), which interact multiple Argonaute proteins to mediate 

target silencing. 

 Several endogenous small-RNA-mediated pathways are essential for germline 

development.  One of these pathways is required for chromosome segregation and relies 

exclusively on the Argonaute CSR-1, which utilizes 22G-RNAs generated from protein-

coding genes to promote the proper organization of chromatin domains.  A distinct 22G-

RNA germline pathway utilizes ‘aberrant’ RNAs as templates and is essential in 

maintaining genome stability.   

 Proper germline development also requires the 21U-RNA class of small RNAs.  

21U-RNAs specifically interact with the Piwi Argonaute PRG-1, thus establishing 21U-

RNAs as members of the piRNA family, which is important for germline integrity in all 

metazoans.  With only one known exception, 21U-RNAs fail to exhibit sequence 

complementarity or evidence for direct regulation of other expressed sequences.  

 We now appreciate that the extent and means of small RNA regulation is much 
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greater than we initially expected.  My studies have contributed to the emerging theme 

that small RNA pathways function on a genome-wide scale, to regulate many aspects of 

cell biology and organismal homeostasis, from chromosome structure to gene expression. 

 

KEYWORDS: Caenorhabditis elegans; RNA interference; Small RNAs; 

Argonaute; RNA dependent RNA polymerases; Dicer. 
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CAENORHABDITIS ELEGANS AS A MODEL ORGANISM. 

 

Caenorhabditis elegans was originally described, as Rhabditis elegans, in the 

early 20th century by Maupas (Riddle, 1997).  This species belongs to the phylum 

Nematoda (Nema for thread and Eidos for form), one of the most universally distributed 

groups of animals on the planet.  Nematodes, also known as roundworms, are cylindrical 

pseudocoelomate worms with a thick, multilayered cuticle, which is shed and secreted 

four times during the animal life cycle.  Reproduction is usually sexual, and in most 

species, the two sexes are separated (Riddle, 1997). 

Nematodes have successfully adapted to a wide range of ecological niches and 

exist both as free-living and parasitic animals.  Roundworms can be found in most aquatic 

habitats, wet soils, moist tissues of plants and in the body fluids or tissues of animals.  

Nematode diet is varied and includes bacteria, fungi, protozoans, and in some cases other 

free-living nematodes.  Nematodes play an important role in decomposition and nutrient 

cycling, and virtually every animal or plant important in human activities (including 

humans themselves), are hosts of parasitic nematode species.  As such, nematodes have a 

tremendous impact on human civilization (Kiontke and Sudhaus, 2006). 

The Caenorhabditis (Caeno, recent; rhabditis, rod; elegans, nice) genus is a 

branch of the Rhabditidae family, a group composed of free-living nematodes.  All 

Caenorhabditis species are colonizers of nutrient- and microorganism- rich organic 

material.  Caenorhabditis elegans, as well as the related species C. briggsae and C. 

remanei, can be found in anthropogenic habitats such as compost and garden soil 

(Kiontke and Sudhaus, 2006).  Although their natural diet is not known, all 

Caenorhabditis species studied in the laboratory can be cultured on an Escherichia coli 

diet.  In the wild, dauer juveniles (see below) from many Caenorhabditis species 

associate with other invertebrates.  The dauer juveniles embark onto the associated animal 
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and either use the animal as a means of transportation (phoresy), or wait for the carrier to 

die, resuming development in the decomposing cadaver (necromeny).     

Caenorhabditis elegans was established as a model organism in the early 1970s 

through the efforts of Sidney Brenner and his co-workers, who wanted to explore the 

genetics of complex traits such as behavior. To understand the link between genes and 

behavior it was essential to establish the structure of the nervous system, and to define 

how this system is constructed.  Thus, a model organism suitable for both genetics and 

anatomical studies was necessary. So, as Sidney Brenner would put it later: “After some 

searching, my choice finally settled on the small nematode, Caenorhabditis elegans.  This 

was a self-fertilizing hermaphrodite with rare spontaneous males.  The adults are about 1 

mm in length and the life cycle is completed in 3 1/2 days.  The animals live in a two-

dimensional world feeding on E. coli on the surface of agar plates.  They are easy to 

grow in bulk, each animal producing about 300 progeny during a cycle.” (Brenner, 

2003). 

Under laboratory conditions, C. elegans animals can be cultured at temperatures 

ranging from 13°C to 25°C. At higher temperatures, animals develop faster and have a 

smaller brood size. At 20°C, the C. elegans life cycle is completed in 60 hours.  During 

the last larval stage, hermaphrodites produce sperm cells that are stored in the 

spermatheca. As hermaphrodites molt into adult animals, sperm development ceases and 

oocyte production ensues.  The number of sperm cells produced before the gonads switch 

to oocyte production (around 300), determines the number of self-fertilized progeny a 

single hermaphrodite can generate. Self-fertilization occurs during ovulation as oocytes 

pass through the hermaphrodite spermatheca.  When males fertilize hermaphrodites, male 

sperm displaces the hermaphrodite sperm from the spermatheca, ensuring that the new 

progeny will result from cross-fertilization with the male sperm.  Embryonic development 
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begins shortly after fertilization and continues within the uterus of the hermaphrodite.  

After the egg is laid it hatches and develops through 4 larval stages: L1, L2, L3 

and L4 before reaching adulthood.  Under unfavorable or stressful conditions, C. elegans 

larvae can go through an alternative third larval stage termed the dauer stage.  Dauer 

(from the german – enduring) larvae are highly resistant to several forms of stress.   

Adult males can be distinguished from hermaphrodites through the presence of a 

specialized mating tail (Riddle, 1997). 

The complete cell lineage in C. elegans has been determined, meaning that the 

fate of every somatic cell throughout development is known (Sulston and Horvitz, 1977). 

The body of C. elegans is transparent, and every cell is both visible and accessible to laser 

microsurgery.  C. elegans animals can be recovered after freezing, making it possible to 

easily store strains over long periods of time.  A large collection of mutant strains, 

collected over several years of research, is stored and shared throughout the C. elegans 

research community by the Caenorhabdits Genetic Center (CGC).  In addition, if no 

alleles for the gene of interest are available, gene deletions can be requested from two, 

independent gene knock-out consortiums.   In addition, RNA interference (Fire et al., 

1998), which was discovered using C. elegans, has facilitated the study of loss-of-

function of C. elegans genes. 

The C. elegans genome is composed of five pairs of autosomes and one pair of 

sex chromosomes.  Males are XO while females have two X chromosomes.  Dosage 

compensation in hermaphrodites is achieved by the reduction of gene expression in both 

X chromosomes.  With the first version of its genome published in 1998, C. elegans 

became the first animal to have a fully sequenced genome.  The genome is approximately 

100 million base pairs long and encodes for approximately 19,000 protein-coding genes 

(1998).  The annotated genome, along with a wealth of associated information, is 
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available through the wormbase website (www.wormbase.org). 

In summary, several characteristics make C. elegans a powerful model organism: 

(1) rapid life cycle, (2) small transparent body, (3) ease of laboratory cultivation and 

storage, (4) high number of progeny, (5) possibility of inbreeding by self-fertilization-

fertilization or crossing with rare males, (6) small genome (initially estimated to be 20x 

the E. coli genome), and (7) amenability to forward and reverse genetics. 
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FROM ANTISENSE TO RNAi. 

 

Disrupting the wild type function of a gene is one of the most powerful 

approaches to understand the role of different genes in biological pathways.  

Unfortunately, loss-of-function mutations are not available for every gene of interest, and 

the methods to generate loss-of-function mutations are not available to all experimental 

systems.  In an early attempt to disrupt an endogenous gene by homologous 

recombination in C. elegans, Fire and colleagues injected plasmids containing a variety of 

fragments of the unc-22 gene and screened in the next generation for animals with the 

unc-22 phenotype (Fire et al., 1991).  Although the authors did not detect any evidence of 

homologous recombination in the progeny of the injected animals, they did observe a 

high incidence of the unc-22 phenotype, which could be transmitted to subsequent 

generations.  In the majority of lines with the unc-22 phenotype, no abnormalities were 

found at the endogenous unc-22 gene.  Instead, the unc-22 phenotype correlated with the 

presence of an extrachromosomal transgene1 array containing unc-22 sequences. 

The authors demonstrated that antisense transcripts derived from transgenes had 

the ability to interfere with the expression of the endogenous gene.  Although the 

observations collected in this study suggested that genes were silenced through an 

antisense mechanism, the authors noted that in some cases, transgenes that generated 

transcripts sense to the targeted mRNA also led to silencing of the targeted gene.  The 

ability of transgenes that generate transcripts in the same orientation as the endogenous 

mRNA to silence the chromosomal locus was attributed to the presence of antisense 

                                                
1 A transgene is a gene, or genetic material, used to transform an organism.  Transgenes 
can be transferred naturally or by any of a number of genetic engineering techniques.  
Often, but not always, the transgene is derived from a different species than that of the 
recipient organism.  Across this thesis, the majority of transgenes used originates from the 
C. elegans genome, but are engineered to produce proteins compatible with a wide range 
of experiments.   
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transcripts generated through indiscriminate transcription from the transgene array.  The 

authors proposed that the hybridization of the antisense RNA to the sense mRNA 

disrupted either RNA transport or translation. This proposal was similar to a mechanism 

proposed earlier by Izant and Weintraub, who had proposed that expression of a given 

gene could be disrupted by the presence of excess amounts of a homologous nucleic acid 

(Izant and Weintraub, 1984).   

Fire and colleagues proposed that antisense studies could be used to “yield 

hypothesis about null/or hypomorphic phenotypes for a gene of interest”.  In a later study, 

Guo and Kemphues used antisense inhibition to confirm that a predicted cDNA 

corresponded to the genetically defined par-1 gene (Guo and Kemphues, 1995).  Since 

par-1 was expected to be a germline-expressed transcript, antisense RNA was injected 

into the gonads of wild type animals.  As a result of antisense RNA injection into gonads 

of wild type animals, most of the resulting progeny exhibited phenotypes characteristic of 

the par-1 loss-of-function mutant, confirming that the candidate open reading frame 

corresponded to the par-1 gene.  Although injection of water or unrelated RNAs did not 

result in par-1 like phenotypes, the injection of par-1 sense RNA also resulted in a high 

frequency of par-1 phenotypes among the progeny of injected worms. 

These two studies demonstrated that the antisense method could be used in C. 

elegans to generate loss-of-function phenotypes for genes of interest.  Although several 

studies demonstrated that injection of RNA recapitulated loss-of-function phenotypes for 

several maternally expressed genes (Lin et al., 1995; Guo and Kemphues, 1996; Mello et 

al., 1996; Powell-Coffman et al., 1996; Guedes and Priess, 1997; Rocheleau et al., 1997), 

several questions remained as how this process functioned.  The observation that sense 

RNA could also be used to interfere with gene expression could not be explained by a 

simple antisense mechanism, which depends on hybridization between the injected RNA 
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and endogenous mRNA transcripts.  Therefore, Rocheleau and colleagues proposed that 

this technique should be referred to as RNA interference (RNAi) (Rocheleau et al., 1997). 

To understand how injection of RNA could interfere with the function of an 

endogenous gene, Fire and colleagues investigated the requirements for structure and 

delivery of the interfering RNA (Fire et al., 1998).  The fact that both sense and antisense 

RNAs could interfere with gene function, and the observation that the interfering agent 

could persist into the next generation, even though endogenous RNA transcripts are 

normally degraded in the early embryo, suggested to the authors that a fundamental 

difference existed between the endogenous mRNA transcripts and the interfering agent.   

Since aberrant transcripts were likely present as unwanted side products of the 

synthesis of the RNA molecules used in the previous studies that utilized antisense 

silencing, the authors tested the hypothesis that the difference between mRNA transcripts 

and the interfering agent were related to differences in RNA structure.  It was therefore 

possible that the interfering agent included some RNA molecules with double stranded 

RNA (dsRNA) character.   

Indeed, while injection of a mixture of sense and antisense RNA resulted in a 

strong interference with an endogenous gene, injections of either purified strand caused 

only marginal interference activity.  Double-stranded RNA was substantially more 

effective at producing interference than was either strand individually.  The effects of 

double stranded RNA injection were evident in both the injected animals and their 

progeny.  The authors noted that only a few molecules of injected double-stranded RNA 

were required per affected cell, arguing against the stochiometric interference with 

endogenous mRNA proposed for antisense silencing mechanisms.  Instead, it suggested 

that there could be a catalytic or amplification component in the interference process (Fire 

et al., 1998). 
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RDE-1, THE ARGONAUTE LINK. 

 

The ability of dsRNA to interfere with gene expression is not restricted to C. 

elegans.  Soon after the initial description of dsRNA as the trigger for RNA interference 

in C. elegans, several reports extended the range of organisms sensitive to gene 

interference by dsRNA. Tobacco plants (Waterhouse et al., 1998), Trypanosoma brucei 

(Ngo et al., 1998), Drosophila melanogaster (Kennerdell and Carthew, 1998; Misquitta 

and Paterson, 1999), and planaria (Sanchez Alvarado and Newmark, 1999) were shown 

to be ‘sensitive’ to gene silencing triggered by dsRNA.  The fact that gene expression 

could be disrupted by dsRNA in organisms from different phyla suggested the existence 

of a conserved gene regulatory mechanism that could be triggered by dsRNA.  

Interestingly, this interference mechanism could be explored experimentally to abrogate 

gene expression.   

To understand how such a mechanism worked, Tabara and colleagues performed a 

genetic screen to isolate RNAi deficient (Rde) mutants (Tabara et al., 1999), which led to 

the identification of several genes required for the RNAi response in C. elegans.   

One of the mutants identified in this study, rde-1 (RNAi deficient), was strongly 

deficient for RNAi, but exhibited no other apparent phenotype.  Interestingly, the rde-1 

gene was identified as a member of the conserved gene family 

piwi/sting/argonaute/zwille/eIF2C, a protein family that had already been implicated in 

silencing phenomena in other organisms (reviewed in (Benfey, 1999)).  This protein 

family is characterized by the presence of the PAZ, the MID and the PIWI domains.   

Phylogenic analysis divides the Argonaute family into three paralogous groups: 

Argonaute-like proteins (based on their similarity to AtAgo1), Piwi-like proteins (based 

on their similarity to DmPiwi) and the C. elegans specific expansion group (see Figure II-



Chapter I 
 

11 

3).  Argonaute-like and Piwi-like proteins are present in bacteria, archaea and eukaryotes.  

Although plants encode only Argonaute-like paralogues and Amoebozoa phylum 

members have retained only Piwi-like paralogues, it is likely that the last common 

ancestor of eukaryotes encoded both Argonaute-like and Piwi-like proteins.  The plant 

and Amoebozoa specific patterns of Argonaute protein paralogues are likely to result 

from a lineage-specific loss of Piwi-like and Argonaute-like families, respectively.  

Animal genomes encode representatives of both protein groups (reviewed in (Hutvagner 

and Simard, 2008) and (Tolia and Joshua-Tor, 2007)). 

 

THE RNA-INDUCED SILENCING COMPLEX. 

 

Argonaute proteins interact with small RNAs to form the core of the RNA-

induced silencing complex (RISC), multiprotein complexes that interact with their target 

RNA transcripts through complementary hybridization with the small RNA.   

Small antisense RNAs were first identified in plants (Hamilton and Baulcombe, 

1999) as the specificity determinants of post-transcriptional gene silencing (PTGS).  

PTGS, originally named cosuppression, was first observed in plants when the 

introduction of an extra copy of an endogenous gene resulted in the degradation of RNAs 

encoded by both the transgene and the homologous endogenous gene (Napoli et al., 1990; 

Smith et al., 1990; van der Krol et al., 1990).  In Neurospora crassa, a similar 

phenomenon known as quelling had also been described (Romano and Macino, 1992; 

Cogoni et al., 1996).  Both PTGS and Quelling shared characteristics and appeared to be 

related to RNAi, suggesting the existence of a conserved sequence-directed gene 

silencing mechanism.  The development of a cell-free system from syncytial blastoderm 

Drosophila embryos capable of recapitulating many of the features of RNAi (Tuschl et 
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al., 1999) led to several key discoveries on the mechanism of the RNAi pathway.  Two 

independent groups demonstrated that the silencing intermediate in RNAi, similarly to the 

silencing intermediate of PTGS, was a small RNA approximately 25nt long (Zamore et 

al., 2000; Hammond et al., 2000). Additionally, chemically synthesized 21-22nt dsRNA 

was shown to be capable of eliciting gene silencing (Elbashir et al., 2001).  Hammond 

and colleagues demonstrated that RNAi involved cleavage of target RNA by a sequence-

specific nuclease activity and named the enzyme responsible for this activity RISC, for 

RNA-induced silencing complex (Hammond et al., 2000).  These early studies also 

demonstrated that the RISC activity and the generation of siRNAs from dsRNA depended 

on distinct complexes.  Through a candidate approach Dicer was identified as the enzyme 

responsible for the production of siRNAs (Bernstein et al., 2001). 

 The details on the mechanisms of RISC activity started to emerge with a series of 

studies that combined crystallography and biochemistry to study the role of Argonaute 

proteins.  These studies demonstrated that the PAZ domain, also present in proteins of the 

Dicer family, binds in a sequence-independent manner the 2 nucleotide 3´-end overhang 

of a small RNA duplex2 (Ma et al., 2004; Lingel et al., 2004).  Therefore, the PAZ 

domain, through its ability to bind the characteristic 3´-end overhangs of siRNA duplexes, 

can specifically recognize siRNA duplexes, and may play a role in the transfer of siRNAs 

between Dicer and Argonaute proteins.  These studies also demonstrated that the PIWI 

domain has an RNase-H-like fold (Song et al., 2004; Parker et al., 2004; Ma et al., 2005; 

Yuan et al., 2005), suggesting that the Argonaute protein was responsible for the 

enzymatic activity of the RNA-induced silencing complex (RISC). RNase-H-like 

enzymes are endo-ribonucleases that cleave the 3´-O-P-bond of RNA in a DNA/RNA 

duplex to produce 3´-hydroxyl and 5´-phosphate products.  Similarly to RNase-H, RISC 

                                                
2 RNA duplex: a molecule having two complementary polynucleotide strands RNA. 
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cleavage products feature a 3´-OH and a 5´-phosphate (Martinez and Tuschl, 2004; 

Schwarz et al., 2004). Structural studies, in which the protein was crystallized in the 

presence of ssRNA or a siRNA-like molecule, also provided important insights into target 

recognition and the cleavage activity of Argonaute proteins. These studies showed that 

the 5´-end of the small RNA is anchored by a divalent cation at the interface between the 

PIWI and the MID domain (Parker et al., 2005; Ma et al., 2005).  The structural data 

demonstrated that the catalytic motif of the PIWI domain is positioned adjacent the 

scissile phosphate of the target RNA, between the tenth and eleventh nucleotide of the 

small RNA, thus explaining why the site of small RNA cleavage occurs near the center of 

the region spanned by the siRNA (Haley and Zamore, 2004; Elbashir et al., 2001).   

The catalytic activity of the Argonaute proteins was later linked to the enzymatic 

activity of RISC.  These biochemical studies demonstrated that, in humans, only AGO2 

can cleave a target mRNA (Meister et al., 2004; Liu et al., 2004) and that disruption of 

the amino acids in the PIWI catalytic site abrogates RISC activity (Liu et al., 2004).  

Indeed, the PIWI domain bound to small RNA is sufficient to assemble a minimal RISC 

(Miyoshi et al., 2005; Rivas et al., 2005). Cleavage-competent Argonaute proteins have a 

conserved catalytic center (Asp-Asp-Asp/Glu/His/Lis) and require the binding of a 

divalent cation for activity (reviewed in (Tolia and Joshua-Tor, 2007)). The presence of 

the Asp-Asp-His motif is necessary, but not sufficient, for slicer activity, as exemplified 

by HsAgo3 (Meister et al., 2004; Liu et al., 2004). Many Argonaute proteins, such as 

members of the nematode-specific branch, do not have a complete Asp-Asp-His motif 

and are unlikely to have slicer activity (Tolia and Joshua-Tor, 2007). 

 After the initial discovery of siRNAs and miRNAs, several additional classes of 

small RNAs have been identified, revealing a large diversity of pathways that rely on 

RISC-like complexes to regulate a myriad of biological processes. 
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THE MICRO-RNAs. 

 

The first small RNAs to be detected in animals, even before siRNAs were 

identified as intermediates in the RNAi pathway, were the C. elegans small temporal 

RNAs (stRNAs)3 lin-4 and let-7.  Considering that miRNAs were similar in size to 

siRNAs, and that it had been proposed that the let-7 miRNA was cleaved from a longer, 

structured dsRNA precursor (Pasquinelli et al., 2000), one interesting possibility was that 

miRNAs and siRNAs were generated trough similar mechanisms.   

Indeed, several groups independently demonstrated that Dicer was required for the 

biogenesis of miRNAs (Hutvagner et al., 2001; Grishok et al., 2001; Ketting et al., 2001).  

In addition, members of the Argonaute family, a gene family also involved in RNAi, were 

necessary for the maturation and activity of miRNAs (Grishok et al., 2001). 

The first miRNA to be identified was lin-4, a gene involved in the normal 

temporal control of postembryonic development in C. elegans (Lee et al., 1993).  The lin-

4 gene does not encode for a protein.  Instead, two transcripts of lin-4, around 22 and 61 

nucleotides long, were identified as the gene product.  These small RNAs contained 

sequences complementary to a repeated sequence element in the 3´unstranslated region 

(UTR) of lin-14 mRNA.  Remarkably, the lin-4 gene was shown to be conserved in at 

least 4 species in the Caenorhabditis genus.  The second miRNA gene to be identified 

was let-7 (Reinhart et al., 2000), another gene involved in the temporal control of 

postembryonic development in C. elegans.  Surprisingly, the let-7 gene is conserved not 

only within the Caenorhabditis genus, but also in a wide range of animals, including 

vertebrates, ascidians, hemichordates, molluscs, annelids and arthropods.  Interestingly, 

the expression pattern of let-7 was also conserved, suggesting that this small RNA could 

                                                
3 stRNAs are now known as miRNAs. I will be using miRNA throught out the text to 
avoid confusion. 
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control development across animal phylogeny (Pasquinelli et al., 2000).  The 

conservation of let-7 across species, in addition to the partial overlap between the miRNA 

and siRNA pathways, suggested that miRNAs are components of an ancient regulatory 

mechanism.  Taking advantage of characteristics shared by Dicer products (such as the 20 

to 22 nucleotide length, the 5´-monophosphate and the 3´-hydroxylgroup) and the 

characteristics of lin-4 and let-7 miRNAs (such as the location in intragenic regions, the 

sequence similarity between species and the existence of a stem-loop precursor), several 

groups identified additional miRNAs from C. elegans, D. melanogaster and human cells 

trough cDNA cloning of small RNAs and in silico predictions of candidate small RNAs 

(Lau et al., 2001; Lee and Ambros, 2001; Lagos-Quintana et al., 2001).   

The abundance, complex expression patterns and conservation across species 

suggested that regulation through miRNAs was more complex than initially appreciated. 

 

Biogenesis of miRNAs in animals and plants. 

 

To date, thousands of miRNAs have been identified in plants, animals and viruses.  

These small RNAs are thought to silence gene expression post-transcriptionally through 

sequence-directed binding to the 3´ untranslated regions of target mRNAs.  miRNAs are 

processed from a pri-miRNA by RNAse III endonucleases.  These precursor transcripts 

can include more than one miRNA hairpin and are typically transcribed by RNA 

polymerase II (Lee et al., 2002; Lee et al., 2004; Cai et al., 2004).  Processing of the pri-

miRNA occurs in two sequential steps (Figure I-1A and I-1C).  In animals (Figure I-1A), 

the pri-miRNA is cleaved in the nucleus into a 60-70 nucleotide long pre-miRNA by 

Drosha (Lee et al., 2002; Lee et al., 2003; Denli et al., 2004; Gregory et al., 2004; Han et 

al., 2004; Landthaler et al., 2004). pre-miRNAs are transported to the cytoplasm by 
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Exportin-5, a nuclear export protein that binds correctly processed pre-miRNAs (Yi et al., 

2003; Bohnsack et al., 2004; Lund et al., 2004; Yi et al., 2003).  In the cytoplasm, the pre-

miRNA is processed by Dicer (Hutvagner et al., 2001; Grishok et al., 2001; Ketting et al., 

2001; Forstemann et al., 2005; Chendrimada et al., 2005; Jiang et al., 2005; Lee et al., 

2006; Saito et al., 2005).  Processing of the pre-miRNA by Dicer generates a duplex 

containing two strands (miRNA and miRNA*), one of which (from either the 5´ or 3´ arm 

of the pre-miRNA) is loaded in the RISC complex.  The choice of miRNA strand is 

influenced by the thermodynamic properties of the duplex (Schwarz et al., 2003; 

Khvorova et al., 2003).  Some pre-miRNAs can generate mature miRNA from both arms.  

In at least 4 nematode species, including C. elegans, there is a bias for the mature miRNA 

to be located on the 3´ arm of the hairpin (de Wit et al., 2009).  In addition, pre-miRNA 

can be generated in a Drosha-independent manner in at least C. elegans, D. melanogaster 

and mammals.  In a few cases, the pre-mRNA splicing pathway generates the pre-miRNA 

(Figure I-1B); these pre-miRNA-like introns, named mirtrons, are spliced out of mRNA 

precursors and, after the initial lariat product is processed by a debranching enzyme, enter 

the standard miRNA biogenesis pathway to yield an authentic pre-miRNA (Okamura et 

al., 2007; Ruby et al., 2007; Berezikov et al., 2007). 

Although miRNAs are also present in plants, differences between plants and 

animals in the miRNA biogenesis pathway suggest that miRNA genes arose 

independently in these multicellular lineages (Bartel, 2004).  In plants (Figure I-1C), both 

pri-miRNAs and pre-miRNAs are processed by DCL1 (Kurihara and Watanabe, 2004) 

(Figure I-1C).  Conversion of pri-miRNA into pre-miRNA requires the function of the 

DCL1-interacting proteins HYPONASTIC LEAVES1 (HYL1) and the C2H2-zinc finger 

protein SERRATE (SE) (Kurihara et al., 2006; Fang and Spector, 2007)(Figure I-1C). 
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Figure I-1.  Biogenesis of miRNAs in plants and animals. 
 
The majority of miRNA genes are transcribed by RNA polymerase II and generate a 
structured transcript, the pri-miRNA.  (A) In animals, the pri-miRNA is sequentially 
processed by DROSHA and DICER to generate a mature miRNA.  Additionally, in 
animals (B), certain introns can be processed into a pre-miRNA that is processed by Dicer 
to generate a mature miRNA.  In Plants (C), DCL-1 is involved in both steps of miRNA 
maturation. 
 

At least some miRNAs are exported to the cytoplasm in a pathway that involves 

HASTY, the plant homolog of Exportin-5 (Park et al., 2005).  In plants, all silencing 

small RNAs, including miRNAs, are modified at the 3´ end by the S-adenosyl 

methionine-dependent methyltransferase Hua Enhancer 1 (HEN1) (Yu et al., 2005; Li et 

al., 2005)(Figure I-1C). The methylation of miRNA protects them from uridylation and 

subsequent degradation.  Unlike animal miRNAs, most plant miRNAs are perfectly 

complementary to their targets and are thought to regulate their targets through mRNA 

cleavage (Tang et al., 2003; Llave et al., 2002; Rhoades et al., 2002). 



Chapter I 
 

19 

THE PIWI INTERACTING SMALL RNAs. 

 

piRNAs are small RNAs characterized by their interaction with members of the 

PIWI branch of the Argonaute protein family.  In addition, piRNAs typically have a 

monophosphorilated 5´-end nucleotide with an overwhelming bias for Uracil and carry a 

2´-O-methyl modification at the 3´-terminal ribose.  In flies and mammals, piRNAs are 

longer than siRNAs, with a size ranging from 25 to 30 nucleotides, whereas piRNAs in 

the nematode C. elegans are 21 nucleotides long. 

The founding member of the PIWI clade of Argonaute proteins, the Piwi protein, 

was isolated in a screen for genes that affect germline stem cell division in Drosophila 

melanogaster (Lin and Spradling, 1997).  The piwi gene was shown to encode a highly 

basic, well-conserved protein required for germline stem cell division in diverse 

organisms, including C. elegans (Cox et al., 1998).  In addition to Piwi, the Drosophila 

genome encodes two more members of this clade of Argonautes: Aubergine (Aub) 

(Harris and Macdonald, 2001) and Ago3 (Williams and Rubin, 2002).  C. elegans 

contains three members of the Piwi clade: prg-1, prg-2 and ergo-1 (Cox et al., 1998; Yigit 

et al., 2006).  The zebrafish genome encodes at least two members of the Piwi clade: ziwi 

and zili (Houwing et al., 2007).  In mammals, MILI, MIWI and MIWI2 (Kuramochi-

Miyagawa et al., 2008; Carmell et al., 2007) have been described in mice and HILI, 

HIWI, HIWI2 and HIWI3 (Sasaki et al., 2003) in humans. 

piRNAs were initially identified in Drosophila as rasiRNAs (repeat-associated 

small interfering small RNAs), small RNAs derived from transposable elements, satellite 

and microsatellite DNA and suppressor of Stellate [Su(ste)] repeats. These small RNAs 

were abundantly detected in testes and early embryos (Aravin et al., 2003).  Small RNAs 

cognate to Su(ste) are longer than siRNAs and require the activity of Aubergine and 
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Spindle-E (a DEAD-box helicase) (Aravin et al., 2001; Aravin et al., 2003).  Although it 

was initially proposed that rasiRNAs were generated from long dsRNA triggers by Dicer 

(Kalmykova et al., 2005; Aravin et al., 2001), loss-of-function of the Drosophila Dicer 

enzymes, (Dcr-1 and Dcr-2), their dsRBD partners (R2D2 and loquacious) or Ago2 did 

not disrupt rasiRNA production or function in the silencing of transposable elements in 

the germline (Vagin et al., 2006).  These observations suggested that rasiRNAs were 

distinct from miRNAs and siRNAs and participated in a separate small RNA pathway to 

control selfish genetic elements in the germline. 

 

Biogenesis of piRNAs. 

 

The mechanism of piRNA biogenesis is not yet fully understood.  In Drosophila 

melanogaster, the system where piRNAs have been most extensively studied, two distinct 

piRNA pathways have been identified.  In gonadal somatic cells only the Piwi-dependent, 

Aub- and Ago-3-independent pathway is present, while in the germline both Piwi and 

Aub/Ago3-dependent pathways function to control transposable elements (Li et al., 2009; 

Malone et al., 2009).  piRNAs that function in the germline, generated through both 

pathways, are maternally deposited and within a single generation provide full immunity 

against some repetitive elements.  Thus, maternally loaded piRNAs act as epigenetic 

factors essential to achieve full immunity (Brennecke et al., 2008). 
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The Ping-Pong cycle. 

 

One of the pathways that functions in the Drosophila melanogaster germline to 

control tranposons depends on the Piwi proteins Aubergine and Ago3.  Both proteins 

localize to the Nuage4, and require each other to properly localize to this structure (Li et 

al., 2009).  Although piRNA are predominantly antisense to transposons, piRNAs of both 

polarities are present in the germline and play a role in this piRNA pathway.  The sense 

piRNAs are typically bound to Ago3, while Aubergine is loaded with antisense piRNAs.   

Primary piRNAs, generated from piRNA clusters, are loaded in Aubergine and 

guide the cleavage of a transposon transcript or a precursor RNA derived from a cluster, 

creating the 5´-end of an Ago3-bound sense piRNA.  The Ago3-bound sense piRNA will 

then direct a reciprocal reaction and generate additional antisense piRNAs.  A yet 

unidentified nuclease is responsible for the generation of the 3´-end of piRNAs.  These 

new antisense piRNAs will then contribute to transposon silencing both as part of the 

silencing effector complex and by reinforcing the feed-forward loop.  As a consequence 

of this biogenesis mechanism, piRNAs that participate in this cycle show a ping-pong 

signature.  Aubergine- and Ago3-bound piRNAs overlap by 10 base pairs at their 5´ ends. 

The Ago3-bound piRNAs show a bias for A at position 10, while Aubergine-bound 

piRNAs exhibit a bias for U at position 1 (Brennecke et al., 2007; Gunawardane et al., 

2007) (Figure I-2). piRNAs generated exclusively through the ping-pong cycle target two 

distinct groups of transposons. 

 

                                                
4 Nuage are electron-dense perinuclear structure present in animal germ cell-lines.  In C. 
elegans these structures are known as P granules. (See: Chapter I;  The germ granules of 
C. elegans). 
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Figure I-2.  Biogenesis of piRNAs in Drosophila melanogaster. 
 
The argonaute protein Aubergine (Aub), loaded with a primary piRNA cleaves a sense 
transposon transcript generating the 5´-end of a new piRNA of the opposite polarity.  A 
yet unidentified nuclease trims the 3´-end of the cleaved transcript to generate Ago3 
bound mature piRNA.  The Ago3 bound piRNA guides the cleavage of a piRNA 
precursor transcript to generate a new piRNA, in a process similar by the one driven by 
Aubergine. In germline cells Piwi can also participate in the ping-pong cycle, while in 
somatic cells Piwi functions in a linear pathway, directly targeting transcripts with 
homology to piRNAs. 
 

Group I transposons show a strong ping-pong signature and Ago3 associates 

almost exclusively with sense piRNAs (as described above).  Group II transposons 

(composed of only 5 families) behave “backwards” to group I, since Ago3 is required for 

the generation of sense piRNAs.  In addition to Aubergine and Ago3, spindle-E, vasa and 

Krimper specifically function in the ping-pong cycle (Li et al., 2009; Malone et al., 2009).  
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The HP1 homolog Rhino binds to and promotes expression of piRNA clusters involved in 

the ping-pong cycle (Klattenhoff et al., 2009). 

 

Piwi dependent, Aub- and Ago3-independent pathways. 

 

Only a small proportion of Piwi bound piRNAs display a ping-pong signature.  

Thus, it has been proposed that Piwi binds primary piRNAs, generated from piRNA-

clusters through an as yet unidentified process.  Unlike Aub and Ago3, Piwi is also 

expressed in gonadal somatic cells, where it regulates a subset of transposons.  In these 

somatic cells, piRNAs are also generated from the flamenco cluster and the 3´ 

untranslated region of certain mRNAs, such as the single-exon gene traffic jam (tj) (Li et 

al., 2009; Malone et al., 2009; Saito et al., 2009; Robine et al., 2009).  The flamenco 

cluster is the main source of Piwi-interacting piRNAs in the somatic cells.  This cluster 

comprises 180Kb of pericentromeric heterochromatin on the X chromosome, where 85% 

of the transposon fragments are similarly oriented.  Analysis of P-element insertions 

suggests that flamenco generates a long precursor transcript, which is converted into 

antisense primary piRNAs loaded almost exclusively in Piwi complexes.  Studies of 

Drosophila erecta and Drosophila yakuba demonstrate evolutionary conservation of this 

cluster over 12 Million years (Malone et al., 2009). 

All piRNAs generated from the 3´ untranslated region of mRNAs are sense 

oriented, indicating that the mRNAs might work as a piRNA precursor, as there is no 

evidence that 3’ UTR-specific transcripts generate piRNAs.  The best-studied example of 

an mRNA precursor of primary piRNAs is the traffic jam (tj).  Levels of tj are not 

affected by piwi loss-of-function, suggesting that the tj transcript is not targeted by tj-

derived piRNAs.  Therefore, these piRNAs are thought to function in trans, and a likely 
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target for Piwi bound tj piRNAs is the FASIII gene.  Interestingly, while tj is required for 

Piwi expression in somatic cells, it appears to negatively control Piwi expression in 

germline stem cells.  In addition to Piwi and flamenco, zucchini a gene encoding a 

putative cytoplasmic nuclease is also involved in the somatic piRNA pathway.   

Analysis of piRNA populations from armi mutants, where Piwi function in the 

germline is impaired, and the observation that Piwi-bound piRNAs do not require the 

activity of Ago3, suggests that in the germline Piwi also functions in a pathway that does 

not involve the ping-pong mechanism (Li et al., 2009). 

piRNA loading onto Piwi does not require nuclear localization or the catalytic 

activity of the Piwi protein (Saito et al., 2009). 

 

Function of Piwi in the nucleus. 

 

The Piwi protein localizes to the nucleus, where it interacts with HP1a, a central 

player in heterochromatic gene silencing.  While localization of HP1a at the chromatin is 

not dependent on RNA, Piwi localization to chromatin loci is sensitive to both dsRNA 

and DNA:RNA nucleases, suggesting that it binds both nascent transcripts and DNA. 

These observations directly link the piRNA and chromatin-forming pathways (Brower-

Toland et al., 2007).  Piwi has also been shown to promote euchromatic histone 

modifications at the 3R-TAS locus (telomere-associated sequence on the right arm of 

chromosome 3) and is required for the expression piRNAs derived from this locus (Yin 

and Lin, 2007).  Thus, it seems that Piwi is involved in both silencing and transcriptional 

activation.  The distinct outcomes could depend on the local chromatin context. 
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ENDOGENOUS SMALL RNAs. 

 

Small RNAs that do not belong to the miRNA or piRNA families are classified as 

endogenous siRNAs (endo-siRNAs).  Endogenous siRNAs have been identified in 

multiple organisms, where they participate in a variety of pathways.  Below, a few 

examples of endogenous siRNA pathways are described.  Endogenous siRNAs can be 

generated by Dicer enzymes from dsRNA present in cells or from dsRNA generated 

through the activity of an RDRC5 complex that uses an ‘aberrant’ ssRNA as a template.  

In a few exceptional cases, such as C. elegans, the RDRC complex generates the small 

RNA directly.  

 

In Schizosaccharomyces pombe, an abundant population of small RNAs derived 

from repetitive regions plays an important role in the assembly of silent chromatin 

domains (reviewed in (Buhler and Moazed, 2007)).  These small RNAs are generated by 

Dicer, which uses dsRNA generated by the RDRC (a complex that contains the RNA 

dependent RNA polymerase Rdp1), as a substrate.  These small RNAs are loaded onto 

Ago1, a component of the RITS complex (RNA induced transcriptional silencing 

complex) (Verdel et al., 2004; Cam et al., 2005).  RITS associates with chromatin at 

pericentromeric regions through base-pairing interactions between the Ago1-associated 

small RNA and a nascent non-coding transcript, as well as through interactions between 

the RITS subunit Chp1 and H3K9-methylated nucleosomes (Verdel et al., 2004; 

Motamedi et al., 2004; Noma et al., 2004; Buhler et al., 2006).  Since RITS recruits 

chromatin-modifying enzymes and other complexes important for the biogenesis of 

                                                
5 RDRC: RNA-directed RNA polymerase complex.  Protein complexes containing RNA 
dependent RNA polymerases. These complexes utilize single stranded RNA molecules as 
templates.  
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siRNAs, the ability of RITS to interact with nascent transcripts and H3K9-methylated 

nucleosomes restricts siRNA generation and the subsequent chromatin modifications to 

specific loci.  Among the complexes involved in siRNA biogenesis recruited by RITS are 

the RDRC complex (Motamedi et al., 2004) and Dicer, which will generate siRNAs that 

interact with the RITS component Ago1 (Figure I-3).  This feed-forward loop is essential 

for the spreading of H3K9 methylation and silencing at the centromere.  Recent work 

proposes that this feed-forward loop is initiated by primal small RNAs (priRNAs).  

priRNAs are small Dicer-independent products of transcriptome degradation that 

associate with AGO1.  These ‘sense’ priRNAs find their targets among the products of 

bidirectional transcription within DNA repeat regions, thus initiating the RNAi-dependent 

amplification of the small RNAs at these regions (Halic and Moazed, 2010) (Figure I-3). 

 

 

 

Figure I-3.  Biogenesis of centromeric DNA repeat associated small RNAs 
 
The RITS complex guided by priRNAs targets nascent transcripts generated from 
centromeric DNA repeats, recruiting the RDRC complex to these loci.  The RDRC 
complex generates dsRNA that is used by Dicer as a substrate to generate siRNAs that 
will program the RITS complex to target transcripts at the same loci, generating a 
feedback loop that maintains the centromeric DNA repeats in a heterochromatin state.   
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In Tetrahymena termophila, scan RNAs (scnRNAs), a class of Dicer-dependent 

small RNAs, are associated with DNA elimination of non-genic sequences during 

maturation of the somatic macronucleus.  This process requires TWI1, a PIWI-clade 

protein, and PDD1, a chromatin protein that interacts with K9- and K27-methylated 

histone H3 (Mochizuki et al., 2002; Taverna et al., 2002; Liu et al., 2007).  Although a 

physical interaction between TWI1 and chromatin proteins has not been reported, it is 

thought that scnRNA-programmed TWI1 targets sequences destined for elimination 

(Mochizuki et al., 2002). 

 

In plants, several classes of endogenous small RNAs have been identified 

(reviewed in (Ghildiyal and Zamore, 2009)).   

In plants, repetitive elements, transposons and tandem repeats generate transcripts 

that lead to the production of cis-acting siRNAs (casiRNAs), small RNAs that promote 

DNA or histone modifications at the loci from which they originate, contributing to the 

silencing of these sequences.  Biogenesis of casiRNAs requires the activities of the Dicer-

like enzyme DCL3, the RNA-dependent RNA polymerase RDR2 and the RNA 

polymerase POLIV (Figure I-4A).  These small RNAs interact with the functionally 

redundant Argonaute proteins AGO4 and AGO6.  (Xie et al., 2004; Zilberman et al., 

2003; Chan et al., 2004; Zheng et al., 2007; Herr et al., 2005).   

A second class of plant endogenous small RNA is triggered by the miRNA-

directed cleavage of certain non-coding transcripts.  These transcripts are used by the 

RNA-dependent RNA polymerase RDR6 as templates in the generation of dsRNA which 

is then processed by DCL4 to generate Trans-acting siRNAs (tasiRNAs) (Figure I-4B) 

(Vazquez et al., 2004; Peragine et al., 2004; Yoshikawa et al., 2005; Allen et al., 2005).   
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Figure I-4.  Biogenesis of different classes of endogenous small RNAs in Plants. 
 
(A) casiRNAs are generated by DCL3 and interact with the Argonautes AGO4 and 
AGO6.  (B) tasiRNAs are generated by DCL4, from dsRNA generated by RDR6, which 
uses a AGO1 targeted transcript as a template.  (C) Under conditions of environmental 
stress, convergent transcription leads to the generation of a dsRNA molecule that triggers 
the generation nat-siRNAs by DCL2.  These nat-siRNAs target the parental transcripts 
and lead to the generation of a new dsRNA molecule, which is processed by DCL1 to 
generate secondary nat-siRNAs.     
 

In plants, two classes of endogenous small RNAs, the natural antisense transcript-

derived siRNAs (nat-siRNAs) and the long siRNAs (lsiRNAs) are produced in response 

to stress.  24-nt long nat-siRNAs are generated from natural double-stranded RNAs in a 

pathway that involves DCL2. These dsRNAs are formed, in most cases, when the 

expression of a transcript antisense to a constitutively expressed transcript is induced by 

environmental stress.  The 24-nt nat-siRNAs promote cleavage of one of parent 

transcripts and promote the generation of DCL1 dependent secondary nat-siRNAs (Figure 
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I-4C).  lsi-RNAs are also produced from natural dsRNA molecules formed in response to 

biotic stress.  These 30-40 nucleotide small RNAs are dependent on DCL1, DCL4, 

AGO7, RDR6 and POLIV (Katiyar-Agarwal et al., 2006; Borsani et al., 2005; Katiyar-

Agarwal et al., 2007). 

 

In Drosophila melanogaster, endogenous siRNAs are 21 nucleotides long and 

modified at the 3´-end.  Biogenesis of these small RNAs requires the activities of Dicer-2 

and loquacious (usually the partner of Dicer-1) and they are predominantly loaded onto 

AGO2.  Drosophila endo-siRNAs originate from transposons, heterochromatic sequences 

and mRNAs, in both gonadal and somatic tissues.  Endo-siRNAs complementary to 

mRNAs are almost exclusively generated from complementary regions of overlapping 

mRNAs.  Convergent transcription and structured loci are also sources of endogenous 

siRNAs in Drosophila.  Levels of transposon mRNAs increase in the absence of Dicer-2 

and AGO2, supporting the hypothesis that Drosophila uses endogenous siRNAs to 

control transposon activity (Ghildiyal et al., 2008; Czech et al., 2008; Okamura et al., 

2008; Chung et al., 2008).  Recently, it was reported that Drosophila elp1, the largest 

subunit of the RNA polymerase II core elongator complex, has RNA-dependent RNA 

polymerase activity.  Depletion of D-elp1 in Drosophila melanogaster S2 cells inhibits 

RNAi and leads to an increase in transposon mRNA levels and a reduction in transposon 

antisense transcripts and endo-siRNAs.  D-elp1 tightly interacts with Dicer, suggesting 

that transposon derived endo-siRNAs are, at least partially, derived from dsRNA 

generated by RdRP activity (Lipardi and Paterson, 2009). 

As observed in flies, dicer-dependent endogenous siRNAs generated from 

naturally occurring dsRNAs are involved in the regulation of transcripts containing 

homologous sequences. in mouse oocytes.  In addition, pseudogenes have also been 
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identified as a source of endo-siRNAs.  Pseudogene derived endo-siRNAs can be 

generated through processing of dsRNA formed by hybridization between the mature 

mRNA of a protein coding gene and an antisense transcript from an homologous 

pseudogene, or directly from an inverted repeat pseudogene.  Loss of Dicer or AGO2, 

two components of this pathway, result in the up-regulation of target transcripts, revealing 

a role for endo-siRNAs in the regulation of both transposons and protein-coding genes in 

the mouse oocyte.  These observations also uncover a role for pseudogenes in regulating 

gene expression (Tam et al., 2008; Watanabe et al., 2008).  In human cells, bidirectional 

transcripts arising from LINE-1 elements (which comprise 17% of the human genome) 

can be processed into siRNAs.  These siRNAs are involved in an RNAi mechanism that 

suppresses transposition (Yang and Kazazian, 2006).  Recently, it was reported that the 

human telomerase reverse transcriptase catalytic subunit (TERT) interacts with the RNA 

component of mitochondrial RNA processing endoribonuclease (RMRP) to form a 

complex that has RNA-dependent RNA polymerase (RdRP) activity.  This complex 

generates double-stranded RNAs that are processed into small interfering RNA by Dicer 

(also known as DICER1), which are then loaded onto AGO2 (Maida et al., 2009).  This 

RdRP activity represents yet another way of generating dsRNA for the production of 

endo-siRNA in mammals. 
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THE RNA INTERFERENCE PATHWAY IN C. ELEGANS. 

 

In the model organism C. elegans, RNAi can be experimentally induced by 

injection of dsRNA (Fire et al., 1998), soaking animals in dsRNA (Tabara et al., 1998), 

feeding with bacteria expressing dsRNA (Timmons and Fire, 1998) or through the 

expression of transgenes that lead to the formation of dsRNA (Tavernarakis et al., 2000) 

(Figure I-5A-D).  Soaking and feeding are also known as environmental RNAi.   

In C. elegans, the RNAi response is systemic and transmissable to the next 

generation (Fire et al., 1998).  Exposure to dsRNA can lead to inheritance of silencing 

many generations after removal of the original RNAi trigger (Vastenhouw et al., 2006).  

Inheritance of the interfering agent does not require inheritance of the targeted genomic 

loci, but it requires the activities of RDE-1 and RDE-4 (Grishok et al., 2000). 

The ability to elicit a silencing response away from the site of initiation requires 

the multispan transmembrane protein sid-1 (systemic RNA interference deficient) 

(Winston et al., 2002; Feinberg and Hunter, 2003), also identified as rsd-8, (RNAi 

spreading defective) (Tijsterman et al., 2004).  The SID-1 protein likely functions as a 

multimer and promotes energy-independent, diffusion-limited uptake of dsRNA (Shih et 

al., 2009).  At least three genes, rsd-2, rsd-3 and rsd-6, have been reported to be required 

for spreading of the silencing agent specifically into germline tissues.  However, the role 

of these proteins is not yet understood (Tijsterman et al., 2004), and it remains possible 

that their defects lie in RNAi-effector steps in the germline downstream of spreading. 
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Figure I-5.  RNAi pathway in C.  elegans. 
 
RNAi can be triggered in C. elegans animals by: (A) injection of dsRNA, (B) soaking 
animals in dsRNA, (C) feeding C. elegans bacteria expressing dsRNA and (D) expression 
of dsRNA from transgenes.  (E) The multispan transmembrane protein sid-1 is required 
for diffusion of dsRNA between cells.  Once inside the cell, dsRNA is recognized by 
RDE-4, and processed by DCR-1 into primary siRNAs, which interact with RDE-1.  
Target identification by the RDE-1/primary siRNA complex leads to the recruitment of 
RdRPs and the generation of secondary siRNAs that interact with SAGO/WAGO proteins 
to promote target degradation. 
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Uptake of dsRNA from the environment also requires sid-2, an intestinal luminal 

transmembrane protein.  Most Caenorhabditis species tested so far are insensitive to 

environmental RNAi, suggesting that either environmental RNAi is a rare ability, or that 

it is regulated through factors that are not present in laboratory conditions (Winston et al., 

2007; Whangbo and Hunter, 2008).  Interestingly, expression of C. elegans sid-2 in C. 

briggsae confers the ability to respond to external sources of dsRNA (Winston et al., 

2007).  Although exogenous dsRNA can induce a strong systemic silencing response, 

dsRNA expressed from genome-encoded hairpins is not sufficient to induce systemic 

silencing.  Curiously, environmental conditions such as exposure to  non-specific dsRNA 

can induce a systemic response driven by hairpin generated dsRNA, suggesting that 

spreading of silencing agents is regulated by both genetic and physiological factors 

(Timmons et al., 2003; Tijsterman et al., 2004).   

Once the dsRNA is present in the cell, it is recognized by the dsRNA-binding 

protein RDE-4.  RDE-4 functions as a homodimer that binds to dsRNA in a sequence-

independent manner and has high affinity for long dsRNA.  It is thought that RDE-4 

binds the RNAi trigger and presents the long dsRNA molecule to the RNase III related 

enzyme Dicer (DCR-1) for processing into siRNAs (Tabara et al., 2002; Parker et al., 

2006). C. elegans has only one Dicer enzyme, which is essential for both RNAi and 

processing of miRNAs (Grishok et al., 2001; Ketting et al., 2001; Knight and Bass, 2001).  

In addition to RDE-4, Dicer interacts in vivo with the Argonaute protein RDE-1 and 

DRH-1/2, a conserved DExH-box helicase protein.   

In C. elegans, the RNAi response is a two-step pathway, in which functionally and 

structurally distinct Argonautes act sequentially to direct gene silencing.  The DCR-1 

complex generates primary siRNAs, which interact with RDE-1 to initiate silencing 

(Yigit et al., 2006; Sijen et al., 2007).  Loading of primary siRNAs onto RDE-1 requires a 
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fully complementary dsRNA trigger (Jannot et al., 2008; Steiner et al., 2007).  Target 

recognition by the RDE-1/primary siRNA complex leads to the amplification of the 

silencing signal through the activity of RNA-dependent RNA polymerases, which 

generate secondary siRNAs (Sijen et al., 2001; Yigit et al., 2006; Sijen et al., 2007; Pak 

and Fire, 2007). 

 Biogenesis of secondary siRNAs by RdRPs does not require the activity of Dicer 

and is primer-independent.  Secondary siRNAs have a 5´ triphosphate and a bias for 

Guanosine at the 5´-end (Aoki et al., 2007; Sijen et al., 2007; Pak and Fire, 2007).  RdRP 

activity requires the activity of DRH-3 and is stronger in templates without a poly(A) tail 

(Aoki et al., 2007), which suggests the RdRP complex is recruited to aberrant RNAs.  

Accumulation of secondary siRNAs requires the activities of RDE-3, a protein with 

conserved domains found in the polymerase beta nucleotidyltransferase superfamily 

(Chen et al., 2005).  In the germline, MUT-7, a protein with homology to RNaseD 

(Ketting et al., 1999), and its interactor MUT-2, are also required for accumulation of 

secondary siRNAs, where they are thought to function at the level of target mRNA 

recognition (Tops et al., 2005; Gu et al., 2009).  rde-3 and mut-7 also belong to the 

Mutator class of mutants, suggesting that transposons are one of the natural targets of 

small RNA pathways in C. elegans.   

Secondary siRNAs interact with a group of redundant Argonaute proteins, the 

SAGO Argonautes, to mediate downstream silencing (Figure I-5D).  SAGO Argonautes 

belong to the worm specific clade (WAGO).  One characteristic shared by these 

Argonaute proteins is the lack of conservation of key catalytic residues in the PIWI 

domain.  These Argonautes are therefore unlikely to have catalytic activity (Yigit et al., 

2006).  Curiously, one of the WAGOs is mutated in a natural isolate of C. elegans that is 

resistant to RNAi in the germline (Tijsterman et al., 2002).  The downstream Argonautes 
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are a limiting factor in silencing as they are shared with several competing endogenous 

small RNA pathways (Yigit et al., 2006).  How the downstream complexes promote 

silencing is not yet understood.   

But what is the endogenous function of the RNAi pathway? Although no natural 

viruses are known in C. elegans, it has been shown that both FHV (flock house virus) and 

VSV (vesicular stomatitis virus) can replicate in C. elegans (Lu et al., 2005; Wilkins et 

al., 2005).  The Argonaute RDE-1 is required for silencing of both FHV (flock house 

virus) and VSV (vesicular stomatitis virus).  Silencing of VSV also requires de activity of 

RDE-4 and is enhanced in ERI mutants (Wilkins et al., 2005).  In the absence of the B2 

protein from FHV, which functions as an RNAi silencing inhibitor, the FHV virus is 

rapidly cleared (Lu et al., 2005).  The Dicer-related helicase DRH-1 has been implicated 

as an essential component of the antiviral pathway in C. elegans.  Interestingly, DRH-2 

has not been implicated in viral silencing (Lu et al., 2009).  Although these observations 

were collected from ‘artificial’ infections, these results suggest that viruses, as observed 

in other model organisms, are natural targets of the C. elegans RNAi pathway. 

In C. elegans, response to exogenous dsRNA is enhanced in two distinct classes 

of mutants: the ERI mutants (Kennedy et al., 2004; Duchaine et al., 2006; Pavelec et al., 

2009; Yigit et al., 2006) and the SynMuvB mutants (Wang et al., 2005; Lehner et al., 

2006).  Double mutants between both classes have a super ERI phenotype (Wang et al., 

2005). The enhanced RNAi observed in genes of the SynmuvB pathway is thought to 

result from the transformation of somatic cells to germ cell–like fates (Wang et al., 2005).  

ERI class mutants are deficient for proteins involved in the endogenous RNAi pathways. 
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The C. elegans endogenous siRNA pathway. 

 

Early attempts to identify miRNAs in C. elegans through the sequencing of cDNA 

libraries revealed the existence of small RNAs in the size range of 20-22 nucleotides that 

did not belong to the miRNA class.  These small RNAs were named endogenous siRNAs.  

Two groups of endogenous siRNA were initially identified: endogenous small antisense 

RNAs, small RNAs antisense to protein coding genes found uniformly distributed 

throughout the genome, and tiny noncoding RNAs (tncRNA), small RNAs generated 

from genomic regions outside protein coding sequences (Lau et al., 2001; Lim et al., 

2003; Ambros et al., 2003).  The relative abundance of cloned endogenous small RNAs 

depended on the cloning method used, suggesting that the 5´ end of endogenous siRNAs 

is capped or modified (Ambros et al., 2003).   

Biogenesis of endogenous small RNAs is dependent on proteins involved in the 

RNAi pathway, as well as proteins whose loss-of-function leads to an enhanced response 

to exogenous RNAi.  In genetic backgrounds with loss-of-function mutation for proteins 

involved in the biogenesis/stability of endogenous siRNAs, the transcript levels of genes 

targeted by endogenous small RNAs are up-regulated, suggesting that these small RNAs 

are involved in endogenous regulation of transcript levels.  Interestingly, the sets of genes 

up-regulated in different loss-of-function mutants involved in the biogenesis of 

endogenous small RNAs differed substantially between mutants, suggesting the existence 

of multiple endogenous siRNA pathways (Lee et al., 2006).   

Several observations suggested that multiple small RNA pathways intersect in C. 

elegans.  The biogenesis of endogenous siRNAs required factors essential for RNAi as 

well as proteins specific for endogenous RNAi.  In addition, mutants defective for a 

silencing process are enhanced in other silencing processes, suggesting cross-regulatory 
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interactions between the different small RNA pathways.  Furthermore, members of 

distinct silencing pathways interact with Dicer (Lee et al., 2006; Duchaine et al., 2006).  

Later studies demonstrated that the SAGO/WAGO Argonautes, which act downstream of 

Dicer, are also shared by multiple small RNA pathways (Yigit et al., 2006).   

High throughput studies have revealed that endogenous small RNAs function on a 

genome wide scale in C. elegans. Based on their propensity for 22nt length and the strong 

bias for Guanosine at the 5´-end, the 22nt endogenous siRNA in C. elegans have been 

renamed 22G-RNAs.  These naturally occurring small RNAs are the most abundant small 

RNAs in adult animals and target several classes of transcripts, including protein-coding 

genes, transposons, repetitive loci and cryptic loci (Ruby et al., 2006; Gu et al., 2009). 
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THE GERM GRANULES OF C. ELEGANS. 

 

Germ granules are present in the germline of most, if not all animals (Eddy, 

1975).  These structures are thought to play an essential role in the specification and 

function of germ cells (Hayashi et al., 2007).  In C. elegans, germ granules are maternally 

loaded into the oocyte.  During early embryogenesis, maternally-derived germ granules 

present in the fertilized egg (referred to as P0) are partitioned through a series of three 

asymmetric cell divisions that each generate a single somatic precursor and a germline 

blastomere (P1, P2, P3 and P4) (Figure I-6A). The P4 blastomere divides symmetrically 

to produce two embryonic germline blastomeres Z2 and Z3 that arrest division for the 

remainder of embryogenesis.  After hatching, Z2 and Z3 divide to populate both the male 

and hermaphrodite gonads.  Because the C. elegans germ-granules track with the P-

lineage blastomeres, which comprise the germ lineage, they are referred to as P granules.  

In maturing oocytes and in the P-lineage blastomeres, P granules are dispersed 

throughout the cytoplasm.  During each asymmetric division in the P-lineage, they 

become progressively restricted to the germline daughter cell, ultimately concentrating 

within the P4 blastomere and its descendants (Strome, 2005; Strome and Lehmann, 2007) 

(Figure I-6A).  During larval development, all germ cells are produced through symmetric 

divisions, and P granules become associated with the cytoplasmic surface of the nuclear 

periphery (Figure I-6B).  In spermatogenesis, P granules detach from the nuclear 

periphery after completion of meiosis and remain dispersed in the cytoplasm of the 

residual body.  In oogenesis, P granules dissociate from the nuclear periphery during 

oocyte maturation (Strome, 2005).   

P granules exhibit liquid droplet-like behaviors, and, as such, can dissolve and 

condense (Brangwynne et al., 2009). The localization of P granules during the 
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asymmetric cell divisions in the P-lineage has been suggested to result from the existence 

of a gradient in the P granule condensation point along the anterior-posterior axis.  This 

gradient causes P granule droplets to condense at the posterior end of the cell, while at the 

anterior P granule droplets continue to diffuse, resulting in a flux of P granule 

components into the posterior end.  This gradient in the P granule condensation point 

appears to be set by gradients of polarity determinants such as PAR-1 and MEX-5 

(Brangwynne et al., 2009).  Degradation of P granules in daughter cells that don’t belong 

to the P lineage has also been proposed to play a role in restricting the presence of P 

granules to the P lineage (DeRenzo et al., 2003; Spike and Strome, 2003; Zhang et al., 

2009).   

P granules contain both RNA and a number of proteins that are thought to have 

RNA binding or modifying activities. Indeed, all of the proteins identified in P granules 

have been implicated directly or indirectly in RNA metabolism, including: mRNA 

splicing, translation initiation, poly(A) polymerization, deadenylation, decapping, and 

degradation.  P granules thus seem to be involved in both protection and degradation of 

RNA transcripts.  Although many proteins have been identified as P granule components, 

only a few, including small RNA pathway components, are present in P granules at all 

stages of development (Updike and Strome, 2009; Batista et al., 2008; Gu et al., 2009; 

Claycomb et al., 2009).  So far, no protein has been identified whose loss results in the 

total absence of P granules.  

Several developmentally regulated maternal mRNAs localize to P granules in the 

adult syncitial germline, where P granules are primarily perinuclear and associate with 

clusters of nuclear pores (75% of nuclear pores in the C. elegans germline are associated 

with P granules) (Pitt et al., 2000; Schisa et al., 2001). 
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Figure I-6.  Localization of P granules during germline development and 
embryogenesis. 
 
(A) P granules are partitioned to cells in the P lineage during asymmetric cell divisions in 
early embryogenesis.  (B) Perinuclear localization of P granules in the syncytial germline. 
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It is believed that most, if not all, developmentally-regulated maternal mRNAs 

progress through and are possibly retained in P granules as they exit from the nuclei.  The 

transcripts of housekeeping genes, such as actin and tubulin, are not retained in P granules 

(Schisa et al., 2001).  During embryogenesis, several maternally expressed transcripts are 

selectively degraded in somatic cell lineages but remain present in the P lineage.  These 

transcripts, described as class II mRNAs, have a P granule like localization in the cell 

(Seydoux and Fire, 1994), suggesting that localization in P granules protects these RNAs 

from degradation.  Phenotypes associated with disruption of P granules include defects in 

germline proliferation and gametogenesis.  

Components of several pathways with essential in germline development localize 

to P granules.  Small RNA pathways play important roles in regulation of gene expression 

and maintenance of genome integrity, and are among the pathways that function within 

these macromolecular structures. 
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SUMMARY OF THESIS. 

 

Since its discovery, the RNAi pathway has been intensively studied in several 

model organisms.  One of the key discoveries made in the following years was the central 

role that Argonaute proteins play in small RNA pathways.  When I started my thesis 

work, the functions of C. elegans Argonaute proteins were largely unknown.   Although 

there are over 27 Argonaute genes encoded in the C. elegans genome, only three of them 

had been characterized in any detail.  Understanding the roles that Argonautes play in C. 

elegans biology has been the driving question behind my thesis work.  Insights from these 

studies are described and discussed in the following chapters. 
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Analysis of the C. elegans Argonaute family reveals that distinct 

Argonautes act sequentially during RNAi. 
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SUMMARY 

 

Argonaute (or AGO) proteins interact with small RNAs to mediate gene 

silencing.  C. elegans contains 27 AGO genes, raising the question of what roles these 

genes play in RNAi and related gene-silencing pathways.  Here we describe 31 deletion 

alleles representing all of the previously uncharacterized AGO genes.  Analysis of single- 

and multiple-AGO mutant strains reveals functions in several pathways including: (i) 

chromosome segregation, (ii) fertility, and (iii) at least two separate steps in the RNAi 

pathway.  We show that RDE-1 interacts with trigger-derived sense and antisense RNAs 

to initiate RNAi, while several other AGO proteins interact with amplified siRNAs to 

mediate downstream silencing. Over-expression of downstream AGOs enhances 

silencing, suggesting that these proteins are limiting for RNAi. Interestingly, these AGO 

proteins lack key residues required for mRNA cleavage.  Our findings support a two-step 

model for RNAi, in which functionally and structurally distinct AGOs act sequentially to 

direct gene silencing. 
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INTRODUCTION 

 

The term RNA interference (RNAi) was initially coined to describe a gene-

silencing mechanism induced by the experimental introduction of RNA into the nematode 

C. elegans (Rocheleau et al., 1997; Fire et al., 1998).  Subsequent work in numerous 

organisms revealed that key steps in the RNAi pathway are shared by a diverse and truly 

remarkable set of endogenous gene regulatory mechanisms (for review see (Zamore and 

Haley, 2005)).  Among others, these include; mechanisms that down-regulate endogenous 

genes and restrain the expression of selfish or exogenous genetic material; mechanisms 

that direct transcriptional gene silencing and alter chromatin to promote kinetochore 

function and chromosome segregation; and, perhaps most remarkable of all, a mechanism 

in Tetrahymena in which the genomic content of nuclei are compared within a shared 

cytoplasm prior to chromatin modification and targeted DNA elimination.  The term 

RNAi is often used now to refer to the shared portion of all of these diverse pathways.   

During RNAi, members of the Dicer family of proteins process dsRNA to initiate 

gene silencing (reviewed in (Carmell and Hannon, 2004)). Dicer can process dsRNAs 

derived from either exogenous or endogenous sources, generating small interfering (si) 

RNAs of approximately 21 nucleotides that guide sequence-specific silencing (for review 

see (Simard and Hutvagner)).  In addition to processing dsRNA substrates, Dicer 

copurifies with a large complex that loads the siRNAs into the RNA-induced silencing 

complex (RISC) (Liu et al., 2003; Pham et al., 2004; Tomari et al., 2004; Chendrimada et 

al., 2005). 

Several studies, including recent elegant structural and functional studies, suggest 

that members of the AGO protein family are key components of RISC (Liu et al., 2004; 

Meister et al., 2004; Song et al., 2004).  In C. elegans, the AGO protein RDE-1 is 
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required for silencing in response to experimentally-introduced dsRNA (Tabara et al., 

1999b).  AGO proteins have also been implicated in gene silencing in fungi, plants, 

protozoans and metazoans including humans (reviewed in (Carmell et al., 2002)).  Most 

organisms have multiple members of the AGO protein family, and several studies suggest 

that these proteins are specialized to perform distinct functions.   For example, two 

closely related C. elegans AGO proteins, ALG-1 and ALG-2, are not required for 

silencing in response to exogenous or transgene-derived dsRNA but are essential for the 

processing and function of the Dicer-derived, developmentally-important small RNA 

species termed microRNAs (or miRNAs) (Grishok et al., 2001).  

Biochemical studies indicate that AGO proteins interact with Dicer (Hammond et 

al., 2001; Chendrimada et al., 2005; Tabara et al., 2002), and that small RNAs generated 

by Dicer are loaded directly onto AGO proteins to form active RISC (Reviewed in 

(Filipowicz, 2005)).  Once charged with a small RNA, AGO proteins are thought to 

mediate the target-sensing and effector steps in all RNAi-related mechanisms. Two 

distinct RNA-binding domains in AGO proteins, the PAZ and PIWI domains, appear to 

facilitate interactions with the 3’ and 5’ termini (respectively) of the small single-stranded 

RNA guides, leaving internal nucleotides available for base-pairing (reviewed in (Song 

and Joshua-Tor, 2006)).  Upon target recognition, base-pairing interactions and helix 

formation are predicted to place the phosphodiester backbone of the target RNA in 

proximity to the catalytic center of the RNase H-related PIWI domain.  In the case of 

siRNA RISC (siRISC), this interaction is thought to lead directly to target mRNA 

cleavage.  In other RISC complexes, such as the majority of miRISC complexes in 

animals, helix formation is interrupted by imperfect base pairing, preventing direct 

cleavage of the target RNA and allowing other forms of regulation, such as inhibition of 

mRNA translation.   
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Here we show that AGO proteins not only function in several different pathways 

in C. elegans but that, surprisingly, distinct AGOs function sequentially during RNAi.  

Our findings support a model in which the RDE-1 protein engages siRNAs derived from 

Dicing of the trigger dsRNA (primary siRNAs), while a set of several other AGO proteins 

interact with siRNAs that are amplified during the silencing process (secondary siRNAs).  

Over-expression of the downstream (or secondary) AGO proteins causes the 

accumulation of high levels of siRNAs, and results in animals that are hypersensitive to 

RNAi.  These findings suggest that secondary AGO protein levels are limiting for RNAi 

in C. elegans.  The secondary AGO proteins lack key metal-coordinating residues in their 

RNase H-related PIWI domains, perhaps explaining why siRISC-mediated cleavage 

activity has not been detected to date in C. elegans.  Finally, we provide evidence that 

endogenous (endo) RNAi pathways also utilize AGO proteins at two steps and appear to 

converge on the same secondary AGOs that function in the exogenous dsRNA-induced, 

or exo-RNAi, pathway.  In summary, our findings point to diverse roles for AGO proteins 

in C. elegans, and support an AGO-relay mechanism involving structurally and 

functionally distinct AGOs that act sequentially during the initiation and effector steps of 

RNAi.   
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RESULTS 

 

RDE-1 interacts with trigger-derived single-stranded RNA. 

 

Genetic and biochemical studies place the C. elegans AGO protein RDE-1 at an 

upstream step in the RNAi pathway (Grishok et al., 2000; Tabara et al., 2002). To ask if 

RDE-1 interacts with siRNAs derived directly from the processing of the exogenous 

trigger dsRNA, which are present at very low levels (Parrish et al., 2000), we utilized a 

sensitive assay that employs a 2’-O-methylated RNA affinity matrix to trap sequence-

specific AGO/siRNA-mediated RNA binding events (Hutvagner et al., 2004). When 

whole animal lysates are exposed to this matrix, siRNA protein complexes are able to 

interact with the 2’-O-methylated RNA through sequence-specific base pairing but are 

unable to cleave the modified RNA backbone and are therefore retained on the affinity 

matrix (See Figure II-1A). 

We found that, after exposure of animals to dsRNA, the RDE-1 protein exhibits 

sequence-specific interactions with both the sense and antisense 2’-O-methylated RNA 

matrices.   These interactions were specific for the trigger dsRNA sequence to which the 

animals were exposed (Figure II-1B).  This interaction was not detected when animals 

were exposed to the bacterially expressed dsRNA trigger for 1 hour or less (Figure II-1C), 

suggesting that internalization and processing of the trigger dsRNA in the animal is 

required to form an RDE-1 complex capable of sequence-specific binding to the affinity 

matrix.   
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Figure II-1.  Sequence specificity and genetics of RDE-1/RNA affinity matrix 
binding. 
 
(A) Schematic representation of the strategy used to recover proteins interacting with 
low-abundance (primary) siRNAs.  (B-E) Western blot analysis to detect HA::RDE-1 (B-
D) or endogenous RDE-1 protein (E) in lysates prepared from worms treated as 
diagramed in (A), using non-overlapping 40 nt segments of GFP as dsRNA triggers.  (B) 
RDE-1 exhibits sequence specific interactions with the 2’-O-Methyl matrices. (C) The 
association of RDE-1 with trigger-derived RNA requires prolonged exposure of worms to 
the dsRNA-expressing E. coli. Animals were either not exposed to E. coli-expressing 
dsRNA (0h), or were allowed to feed on the E. coli for 1 hour or 48 hours as indicated. 
(D) The RDE-1 interaction with the 2’-O-methyl matrix depends on single-stranded 
RNA.   Prior to exposure to the affinity matrix, worm lysates were pretreated with either 
the dsRNA-specific nuclease RNase V1 (V1), or with the single-stranded RNA-specific 
nucleases RNase A and RNase T1 (A&T1). Under these conditions, unmodified control 
RNAs were totally degraded while the 2'-O-Methyl modified oligonucleotides were 
unaffected (Data Not Shown, Tabara et al., 2002; Sproat et al., 1989). (E) Genetic 
analysis of RDE-1 affinity-matrix binding.  dsRNA triggers and 2’-O-Methyl affinity 
matrices were prepared using a 40 nt region of the unc-22 gene that is deleted in unc-
22(st528), a functionally-wild-type allele that harbors an in-frame deletion. The RNAi-
deficient mutant strains analyzed are unc-22(st528), rde-1(ne300), sid-1(ne328), and rrf-
1(pk1417). 
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Consistent with processing of the original dsRNA trigger into single-stranded 

guide RNAs, we found that pretreatment of the extracts with the single-stranded 

ribonucleases RNase A/T1, but not with the dsRNA-specific nuclease RNase V1, 

dramatically reduced the interaction of RDE-1 with the 2’-O-methyl target RNA matrices 

(Figure II-1D). The sequence-specific retention of RDE-1 on the 2’-O-methylated 

matrices occurred with similar efficiency regardless of whether a target mRNA was 

expressed in the strain (Figure II-1E, compare lanes 1 and 2). 

 To further analyze the step at which RDE-1 functions in RNAi, we tested the 

binding of the RDE-1 protein to the 2’-O-Methyl matrices in various RNAi-deficient 

mutant backgrounds. In the strong loss-of-function sid-1(ne328) mutant, which has 

defects in dsRNA uptake and systemic transport to tissues in the body (Winston et al., 

2002), RDE-1 exhibited a markedly reduced interaction with the 2’-O-Methyl target 

sequences (Figure II-1E, lane 4). In contrast, in an RNAi-deficient, multiple-AGO mutant 

(MAGO) strain (described below), and in a strain deficient in rrf-1 which encodes an 

RNA-dependent RNA polymerase (RdRP) related protein that is thought to amplify the 

silencing signal (Smardon et al., 2000; Sijen et al., 2001; Conte and Mello unpublished), 

the RDE-1 protein was still recruited to the 2’-O-Methyl matrices (Figure II-1E, lanes 5 

and 6).  These findings support the placement of RDE-1 downstream of the systemic 

transport of dsRNA into tissues, and upstream of the amplification of the silencing signal. 

 



Chapter II 

80 

RDE-1 does not interact with secondary siRNAs. 

 

During RNAi in C. elegans the target mRNA appears to serve as a template for 

the RdRP-dependent amplification of the silencing signal (Sijen et al., 2001).  The 

secondary siRNAs produced through this amplification process are abundant enough to 

detect by Northern blot analysis and consist of the antisense polarity only (Grishok and 

Mello Unpublished; Sijen et al., 2001).  

To ask whether RDE-1 interacts with these amplified secondary siRNAs we 

exposed animals to dsRNA and examined RDE-1 immune complexes for associated small 

RNAs by Northern blot analysis.  For this analysis we targeted a GFP-transgenic strain 

that produces abundant and easily detected secondary siRNAs after exposure to GFP 

dsRNA.  In these studies, neither sense nor antisense siRNAs were detected in RDE-1 

immunoprecipitates (Data Not Shown).  To ask if low levels of the siRNAs 

corresponding to the amplified region interact with RDE-1, we used sense and antisense 

2’-O-Methyl matrices complementary to GFP sequences located 5’ of the region targeted 

by the dsRNA trigger (Regions p2 and p1 in Figure II-2A). After triggering RNAi with 

dsRNA targeting region p3, we confirmed by Northern blot analysis that secondary 

siRNAs could be detected with a probe derived from region p2 (Figure II-2B).  Although 

RDE-1 was readily recovered on the 2’-O-Methyl matrix corresponding to the trigger, 

RDE-1 was not recovered on the 2’-O-Methyl matrix corresponding to the upstream 

region, region p2 (Figure II-2C, top panel).  When RNAi was initiated using a trigger 

dsRNA targeting region p2, we found that RDE-1 was readily recovered on the region-

p2-specific affinity matrix (Figure II-2C, bottom panel), demonstrating that the p2 matrix 

is functional. These data suggest that the RDE-1 protein only interacts with the very low 
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abundance primary siRNAs, and not with the much more abundant secondary siRNAs 

derived from the amplification process. 

 

 

 

Figure II-2.  RDE-1 does not interact with secondary siRNAs. 
 
(A) Schematic representation of the GFP transcript, showing the relative positions of 
targeted regions.  The dsRNA triggers and 2’-O-Methyl affinity matrices were prepared 
as described in Figure II-1A, using sequences corresponding to the three 40 nt regions of 
GFP indicated in the diagram.  Lysates prepared from GFP-transgenic animals exposed to 
the dsRNA triggers (p2 and p3) were used for (B) Northern blot analysis of small RNA 
species, and (C) Western blot analysis for RDE-1 protein after exposure to affinity 
matrices (as indicated).  In (B) the RNA probe used was derived from region p2.  Note 
that small RNAs corresponding to region p2 are detected even when region p3 is used as 
the trigger.  
 

Genetic analysis of AGO mutants in C. elegans. 

 

Since RDE-1 does not appear to interact with secondary siRNAs, we reasoned that 

one or more of the numerous RDE-1 homologs in the C. elegans genome might play this 

downstream role in the RNAi pathway.  The C. elegans genome contains a set of 27 

annotated AGO-related genes (Figure II-3A).  To begin to assign functions to these genes 

we first used RNAi to target each gene for silencing. In addition, we generated deletion 

alleles for all of these genes, except for rde-1 and alg-2, for which alleles were already 

available (See Supplemental Figure II-1).   
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 The two most highly conserved members of the C. elegans AGO family, alg-1 

and alg-2, have overlapping functions in the miRNA pathway and are essential for 

development (Grishok et al., 2001).  Our analysis revealed that two additional AGOs, 

F20D12.1 which we have renamed csr-1, and prg-1, are also essential for development.  

Depletion of csr-1 by RNAi resulted in penetrant embryonic lethality with defects in the 

organization of chromosomes at metaphase of each early embryonic cell cycle, and the 

formation of anaphase DNA bridges (Figure II-3B and Data Not Shown).  Most csr-1 

deletion homozygotes are sterile but some hermaphrodites produce a few embryos with 

chromosome segregation defects identical to those observed in csr-1(RNAi) embryos.   

The csr-1 mutant is also partially deficient in germ-line RNAi (see Supplemental Figures 

II-2A and II-2B). Thus csr-1 defines a new gene class, csr, (pronounced ‘caesar’) whose 

members exhibit loss-of-function phenotypes with defects in both chromosome 

segregation and RNAi.  A mutation in prg-1(tm872), a member of the metazoan-specific 

Piwi subfamily of AGO genes, exhibited a reduced brood size and a temperature-sensitive 

sterile phenotype (Supplemental Figure II-2C), consistent with previous findings linking 

prg-1 to germ line maintenance (Cox et al., 1998).  

 A single mutant, R09A1.1, which we have renamed ergo-1 for endogenous RNAi 

deficient Argonaute mutant, exhibited an enhanced sensitivity to RNAi (Figure II-3C).  

This enhanced RNAi phenotype was partially rescued by the introduction of an ergo-1 

wild-type transgene, supporting the idea that the enhanced RNAi phenotype is due to a 

loss of ergo-1 activity (Figure II-3C).  As implied by its name, ergo-1 activity is required 

for an endogenous RNAi pathway (See Below). 
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Figure II-3. AGO Genes are Required for RNAi and Development. 
 
(A) Phylogenetic tree of representative AGO proteins from plants, animals and fungi. The 
AGO group with representatives in all three kingdoms is indicated in black, the PIWI 
group common to all metazoans is indicated in Green.   An expanded group of C. elegans 
proteins about equally distant from the PIWI and AGO subgroups is shown in red. 
ClustalW was used for the alignment and the tree was created by bootstrapping and 
neighbor-joining methods using Phylip® software.  Ce (Caenorhabditis elegans), At 
(Arabidopsis thaliana), Hs (Homo sapiens), Sp (Schizosaccharomyces pombe).  (B) csr-
1/F20D12.1 is required for chromosome segregation. Histone- and tubulin-GFP 
fluorescence images of wild-type and csr-1/F20D12.1(RNAi) embryos at anaphase of the 
first cell division.  (C) ergo-1(tm1860) exhibits enhanced RNAi. The broods of between 7 
and 10 animals (~80 embryos per animal) were scored per genotype and the percent of 
embryos sensitive to RNAi targeting the hmr-1 E-cadherin gene is shown.  Expression of 
wild-type ERGO-1 from a transgene (ergo-1 rescue) partially restores resistance to RNAi.  
Failure to see a more robust rescue may reflect the poor expression of the ergo-1(+) high-
copy number transgene in the germ line. (D-E) Multiple red-clade AGOs contribute to 
RNAi. For germ-line RNAi, 9 to 10 animals were exposed to pos-1(RNAi) by feeding and 
the percent pos-1 embryonic lethal embryos produced is shown (Orange bars).  For 
somatic RNAi, between 4 and 10 animals were injected with 20µg/ml unc-22 dsRNA 
(D), or with 1mg/ml unc-22 dsRNA (E), and the percent paralyzed progeny (Black bars) 
or twitching but motile progeny (Green bars) are shown.  The error bars (C-E) represent 
the 95% confidence interval. 
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Multiple AGOs contribute incrementally to RNAi.  

 

We assayed each viable AGO mutant allele for sensitivity to RNAi.  We also used 

a sequential RNAi assay to search for potential involvement of each AGO in RNAi (See 

Supplemental Figure II-2D).  These assays defined ppw-1 (also observed in Tijsterman et 

al., 2002) and F58G1.1 as partially deficient in RNAi.   These two genes represent 

divergent members of an expanded clade of AGOs present in C. elegans (Figure II-3A, 

red branches).  To more carefully examine the activities of the other members of this 

clade we analyzed mutant alleles of these genes using a more sensitive microinjection 

assay optimized for detecting deficiencies in RNAi.   

 In this more sensitive assay we targeted the muscle-specific unc-22 gene and set 

the dose of dsRNA for microinjection at 20µg/ml which is sufficient to induce 

approximately 50% paralyzed and 50% motile twitching animals after injection into wild-

type animals.  These assays revealed that while two mutants, ppw-1 and F58G1.1, were 

partially deficient in germ-line RNAi (Figure II-3D, orange bars), four mutants, K12B6.1, 

F56A6.1, C04F12.1 and F58G1.1, were partially deficient in RNAi targeting the somatic 

gene unc-22 (Figure II-3D, green and black bars).   For reasons described below, we have 

renamed K12B6.1 and F56A6.1 sago-1 and sago-2, respectively. 

 We next examined the consequences of creating a multiple mutant including alleles 

of four genes implicated in RNAi by their single-mutant phenotypes (ppw-1, sago-1, 

sago-2 and F58G1.1).  In this multiple-AGO mutant (MAGO) strain we also included 

alleles of two additional genes, C06A1.4, a close homolog of F58G1.1, and M03D4.6 a 

close homolog of sago-2 and ppw-1. Both C06A1.4 and M03D4.6 are now predicted to 

be pseudogenes and, perhaps consistent with this designation, their inclusion in multiple 

mutant strains did not appear to result in any enhancement of the RNAi defect in our 
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assays (See Supplementary Figure II-3A).  The MAGO strain, comprised of the 

ppw-1(tm914), sago-1(tm1195), sago-2(tm894), F58G1.1(tm1019), C06A1.4(tm887), and 

M03D4.6(tm1144) alleles, was resistant to both germ-line and somatic RNAi (Figure II-

3D).  This strain was still weakly sensitive to RNAi in response to injected dsRNA at 

concentrations of 1mg/ml (Figure II-3E). Nevertheless, this strain was strongly deficient 

in RNAi by feeding, and was suitable for the functional studies described below.  The 

MAGO strain also exhibits a temperature-dependent reduction in fertility when cultured 

at 25°C, but has no other easily discernable phenotypes (Data Not Shown). 

 

AGOs required for RNAi exhibit qualitatively distinct activities. 

 

To compare the activities of AGO genes we performed rescue assays in which we 

used the potent muscle-specific myo-3 promoter to over-express individual AGOs in the 

muscles of the rde-1 and MAGO strains.  Consistent with the idea that RDE-1 and the 

MAGO components are not interchangeable, we found that over-expression of RDE-1 

rescued the rde-1 mutant, but failed to rescue RNAi in the MAGO strain (Figure II-4A).  

Conversely, over-expression of wild-type or GFP-tagged alleles of the MAGO 

components, sago-1, sago-2 and ppw-1, strongly rescued the MAGO strain but failed to 

rescue the RNAi defect of the rde-1 mutant strain (Figure II-4A). These findings suggest 

that sago-1, sago-2 and ppw-1 encode functionally interchangeable proteins whose over-

expression can compensate for the collective RNAi defect of the MAGO strain.  RDE-1, 

on the other hand, appears to have a qualitatively distinct activity.  We also attempted to 

rescue the rde-1 and MAGO strains using other AGO family members.  The microRNA-

AGO alg-1, as well as prg-1 and csr-1, failed to rescue either rde-1 or the MAGO strain 

(Figure II-4A).  



Chapter II 

86 

 

 

Figure II-4.  GFP::SAGO-1 and GFP::SAGO-2 rescue the MAGO strain and 
interact with secondary siRNAs. 
 
(A) Rescue of the RNAi deficient phenotypes of the rde-1 and MAGO strains via myo-3-
promoter-driven expression of AGO genes (as indicated).  Transgenic animals were 
cultured on unc-22 dsRNA-expressing bacteria.  Animals were scored for the unc-
22(RNAi) phenotype. The (+) indicates Unc (RNAi-responsive) animals while (-) 
indicates NonUnc (RNAi-deficient) animals.  One hundred percent of the animals scored 
(n) showed the indicated phenotype. (B) Schematic diagram indicating the regions within 
the unc-22 gene used to prepare RNA probes.  (C-D) Northern blot analysis of small 
RNAs in (C) GFP::AGO immune complexes and (D) total lysates. The strains and probes 
are as indicated; the dsRNA trigger was derived from region p2. The lower panel in (C) is 
a Western blot probed with a GFP-specific monoclonal antibody.  In (D) the RNAi-
deficient alleles analyzed are rde-1(ne300), and rrf-1(pk1417), the 5S ribosomal RNA is 
shown as a loading control.  In the upper panel of (D) the p1-specific probe is a Starfire™ 
probe comprised of a 40nt segment of region p1. 
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SAGO-1 and SAGO-2 interact with Secondary siRNAs. 

 

 The findings that at least three AGOs, SAGO-1, SAGO-2 and PPW-1 appear to 

differ functionally from RDE-1 in our muscle-specific rescue assays prompted us to ask 

whether these AGOs might interact with secondary siRNAs. To address this question, 

Northern-blot analysis was performed to detect small RNAs associated with GFP-tagged 

SAGO-1 and SAGO-2.  Indeed, secondary siRNAs derived both from within the trigger 

region (Figure II-4B, probe p2) and from the region upstream of the trigger dsRNA 

(Figure II-4B, probe p1) were detected in GFP-immune complexes recovered from the 

corresponding MAGO-rescued strains (Figure II-4C, lanes 1 and 2).  We did not detect 

siRNAs using a probe located just downstream (3’) of the trigger dsRNA (probe p3 in 

Figure II-4B, Data Not Shown), and we did not detect sense siRNAs associated with 

these immune complexes using probes from any of the three regions (p1, p2 or p3, Data 

Not Shown).  

 Interestingly, we noticed that strains over-expressing GFP::SAGO-1 exhibited an 

enhanced level of RNAi overall.  For example, 100% (n=76), of the myo-

3p::GFP::SAGO-1 transgenic animals exhibited a paralyzed unc-22 RNAi phenotype, 

whereas wild-type animals failed to exhibit paralyzed twitchers and were instead strong, 

but still motile, twitchers after 36 hours of exposure to unc-22 RNAi (n=54).   

 Consistent with the increased level of silencing in these strains, we found that the 

levels of secondary siRNAs were substantially increased relative to wild-type levels in 

strains over-expressing SAGO-1 (Figure II-4D, compare lane 3 to lanes 5). The over-

accumulation of siRNAs was less evident in the GFP::SAGO-2 transgenic strain (Figure 

II-4D, compare lanes 3 and 6). This appears to reflect relatively weaker expression from 

the GFP::SAGO-2 transgene (see Western Blot, lower panel in Figure II-4C). As 
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expected from previous studies (Grishok and Mello unpublished, Sijen et al., 2001), only 

siRNAs of the antisense polarity were detected in these assays (Data Not Shown). 

 Taken together the findings; (i) that mutations in sago-1 and sago-2 lead to reduced 

RNAi activity, (ii) that these mutations appear to disrupt RNAi downstream of the 

interaction of RDE-1 with primary siRNAs, (iii) that over-expression leads to increased 

RNAi activity and to the rescue of secondary siRNA levels, and (iv) that the rescuing 

proteins co-immunoprecipitate with secondary siRNAs, strongly support the notion that at 

least these two AGOs (and likely others) interact with and stabilize secondary siRNAs to 

direct silencing during RNAi.   

 Consistent with the idea that RDE-1 is functionally distinct from these AGOs we 

found that, although HA::RDE-1 fully rescues the RNAi defect of rde-1(ne300), its over-

expression does not lead to any observable increase in secondary siRNA levels (Figure II-

4D, lane 7), and does not result in any detectable interaction between HA::RDE-1 and 

secondary siRNAs (Data Not Shown).  Finally, consistent with the placement of SAGO-1 

and SAGO-2 either at the same step, or downstream of, RdRP-dependent secondary-

siRNA production, we found that over-expression of SAGO-2 failed to rescue the RNAi-

deficient phenotype of an rrf-1/RdRP-mutant strain (Data Not Shown), and as expected 

also failed to rescue secondary siRNA accumulation in the rrf-1 mutant background 

(Figure II-4D, top panel, lane 8).    

 Based on the strong genetic and physical criteria linking sago-1 and sago-2 to 

secondary siRNAs, we propose to define this gene class as sago (pronounced say-go), for 

synthetic secondary-siRNA defective AGO mutants. This class of AGOs is likely to 

include ppw-1, a close homolog of sago-1 and sago-2, as well as other members of the 

expanded clade of AGO genes in C. elegans (See Figure II-3A and Discussion). 
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An endogenous small RNA pathway requires ERGO-1 and the SAGO proteins.  

 

 The finding that increasing the levels of the SAGO proteins increases RNAi activity 

suggests that these AGOs are present in limited supply.  In C. elegans, silencing in 

response to exogenous, experimentally-delivered, dsRNA (exo-RNAi) is increased when 

certain endogenous-RNAi (endo-RNAi) pathways are compromised by mutation 

(Duchaine et al., 2006; Lee et al., 2006).  These findings suggest that the exo-RNAi and 

endo-RNAi pathways may converge on, and compete for, an unknown limiting factor 

shared by both pathways. Because the SAGO proteins are limiting for exo-RNAi we 

wondered if they might encode components of this shared limiting activity.  Consistent 

with this idea, we found that siRNAs derived from an endogenous C. elegans gene, 

K02E2.6, and from an apparently non-coding X-chromosome cluster are both reduced in 

the MAGO strain (Figure II-5A and B).   

 Expression of GFP::SAGO-1 and GFP::SAGO-2 in the muscles of MAGO animals 

rescued the accumulation of the X-cluster and K02E2.6 endo-siRNA species (Figure II-

5B).  As with the secondary exo-siRNAs (see Figure II-4C), these endo-siRNA species 

accumulate to levels that are higher than wild-type levels in strains over-expressing these 

AGOs (Figure II-5B).  Note that the level of endo-siRNA accumulation correlates with 

the level of SAGO-protein expression as measured in the Western blot (Figure II-5B, 

lower panel).  Like the secondary exo-siRNAs, we found that the endo-siRNAs also co-

immunoprecipitate with GFP-SAGO-1 and GFP-SAGO-2 (Figure II-5C).  

 Interestingly, endo-siRNA levels were even more dramatically reduced in ergo-

1(tm1860) AGO mutant animals (Figure II-5A, lane 2), in which exo-RNAi is enhanced 

(see Figure II-3C, and Discussion).  Furthermore, consistent with competition between 

the ERGO-1 and RDE-1 pathways, the levels of K02E2.5 endo-siRNAs were increased in 
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animals deficient for rde-1 (Figure II-5A, See Discussion). There were no significant 

changes in the level of let-7 miRNA expression in these strains (Figure II-5).  Expression 

of a partially rescuing ergo-1(+) transgene in the ergo-1(tm1860) mutant strain partially 

restored the expression of the X-cluster-derived endogenous siRNA species (Figure II-

5A, right panel). 

 

 

 

Figure II-5. ergo-1(tm1860) and the MAGO strain are deficient in endo-siRNA 
expression. 
 
(A, B) Northern Blot analysis of endogenous small RNAs in wild type and various mutant 
and transgenic rescued strains, as indicated. The 5S ribosomal RNA blots are provided as 
loading controls. In (A) the RNAi-deficient alleles analyzed are rde-1(ne300), and ergo-
1(tm1860). (C) IP-Northern blot analysis (top two panels), and IP-Western blot analysis 
(Bottom panel) of GFP-immune complexes recovered from rescuing GFP::SAGO-1 and 
GFP::SAGO-2 transgenic strains.  Probes for the K02E2.6 and the X-cluster endo-
siRNAs, and for the let-7 miRNA are described in (Duchaine et al., 2006). 
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DISCUSSION 

 

 Through a combination of forward genetics, reverse genetics and proteomics we 

have arrived at a model for RNAi (Figure II-6) that explains how multiple small RNA-

mediated silencing pathways interact with each other and converge on shared components 

of the RNAi-machinery. This model explains how RNA-silencing pathways can achieve 

both specificity and amplification. According to this model, upon exposure to E. coli 

expressing dsRNA, intestinal cells take up and disseminate small quantities of dsRNA to 

other tissues via a systemic mechanism that depends in part on the SID-1 channel protein 

(Feinberg and Hunter, 2003; Winston et al., 2002).  The dsRNA is then processed by a 

Dicer complex that includes the dsRNA binding protein RDE-4 and the AGO protein 

RDE-1 (Tabara et al., 2002).  A scanning phase of RNAi follows, in which RDE-

1::primary siRNA complexes search for target mRNA sequences.  RDE-1 then recruits 

RdRP, perhaps indirectly through an initial round of target mRNA cleavage. This initial 

targeting by RDE-1 is sufficient to initiate amplification but insufficient, by itself, to 

cause silencing (due to the low levels of the primary siRNAs). 

The target mRNA is proposed to act as a template for the primer-independent 

synthesis of new dsRNA (see also Duchaine et al., 2006). RdRPs related to those 

involved in RNAi have been shown to catalyze primer-independent RNA synthesis 

(Makeyev and Bamford, 2002).  Recruitment of RdRP directly to the target mRNA, 

without the need for priming, would permit new dsRNA synthesis without consuming the 

original trigger-derived siRNAs.   
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Figure II-6. Model.   
 
Schematic representations of RNAi-related pathways in C. elegans.  Exo- and Endo- 
RNAi pathways are proposed to involve sequential rounds of AGO action involving 
primary-siRNA containing AGO complexes (Grey ovals), and secondary-siRNA 
containing AGO complexes (Colored ovals). The miRNA pathway is proposed to involve 
a single AGO-mediated step.  Distinct DCR-1 complexes are proposed to recognize the 
dsRNA substrates illustrated in the diagram.  Evidence exists for several of these 
complexes, including the ALG, RDE-1, ERI and PIR-1 containing DCR complexes 
(Tabara et al., 2002; Duchaine et al., 2006).  After primary-siRNA-directed cleavage, a 
protein complex potentially containing RDE-3 (Chen et al., 2005, pink object) is 
proposed to mark the 3’ end of the 5’ cleavage product and to recruit RdRP. The question 
marks and dashed lines indicate speculative elements in the model. 
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This process would allow each of the rare RDE-1/siRNA complexes to be 

recycled to target multiple transcripts and would thus permit multiple rounds of RdRP-

dependent amplification.  According to this model, a second Dicer complex would then 

act to process the RdRP products and to load the amplified secondary siRNAs onto 

members of a group of partially redundant “secondary” AGOs that include SAGO-1, 

SAGO-2 and likely other related proteins. 

The RDE-1 and the SAGO proteins exhibit structural differences that may help 

explain their distinct biological activities.  An alignment of members of the AGO protein 

family reveals that most members of this family, including RDE-1 and ERGO-1, exhibit 

conservation of key metal-coordinating residues in the RNase H-related PIWI domain 

(D,D, and H residues in Figure II-7). SAGO-1, SAGO-2 and several other members of 

the expanded C. elegans AGO clade (Red branches in Figure II-3A), including the other 

components of the RNAi-deficient MAGO strain (Figure II-7, blue shaded sequences), 

conspicuously lack these residues.  Thus, while RDE-1 might be expected to retain 

catalytic activity, the SAGO proteins would very likely require accessory factors to 

mediate target mRNA turnover  (Model, Figure II-6). 

The model for RNAi proposed above provides two opportunities for 

amplification.  First the RDE-1/siRNA complex, although low in abundance, is proposed 

to work repeatedly to generate multiple templates for RdRP.  Second, Dicer is proposed 

to process each RdRP-derived dsRNA product into several secondary siRNAs.   Acting 

together, these two steps [(i) repeated mRNA targeting by the RDE-1/primary-siRNA 

complex, followed by (ii) RdRP-dependent dsRNA synthesis, and Dicer processing] 

could generate potentially thousands of secondary siRNA for each original primary 

siRNA. 
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While amplification of the silencing signal would have obvious benefits for 

suppressing viral gene expression, this is balanced against a danger of amplifying off-

target silencing.   Conceivably, any off-target cleavage events mediated by the primary-

siRNA/RDE-1 complex could lead to a chain reaction of silencing with obvious 

deleterious consequences.   The model for silencing proposed here could safeguard 

against off-target amplification in three ways.  First, since RDE-1 does not need to silence 

the target mRNA by itself, the target-scanning step mediated by RDE-1 can afford to 

incorporate a very high degree of selectivity.  Second, since the downstream AGOs lack 

catalytic residues required for mRNA cleavage, they may be unable to generate cleaved 

substrates for further amplification. And finally, the downstream AGO proteins are 

present in limited supply, and thus provide limited capacity to support multiple 

simultaneous silencing reactions. 

Perhaps consistent with the idea that safeguards exist to prevent the initiation of 

off-target silencing, the injection of concentrated dsRNA, or even the promoter-driven 

expression of dsRNA, cannot bypass the requirement for rrf-1, the RdRP required for 

amplification.  Furthermore, although, we have shown that RDE-1 still appears to interact 

with primary siRNAs in rrf-1 mutants, neither the primary nor the secondary siRNAs are 

detectable in rrf-1 mutants, even in the presence of abundant promoter-driven dsRNA 

(Sijen et al., 2001; Conte and Mello, unpublished).  These results suggest that the 

processing of trigger dsRNA and loading into the RDE-1 complex may be inherently 

inefficient.  Alternatively, mechanisms may exist that function to limit the formation of 

the RDE-1/primary-siRNA complex, even in the presence of large quantities of trigger 

dsRNA.  Such mechanisms could be important to limit the pioneering round of target 

recognition by RDE-1 and thus to minimize the risk of amplifying off-target silencing 

reactions. 
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Intersecting RNAi pathways in C. elegans. 

 

Several of our findings suggest that ERGO-1 may function in the endo-RNAi 

pathway in a manner analogous to the role of RDE-1 in the exo-RNAi pathway.  

Furthermore, our findings support the hypothesis that the ERGO-1 and RDE-1 pathways 

converge on the SAGO proteins (Figure II-6).  Consistent with this model, the MAGO 

strain, which includes lesions in sago-1 and sago-2, exhibits defects in both secondary 

siRNA accumulation and in the accumulation of endogenous siRNA species.   

The convergence of several pathways on members of the secondary group of 

AGOs may provide selective pressure for the maintenance of this amplified gene family. 

ERGO-1 is required for endo-siRNA accumulation, and lesions in ergo-1 enhance exo-

RNAi.  These findings support the placement of ERGO-1 upstream of the convergence 

between the endo- and exo-RNAi pathways in the model (Figure II-6).  Accordingly, 

while mutations in ergo-1 prevent the accumulation of endo-siRNAs, they do not 

interfere with exo-siRNA production.  Instead, by eliminating an abundant endo-siRNA 

species that would otherwise compete with exo-siRNAs for loading onto the limiting 

SAGO proteins, lesions in ergo-1 enhance the exo-RNAi pathway (Figure II-6). 
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Figure II-7. Secondary AGOs lack key catalytic residues. 
 
Alignment of C. elegans AGO proteins in three regions with similarity to the catalytic 
center of RNase H.  Within these regions two key aspartic acid residues (highlighted in 
red) and a histidine residue (highlighted in dark blue) coordinate a magnesium ion at the 
catalytic center of the RNase H enzyme.  Substitutions compatible with metal binding are 
indicated in brown.   The RDE-1 and ERGO-1 amino-acid sequences are highlighted in 
shades of green, while those of the MAGO strain components are highlighted in blue. 

 

 

The ERI proteins, and the RdRP RRF-3, may function along with ERGO-1 in the 

production of endo-siRNAs (Figure II-6, and Duchaine et al., 2006).  ERGO-1 has a 

potentially intact catalytic domain, and in this respect is structurally similar to RDE-1 

(Figure II-7).  Conceivably, low levels of dsRNA synthesis from endogenous loci could 

provide precursors for the production of primary endo-siRNAs that are loaded onto 

ERGO-1.  ERGO-1, through RNA-scanning, target-cleavage, and RRF-3-recruitment, 

may then direct the accumulation of abundant secondary endo-siRNA species that interact 

with, and compete for, the SAGO proteins. 
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AGOs and transcriptional gene silencing. 

 

Transcriptional silencing appears to be an important mode of RNAi-directed 

silencing in C. elegans.  While this has been best studied in Fungi (Reviewed in Grewal 

and Rice, 2004), elements of a transcriptional silencing pathway exist in a variety of 

organisms (Reviewed in Wassenegger, 2005).  In C. elegans, transgene silencing and 

cosuppression, which are maintained in part by chromatin-related silencing pathways 

(Tabara et al., 1999a; Ketting et al., 1999; Grishok and Sharp, 2005; Robert et al., 2005), 

require a subset of the genes implicated in exogenous-dsRNA-induced RNAi.   

Here we have shown that CSR-1, an essential AGO protein, is required, directly 

or indirectly, for chromosome segregation in C. elegans.  In addition CSR-1 appears to 

contribute to germ-line RNAi.  Expression of CSR-1 in the muscle failed to rescue the 

secondary-AGO defect in our assays, raising the possibility that CSR-1 functions at yet 

another step in the RNAi pathway, or requires specific co-factors that are not present in 

muscle cells.  One interesting possibility is that germ-line RNAi has a strong 

transcriptional silencing component and that CSR-1 plays a role in mediating chromatin 

effects important for both germ-line RNAi and chromosome segregation (Model, Figure 

II-6). 

An emerging theme from this and several other recent studies is the remarkable 

importance of AGO proteins for germ-line maintenance and function.  In C. elegans at 

least 4 distinct groups of AGO genes are required for fertility.  These include csr-1, prg-

1/prg-2, alg-1/alg-2 and the multiple AGO mutant strain (MAGO) that includes sago-1 

and sago-2.  In the mouse, all three members of the Piwi/prg AGO family, Miwi (Deng 

and Lin, 2002), Mili (Kuramochi-Miyagawa et al., 2004) and Miwi2 (G.J. Hannon, 

personal communication) are required for male fertility.  Two recent reports have shown 
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that an abundant species of ~30 nucleotide siRNAs (named piRNAs) interacts with Mili 

in meiotic spermatocytes (Aravin et al., 2006; Girard et al., 2006).  Interestingly, piRNAs 

accumulate asymmetrically in a manner analogous to the secondary and X-cluster-derived 

siRNAs found in C. elegans.  Clearly, there is still much to learn about the production and 

function of small RNAs.  The paradigms of sequential AGO action and of intersection 

between AGO-mediated silencing pathways are likely to be important for understanding 

the diversity and complexity of RNAi-related mechanisms in numerous organisms.  
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EXPERIMENTAL PROCEDURES 

 

Worm Strains: 

 

 The Bristol strain N2 was used as the standard wild-type strain. The AGO alleles and 

strains used in this study are described in the text and are listed in (Supplementary Table 

1). Additional alleles used in this study are; rrf-1(pk1417) I, alg-2(ok304) II, sid-1(ne328) 

V, unc-22(st528) IV.  Deletions mutations were obtained as previously reported (Gengyo-

Ando and Mitani, 2000). C. elegans culture and genetics were as described in (Brenner, 

1974).  

   

Rescue Experiments: 

 

For myo-3 promoter-driven expression in muscle, AGO ORFs were cloned into pPD96.52 

(From Andrew Fire). Transgenic animals were generated by co-injection of the plasmid 

constructs at 10 µg/ml with the marker plasmid pRF4 (Mello et al., 1991) at 100 µg/ml.  

Extra-chromosomal arrays were integrated by UV treatment (Evans, 2006).  ergo-1 

rescued lines were generated by co-injecting a genomic PCR fragment produced using 

forward primer: ATGTTTCAAAAAAAGTTATGGCC, and reverse primer: 

GAAAAAGAATGAATGAACTGC, at a 5 µg/ml concentration, along with the marker 

plasmid pTG96 (Yochem et al., 1998), at 100µg/ml. 
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RNAi experiments: 

 

RNAi was carried out as previously reported (Fire et al., 1998; Timmons et al., 2001). 

Worms were grown on NGM plates containing 1 mM IPTG unless otherwise stated. The 

sequences used to generate short tandem RNAi triggers, as well as the complementary 2’-

O-Methyl affinity matrices were: 5’-AAG GTA TTG ATT TTA AAG AAG ATG GAA 

ACA TTC TTG GAC A-3’ and 5’-TGT CCA AGA ATG TTT CCA TCT TCT TTA 

AAA TCA ATA CCT T-3’ (GFP food region 1); 5’-AAG TTT GAA GGT GAT ACC 

CTT GTT AAT AGA ATC GAG TTA A-3’ and 5’-TTA ACT CGA TTC TAT TAA 

CAA GGG TAT CAC CTT CAA ACT T-3’ (GFP food region 2); 5’-TTT CAA AGA 

TGA CGG GAA CTA CAA GAC ACG TGC TGA AGT C-3’ and 5’-GAC TTC AGC 

ACG TGT CTT GTA GTT CCC GTC ATC TTT GAA A;3’ (GFP food region 3); 5’-

GGA TAT GTC GTT GAA CGT TTT GAG AAG AGA GGT GGC GGT G-3’; 5’-CAC 

CGC CAC CTC TCT TCT CAA AAC GTT CAA CGA CAT ATC C-3’ (for unc-22 

RNAi trigger). The non-specific 2’-O-Methyl oligonucleotide had the following 

sequence: 5’-CAU CAC GUA CGC GGA AUA CUU CGA AAU GUC-3’. The 2’-O-

Methyl-modified RNA oligonucleotides were obtained from IDT.  Biotin was attached to 

the 5’ end of the modified oligonucleotides via a six-carbon spacer arm. 

 

Biochemistry and Molecular Biology 

 

Protein and RNA purifications were performed as previously described (Duchaine et al., 

2006). Western Blot analysis, imunoprecipitation of GFP tagged protein complexes, as 

well as 2’-O-Methyl oligonucleotide affinity matrix studies were performed as reported in 

(Hutvagner et al., 2004). To remove non-specific 2’-O-methyl oligonucleotide interactors 
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the clarified worm lysate was pre-incubated for 45 min with an unrelated 2’-O-Methyl 

oligonucleotide.   

Antibodies used in this study are as follows: (i) monoclonal HRP conjugated anti-HA 

(Roche), (ii) an affinity-purified polyclonal anti-RDE-1 antibody or (iii) Full-Length A.v. 

Polyclonal Antibody (BD Bioscience). Images were collected on a LAS-3000 Intelligent 

Dark-Box (Fujifilm).  Northern Blot analysis was performed as described in (Duchaine et 

al., 2006). 

 

Imaging and Video Microscopy 

 

DIC and fluorescence images were collected as reported in (Duchaine et al., 2006). 
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Supplementary Figure II-1 (previous page). Argonaute Deletion Alleles.  
 
Schematic diagrams of the exon/intron (box/line) structures of 25 Argonaute genes for 
which deletion alleles were analyzed.  The blue shaded region indicates the Paz domain, 
while the green shaded region indicates the Piwi domain.  Allele names are listed above 
the red lines that indicate the extent of each deletion.  Allele names in red indicate an out-
of-frame deletion, while names in blue indicate deletions that result in a potentially in-
frame coding region.  The scale is as indicated with the exception of ergo-1 where the 
scale is doubled to accommodate the large introns in this gene.   
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Supplementary Figure II-2 (previous page).  Phenotypic analysis of Argonaute 
genes. 
 
(A-B) csr-1(tm892) exhibits a partial defect in germline and early zygotic RNAi. (A) 
Graph showing the percent of animals sensitive to RNAi targeting two different gfp 
transgenes, and the endogenous genes cdk-1 and unc-22, (as indicated). For the assays 
targeting unc-22 and pie-1::gfp::h2b; homozygous-csr-1 and homozygous-pie-
1::gfp::h2b-transgenic-csr-1 adults were compared to corresponding wild-type and wild-
type-pie-1::gfp::h2b-transgenic adults.  Expression of GFP in the germ lines of the adult 
animals was scored as an indication of resistance to RNAi.  For the assays targeting cdk-1 
and pes-10::gfp; homozygous-csr-1 and homozygous-pes-10::gfp-transgenic csr-1 adults 
were allowed to produce progeny, and these progeny were compared to those produced 
by the corresponding wild-type and wild-type-pes-10::gfp-transgenic animals.  
Expression of GFP in the embryos was scored as an indication of resistance to RNAi.  For 
the cdk-1 assays, it was possible to score the csr-1 embryos because the arrest point for 
cdk-1 at the one-cell stage is prior to that of csr-1. For unc-22 RNAi, 20 P0-animals were 
tested per strain.  For cdk-1 and gfp RNAi in pes-10::gfp; csr-1 strain, 80 F1-embryos 
from five homozygous csr-1 animals were scored.  The experiments were repeated three 
times. For gfp RNAi in csr-1; pie-1::gfp:h2b strain, twenty P0-animals were tested. (B) 
Fluourescence microgrph showing expression of pie-1::gfp::h2b expression in a csr-1 
homozygous adult (upper worm), and a silenced heterozygote (lower worm).  Expression 
of histone::GFP is visible in the nuclei of many proximal oocytes, and is also visible in 
fertilized embryos present in the uterus of the csr-1 homozygote.  (C) prg-1(tm872) 
exhibits a temperature-dependent sterile phenotype.  Wild-type and prg-1(tm872) animals 
were cultured for one generation at the indicated temperatures, and the progeny produced 
by 8 animals were scored for viability.  (D) Analysis of RNAi defects by sequential 
dsRNA injection.  Either a control dsRNA (sel-1) or a dsRNA targeting each Argonaute 
gene (400µg /ml) was injected, followed after 6-10 hours by a dsRNA targeting one of 4 
marker genes (as indicated in the key at right).   The progeny of 8 to 10 injected animals 
were scored, and the error bars indicate the 95% confidence interval. 



Chapter II 

116 

 

 
 
 

Supplementary Figure II-3. RNAi sensitivity in Argonaute multiple mutants. 
Red bars represent the percent of embryos exhibiting the pos-1(RNAi) embryonic lethal 
phenotype after exposure to dsRNA by feeding.  The Black and Green bars indicate the 
percent of animals that are paralyzed (black shaded area) or twitching but motile (green 
area) after injection of 20µg/ml unc-22 dsRNA.  For pos-1 RNAi, the entire broods of 
between nine and ten animals were scored per strain.  For unc-22 RNAi, ~40 to 60 
progeny of four to ten injected animals were scored per strain.  Error bars indicate the 
95% confidence interval. 
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Supplementary Table II-S1a. Genetic analysis of Argonaute deletion alleles 
 
The deletion alleles were out-crossed through successive matings with wild-type worms, 
and the number of out-crosses (x) is indicated after each allele name. 
 

Chromosome ORF and Allele Names 
LGI C04F12.1(tm1637, 4x) 
 C18E3.7(tm0914, 6x) 

F55A12.1(tm1122, 1x, ok1078 0x) 
F56A6.1/sago-2(tm0894, 7x), 
D2030.6/prg-1(tm0872, 7x) 
R06C7.1(tm1414, 0x, ok1074 0x) 
T23D8.7(tm1163, 4x) 
Y110A7A.18(tm 1120, 5x, tm1065, 0x) 

LGII T07D3.7/alg-2(ok304) 
 C06A1.4(tm0887, 5x) 

F58G1.1(tm1019, 7x) 
Y49F6A.1(tm1127, 5x) 

LGIII C14B1.7(tm1119, 5x) 
 C16C10.3(tm1200, 5x) 

ZK757.3A(gk188 0x, ok1041 0x, tm1184, 1x) 
LGIV F20D12.1/csr-1(tm0892, 6x) 
 M03D4.6(tm1144, 5x) 

C01G5.2/prg-2(tm1094, 5x) 
T22B3.2(tm1155, 0x) 

LGV K12B6.1/sago-1(tm1195, 5x) 
 rde-1(ne300,ne4085,ne4086) 

T22H9.3(tm1332, 0x, tm1186, 5x) 
R09A1.1/ergo-1(tm1860, 5x) 
ZK218.8(tm1324/+, 0x) 
alg-1(gk214, tm0369, 0x, tm492, 0x) 
R04A9.2(tm1116, 5x) 
ZK1248.7(tm1113, 0x, tm1135, 0x) 
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Supplementary Table II-S1b.  Strains generated in this study 
 
 

Strain Genotype  (All strains were generated using out-crossed 
alleles). 

WM127 C14B1.7(tm1119) C16C10.3(tm1200) III 
WM128 ppw-1(tm0914) I; C14B1.7(tm1119) C16C10.3(tm1200) III 
WM129 sago-2(tm0894) ppw-1(tm0914) I 
WM130 ppw-1(tm0914) ppw2(tm1120) I 
WM131 ppw-1(tm0914) ppw-2(tm1120) C04F12.1(tm1637) I 
WM132 sago-2(tm0894) ppw-1(tm0914) ppw-2(tm1120) 

C04F12.1(tm1637) I 
WM133 C06A1.4(tm0887) F58G1.1(tm1019) II 
WM134 ppw-2(tm1120) I; C06A1.4(tm0887), F58G1.1(tm1019) II 
WM135 M03D4.6(tm1144) IV; sago-1(tm1195) V 
WM136 ppw-1(tm914) I; F58G1.1(tm1019) II 
WM137 sago-2(tm0894) ppw-1(tm0914) I, C06A1.4(tm0887) 

F58G1.1(tm1019) II 
WM138 sago-2(tm0894) ppw-1(tm0914) I; M03D4.6(tm1144) IV; 

sago-1(tm1195) V 
WM126 
(MAGO) 

sago-2(tm0894) ppw-1(tm0914) I; C06A1.4(tm0887), 
F58G1.1(tm1019) II; M03D4.6(tm1144) IV; sago-1(tm1195) 
V 

WM118 neIS9[myo-3::HA::RDE-1] in rde-1(ne300) 
WM119 neIS10[myo-3::GFP::sago-2] in rde-1(ne300) 
WM120 neIS10[myo-3::GFP::sago-1] in WM126 
WM121 neEx7[myo-3::C18E3.7] in WM126 
WM122 neEx8[myo-3::GFP::ALG-1] in WM126 
WM123 neEx9[myo-3::PRG-1] in WM126 
WM124 neEx10[myo-3::GFP::unc-54 3’utr] 
WM125 neEX11[ERGO-1] in ergo-1(tm1860) 
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PRG-1 and 21U-RNAs interact to form the piRNA complex required for 

fertility in C. elegans.  
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SUMMARY 

 

In metazoans Piwi-related Argonaute proteins have been linked to germ-line 

maintenance, and to a class of germline-enriched small RNAs termed piRNAs.  Here we 

show that an abundant class of 21-nucleotide small RNAs (21U-RNAs) are expressed in 

the C. elegans germline, interact with the C. elegans Piwi-family member PRG-1, and 

depend on PRG-1 activity for their accumulation.  The PRG-1 protein is expressed 

throughout development and localizes to nuage-like structures called P-granules.  

Although 21U-RNA loci share a conserved upstream sequence motif, the mature 21U-

RNAs are not conserved and, with few exceptions, fail to exhibit complementarity or 

evidence for direct regulation of other expressed sequences.  Our findings demonstrate 

that 21U-RNAs are the piRNAs of C. elegans and link this class of small RNAs and their 

associated Piwi Argonaute to the maintenance of temperature-dependent fertility.   
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INTRODUCTION 

 

Diverse organisms utilize sequence-specific gene regulatory pathways that share 

features with RNA interference (RNAi).  The effector complex in all RNAi-related 

pathways consists of a single-stranded small RNA, and a member of the AGO protein 

family, which binds small-RNA termini, leaving internal nucleotides accessible for base-

pairing interactions with target sequences.  In canonical RNAi pathways, double-stranded 

RNA (dsRNA) is processed by members of the Dicer family of multifunctional 

ribonucleases into 21 to 24 nucleotide (nt) short-interfering (siRNAs) that interact with 

and guide AGO proteins to complementary target sequences in the cell [reviewed in 

(Hutvagner and Simard, 2007)]. 

Most animals have an additional AGO sub-family called Piwi.  C. elegans has two 

Piwi-related genes (named prg-1 and prg-2) that, like Piwi family members from a 

number of animal species, have been implicated in germ-line maintenance and fertility 

(reviewed in, Klattenhoff and Theurkauf, 2008).  Two classes of Piwi-interacting RNAs 

(piRNAs) have been identified, including (i) repeat-associated piRNAs (originally 

annotated as rasiRNAs) that appear to target transposons, and (ii) a second more 

mysterious class of piRNAs with no known targets (Lin, 2007).  This class of piRNAs is 

extremely abundant in small-RNA fractions isolated from pachytene-stage mouse 

spermatocytes: over 80,000 distinct species are derived from large genomic clusters of up 

to 200kb (Aravin et al., 2006; Grivna et al., 2006; Girard et al., 2006; Girard et al., 2006; 

Lau et al., 2006).  These clusters exhibit a marked strand asymmetry, as though the 

piRNAs within a region are all processed from one large transcript or two divergent 

transcripts. 
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Studies in C. elegans have identified several classes of endogenously expressed 

small RNAs (Ambros et al., 2003; Ruby et al., 2006).  However which, if any, of these 

represent piRNAs has yet to be determined.  One class of small RNAs, termed 21U-

RNAs, shares several characteristics with the piRNAs of flies and mammals, including an 

overwhelming bias for a 5´ uracil, a 5´ monophosphate, and a 3´ end that is modified and 

resistant to periodate degradation (Ruby et al., 2006; Ohara et al., 2007; Saito et al., 2007; 

Horwich et al., 2007; Kirino and Mourelatos, 2007).  However, 21U-RNAs are shorter 

than piRNAs in flies and mammals, and their genomic organization is very different, with 

21U-RNAs deriving from what appear to be thousands of individual, autonomously 

expressed loci broadly scattered in two large regions of one chromosome.   

Here we show that 21U-RNAs are expressed in the germline and that their 

accumulation depends on the wild-type activity of PRG-1.  We show that PRG-1 

localizes to germ-line P-granules and that 21U-RNAs co-immunoprecipitate with PRG-1 

from worm lysates.  Our analysis identifies many new 21U-RNAs, bringing the total 

number of 21U-RNA loci to 15,722, and confirms the expression of many 21U-RNA loci 

previously predicted based only on the presence of an upstream sequence motif.  Like the 

abundant pachytene piRNAs found in mammals, 21U-RNAs encode remarkable sequence 

diversity and yet lack obvious targets.  Although we identify one example of a 

transposon-directed 21U-RNA, our findings suggest that piRNA complexes of worms, 

charged with the remarkable sequence diversity encoded by 21U-RNAs, are likely to 

provide other essential germ-line functions.   
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RESULTS 

 

Identification of over 15,000 unique 21U-RNA species in C. elegans. 

 

We used Solexa sequencing technology (Seo et al., 2004) to generate 29,112,356 

small-RNA cDNA reads that perfectly matched the C. elegans genome.  Among these we 

identified 971,981 reads from 15,458 unique loci with properties similar to previously 

defined 21U-RNA loci (Ruby et al., 2006).  These new reads matched 95.1% of the 5,454 

previously sequenced 21U-RNAs and 78.3% of the 10,644 previously predicted 21U-

RNAs (Ruby et al., 2006) and brought the total number of unique experimentally 

confirmed 21U-RNA loci to 15,722.  A common characteristic of 21U-RNA loci is the 

presence of an upstream sequence motif (Figure III-1A, (Ruby et al., 2006)).  As 

previously observed, RNA species 21nts in length could be separated into two distinct 

sets based on the motif scores of their genomic loci (Figure III-1B).  Species with a high 

motif score also tended to exhibit the other essential features, including 21nt length and 

5´-U nucleotide, that together define the 21U-RNA class (Supplemental Figure III-1A-C).  

21U-RNAs with strong upstream motif matches were concentrated in two broad regions 

along chromosome IV (Figure III-1C and Ruby et al., 2006).  Supporting the potential 

importance of this motif in 21U-RNA biogenesis, the motif score strongly correlated with 

the magnitude of 21U-RNA expression, as indicated by the number of sequenced reads in 

our data sets (Figure III-1D).  Despite the presence of many high-scoring 21U-RNA 

motifs in orthologous regions of the C. briggsae genome, the 21U-RNA sequences 

themselves were not conserved.   
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Figure III-1.  21U-RNAs can be distinguished from other RNA species by their 
lengths and upstream motif matches. 
 
(A) A schematic representation of the 21U-RNA upstream motif as described previously ( 
Ruby et al., 2006).  (B) The number of 21nt RNA reads (blue) or unique loci (pink) 
corresponding to each upstream motif score (rounded to the nearest unit).  A score cut-off 
of 7 (orange) defined the 21U-RNA population.  (C) The distribution of 21U-RNA reads 
across chromosome IV.  Normalized read counts were summed for each non-overlapping 
100kb bin (blue).  (D) Correlation between the upstream motif score and the magnitude of 
21U-RNA expression.  For each three-bit bin of motif scores, the number of reads was 
determined for every experimentally identified 21U-RNA locus.  The median read 
number is plotted, and the 25th and 75th percentiles are indicated (error bars), as is the 
number of loci in each bin.  (E) Two 21U-RNA loci whose core upstream motifs are 
aligned (Blanchette et al., 2004).  The core motif (green) and 21U-RNA loci (pink) are 
highlighted.  The C. briggsae 21U-RNA was annotated based on the highest-scoring 5´ 
end corresponding to the conserved core motif.  The number of reads from C. elegans is 
indicated, as is the motif score for each 21U-RNA ortholog. 
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Even in rare cases in which the core of the upstream motif was perfectly aligned 

to a high-scoring motif within a syntenic region of the C. briggsae genome (Blanchette et 

al., 2004), the sequence of the consequent 21U-RNA was essentially nonconserved 

(Figure III-1E).  Only approximately 6% of the 21U-RNA loci and/or motifs were 

unambiguously aligned within syntenic regions in C. briggsae.  In these few cases, this 

was often due to overlap with annotated coding exons, which rarely contain 21U-RNAs 

(Supplemental Figure III-1D).  The only portion of the 21U-RNA flanking regions with 

elevated conservation frequencies above background was the 8nt core of the upstream 

motif (Supplemental Figure III-1E). 

 

21U-RNAs are expressed in the C. elegans germline. 

 

The developmental dynamics of 21U-RNA expression were examined by 

Northern blot analysis using probes specific for 21U-RNA-1 and 21U-RNA-3442.  Both 

small RNAs were expressed at low levels from the L1 to L3 stage, began to accumulate to 

high levels during the L4 stage, and reached maximal expression in the young-adult and 

gravid-adult stages (Figure III-2A).  This pattern of expression correlated with the 

proliferation of the germline, and was consistent with a germ-line origin.  Both RNAs 

were expressed at approximately equal levels in male- or female- enriched populations 

(Figure III-2B), but were absent in RNA samples prepared from germ-line-deficient glp-

4(bn2) and eft-3(q145) mutant populations (Figure III-2B).  Finally, both small RNAs 

were present in embryos (Figure III-2A), which may reflect maternal and/or paternal 

loading.  High throughput sequencing indicated that the developmental expression profile 

for the entire class of 21U-RNAs was identical to that of 21U-RNA-1 and 21U-RNA-

3442 (Figure III-2C).  The number of sequenced reads for each 21U-RNA species 
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increased dramatically in late larval and adult stages.  Furthermore, the number of reads 

was reduced (130 fold), from 5.8% to just 0.04% of total reads, in animals lacking a 

germline (Figure III-2C).  Adult hermaphrodites switch to an exclusively female mode of 

gametogenesis and store only 200-300 mature sperm.  The relative abundance of various 

individual 21U-RNA species was comparable between male and adult hermaphrodite 

populations, suggesting that very similar 21U-RNA populations are present in germlines 

undergoing oogenesis and spermatogensis. 

 

 

 

Figure III-2.  21U-RNAs are expressed in the C. elegans germline. 
 
(A) RNA isolated from synchronized wild-type populations at the indicated 
developmental stages analyzed on a northern blot, successively probing for two 21U-
RNAs, a miRNA, or a loading control (the SL1 precursor).  (B) RNA isolated from wild-
type worms, compared to that obtained from mutant strainsglp-4(bn2) and eft-3(q145), 
which lack a germline; fog-2(q71), a male only population; and fem-1(hc17) , which lack 
sperm, analyzed as in panel (A).  (C) The expression profile for the bulk population of 
21U-RNAs as determined by large-scale sequencing.  Plotted for each library is the 
percent of reads that represented 21U-RNAs.  Some libraries were prepared for 
sequencing with Rnl2(1-249) ligase (light blue), and others were prepared with T4 RNA 
ligase 1 (dark blue, see methods). 
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PRG-1 is expressed in the germline and required for 21U-RNA accumulation. 

  

To examine whether the accumulation of 21U-RNA-1 and 21U-RNA-3442 was 

dependent on known components of the RNAi machinery, we systematically examined 

RNA prepared from mutant strains lacking specific components of the RNAi pathway.  

The accumulation of 21U-RNAs did not require the wild-type activities of any of the 

previously described RNAi pathway components, including DCR-1 (Figure III-3A Left 

and Supplemental Figure III-2).   

To determine if accumulation of 21U-RNAs is dependent on any AGO proteins 

we also analyzed mutant strains representing all of the C. elegans AGO family members, 

including several multiple-mutant strains.  Only prg-1 mutants lacked 21U-RNA-1 and 

21U-RNA-3442 (Figure III-3A Right and data not shown).  Strains mutant for prg-2, a 

nearly identical homolog of prg-1, did not exhibit defects in 21U-RNA expression 

(Figure III-3A Right).  We observed no defects in miRNA expression.  However, we did 

note two 21U-RNAs which appear to have been misannotated miRNAs (See 

Supplementary Results).  Moreover, prg-1 mutants exhibited a wild-type RNAi response 

to foreign dsRNA (data not shown).  These findings suggested that prg-1 was defective 

specifically in the 21U-RNA pathway.  Consistent with the genetic requirement of prg-1 

for 21U-RNA accumulation, the stage-specific expression of PRG-1 protein was 

coincident with that of 21U-RNA-1 and 21U-RNA-3442.  PRG-1 levels were reduced in 

L1/L2 and L2/L3 worms when compared with L4 worms, as well as young and gravid 

adults (Figure III-3B).   
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Figure III-3.  PRG-1 protein is expressed in the germline and required for 21U-RNA 
accumulation.   
 
(A) Northern blot analysis of 21U-RNA-1, 21U-RNA-3442 and miR-66 expression in 
wild-type and the indicated homozygous strains.  The double mutant was prg-1(tm872) 
prg-2(tm1094).  The SL1 precursor served as a loading control.  (B) The PRG-1 
developmental expression profile.  Protein lysates generated from wild-type populations 
at distinct developmental stages were analyzed using a Western blot, as wereprotein 
lysates from wild type worms  and from the mutant strains examined in Figure III-2B (top 
right).  Tubulin served as a loading control.  Expression of prg-1/prg-2 mRNA was 
analyzed by quantitative Real-Time PCR, using actin (act-3) mRNA as the normalization 
standard (bottom panel).  (C-F) PRG-1 immunofluorescence (red) and DNA DAPI 
staining (blue) in dissected gonad arms from an adult hermaphrodite (C) and male (D), a 
two-cell embryo (E), and a 4-cell embryo (F).  In (C and D) the mitotic (MPZ) and 
meiotic zones (transition zone plus pachytene) are indicated, as are the proximal zones 
containing oocytes and sperm (respectively).  (G) Dual immunofluorescence analysis of 3 
oocytes in the proximal arm of a wild-type hermaphrodite gonad stained for PRG-1 and 
PGL-1 as indicated.  Yellow represents overlap in the merged image (bottom panel). 
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As observed for 21U-RNAs, we could also detect the PRG-1 protein in embryo 

extracts, and we were unable to detect PRG-1 in the glp-4(bn2) mutant strain, suggesting 

that this protein is expressed in the germline.  PRG-1 was also present in protein extracts 

from both female- and male-enriched populations.  Curiously, the expression of prg-1 

was reduced in wild type worms cultured at 25C (Figure III-3B).  Analysis of the 

expression of the prg-1/prg-2 mRNA by real-time PCR revealed an expression pattern 

similar to that observed for the PRG-1 protein.  The only exception observed was in the 

embryonic stage (Figure III-3B).  Although we could detect a high level of the PRG-1 

protein in embryos, the mRNA was almost undetectable, supporting the idea that PRG-1 

complexes in embryos are parentally derived. 

In wild-type worms we observed a striking localization of PRG-1 in the cytoplasm 

and in prominent cytoplasmic structures in germ cells at nearly all stages of germ-line 

development.  In both hermaphrodites and males PRG-1 formed perinuclear foci in both 

the mitotic and meiotic zones of the germline (Figure III-3C-D).  In mature oocytes the 

staining persisted but PRG-1 foci lost their perinuclear association and became dispersed 

in the cytoplasm (Figure 3C and data not shown).  In males all PRG-1 staining 

disappeared abruptly as spermatids matured (Figure III-3D).  The pattern of PRG-1 

localization, including its localization during embryogenesis (Figure III-3E-F), resembled 

that of P granules, which are components of the C. elegans germ-line cytoplasm, or nuage 

(Strome and Wood, 1982) (Strome, 2005).  Indeed, the localization of PRG-1 perfectly 

overlapped, throughout development, the localization of the previously described P-

granule component, PGL-1 (Kawasaki et al., 1998, Figure III-3G and Data Not Shown).   
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21U-RNAs depend on and interact physically with PRG-1. 

 

To determine whether PRG-1 is required more broadly for 21U-RNA 

accumulation, we performed high-throughput sequencing analysis on small-RNA 

populations prepared from prg-1 mutant animals and from wild-type animals reared at 

20°C.  For wild-type animals approximately 11% of the 1,789,450 genome-matching 

reads corresponded to the 21U-RNAs, whereas for prg-1 mutant animals less than 0.05% 

of the 1,774,442 genome-matching reads corresponded to 21U-RNAs (Figure III-4A).  

This dramatic reduction in 21U-RNAs resembled that observed in animals lacking a 

germline altogether (Figure III-4B).  However, prg-1 animals maintained at 20°C were 

fertile and exhibited nearly wild-type levels of another class of germline-enriched small 

RNAs, the endogenous siRNAs (Figure III-4C).  These findings indicate that prg-1 is 

required for the accumulation of the entire 21U-RNA class of small RNAs. 
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Figure III-4 (previous page).  PRG-1 interacts with and is required for the 
accumulation of all 21U-RNAs. 
 
(A) The percentage of 21nt RNA reads from wild-type young adults (blue) and prg-
1(tm872) young adult (pink) corresponding to each upstream motif score (rounded to the 
nearest unit).  A score cutoff of 7 (orange) defined the 21U-RNA population.  (B) Severe 
depletion of 21U-RNAs in glp-4(bn2) and prg-1(tm872) mutant worms.  Plotted for each 
library is the fraction of reads corresponding to  21U-RNAs, with bars colored as in 
Figure III-2C.  (C) Severe depletion of endogenous siRNAs in glp-4(bn2) but not prg-
1(tm872) mutant worms.  Plotted for each library is the fraction of reads with 5´ G 
nucleotides and complete antisense overlap with coding exons (Ambros et al., 2003: 
Ruby et al., 2006), with bars colored as in Figure III-2C.  (D) Immunoprecipitation (IP) 
analysis of small RNAs in PRG-1 and GFP::ALG1/2 complexes.  Immunoprecipitations 
were performed on lysates prepared from an otherwise wild-type transgenic strain 
carrying GFP-tagged ALG-1 and ALG-2.  The top panels show a northern blot 
successively probed for the indicated  small RNAs.  The lower panels show western blots 
probed as indicated.  (E) Biochemicalanalysis of the first nucleotide of the small RNA 
population that co-immunoprecipitated with the PRG-1 protein (IP).  Bars show where 
the single nucleotides migrate in this thin-layer-chromotography system.  (F) The length 
and 5´ nucleotide distribution of reads from the input (top) and PRG-1 co-IP (bottom) 
libraries.  To prevent under-representation of endogenous siRNAs, which usually begin 
with a 5’ triphosphate, these libraries were constructed using a protocol that does not 
require a 5’ monophosphate.  (G) The percentage of 21nt RNA reads from the input 
(blue) and PRG-1 co-IP (red) libraries at each upstream motif score,plotted as in Figure 
III-4(A).  (H) The mapping of 21U-RNA reads from the PRG-1 co-IP library (red) versus 
the young adult wild-type library prepared with T4 RNA ligase 1 (see methods; blue).  
Reads were classified as 21U-RNAs by their motif scores and normalized read counts 
were summed for each non-overlapping 100kb bin. 
 

To examine whether the 21U-RNAs physically interact with PRG-1, we 

immunoprecipitated the PRG-1 protein complex along with associated RNA.  Both 21U-

RNA-1 and 21U-RNA-3442 co-precipitated with the PRG-1 immune complex but not 

with precipitates recovered using pre-immune serum (Figure III-4D).  Small RNA species 

that did not require PRG-1 activity for accumulation, such as miR-66, were not detected 

in PRG-1 immunoprecipitates (Figure III-4D).  In contrast, we found that ALG-1/ALG-2 

AGO-associated immune complex contained miR-66 but not 21U-RNA-1 or 21U-RNA-

3442 (Figure III-4D).   

Biochemical analysis of small RNAs recovered in the PRG-1 IP complex 

demonstrated a strong bias for small RNAs with 5´ U (>91%) compared to the total input 
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population, which was enriched for 5´ G (>70%; Figure III-4E).  Similarly, deep 

sequencing of small RNA libraries prepared from the IP sample demonstrated a dramatic 

enrichment for 21nt RNAs with 5´ U in the PRG-1 complex (Figure III-4F).  In addition, 

21mers with high-scoring motif matches were dramatically enriched in the IP sample 

(Figure III-4G), and mapped comprehensively across the previously described 21U-RNA 

clusters on chromosome IV (Figure III-4H).  No other RNA species was significantly 

enriched in the PRG-1 IP.  The above observations suggest that PRG-1 specifically binds 

21U-RNAs to form a complex important for germ-line function and fertility. 

 

prg-1 mutants exhibit a broad spectrum of germ-line defects. 

 

A previous study demonstrated that RNAi targeting both prg-1 and prg-2 leads to 

reduced fertility (Cox et al., 1998).  Our examination of the phenotypic contributions of 

recently-identified probable null alleles revealed that most, if not all, of the germ-line 

defects result from the absence of prg-1.  For example, prg-2 mutants exhibited wild-type 

brood sizes at both 20°C and 25°C (Figure III-5A) as well as normal numbers of 

morphologically wild-type germ cells (compare Figure III-5B-C).  In contrast, prg-1 

mutants exhibited dramatically reduced fertility at both temperatures (Figure III-5A).  

Consistent with this phenotype, two different prg-1 mutant strains and a prg-1 prg-2 

double-mutant strain all exhibited a significant reduction in the total number of germ 

nuclei populating the adult gonad (Figure III-5D-F).  The numbers of germ nuclei were 

reduced in each zone, but were most dramatically reduced in the mitotic zone in these 

mutants.  The reduction in germ cell numbers was observed at all temperatures, and thus 

does not by itself explain the sterility of prg-1 mutants at 25°C.   
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Although prg-1 mutants exhibit temperature-dependent sterility, they do not 

appear to encode thermo-labile products.  Rather, both alleles examined in this study are 

likely to represent null mutations (Yigit et al., 2006; Cuppen et al., 2007; Supplemental 

Figure III-3A).  As expected for null-mutants, the PRG-1 protein was either absent or 

truncated in these mutant strains at all temperatures (Supplemental Figure III-3B).  

Furthermore, the 21U-RNA depletion associated with prg-1 mutants was observed at all 

temperatures examined, including the semi-permissive temperatures of 15°C and 20°C.  

These findings suggest that, in addition to their role in maintaining proper germ-cell 

numbers at all temperatures, PRG-/21U-RNA complexes may function at higher 

temperatures to facilitate an otherwise temperature-dependent germ-line process required 

for normal fertility.  Temperature-shift experiments demonstrated that the temperature-

sensitive period of prg-1 mutants occurs during the adult stage.  The fertility of animals 

shifted down from 25°C as young adults was substantially rescued, to an average of 40 

progeny (n=10).  Conversely, maintaining animals at 15°C during the L1 to adult stage, 

when the germline is proliferating most rapidly, did not significantly rescue the fertility 

defect.  These results suggest that the germ cells produced in prg-1 null mutant animals 

(that entirely lack PRG-1 protein expression), are deficient in a process important for 

their functionality at elevated temperature.  To examine the relative contribution of 

defects in sperm vs oocytes to the reduced fertility of prg-1 mutants, mutant 

hermaphrodites raised at 25°C were mated to wild-type males.  The temperature-

dependent sterility of prg-1 was partially rescued, as the average number of prg-1 

progeny produced by animals reared at 25°C was 3 (n=10), but this number increased to 

19 (n=10) when prg-1 mutants were mated with wild type males.  These findings suggest 

that the fertility defects of prg-1 hermaphrodites stem, in part, from defects in the 

production and/or functionality of both the male and female gametes. 
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Figure III-5.  PRG-1 exhibits a broad spectrum of germline defects. 
 
(A) Brood size analysis of prg-1 and prg-2 mutant strains.  The brood size of ‘n’ 
individual animals for each strain was determined at 20C and 25C.  Left and right lines 
represent highest and lowest values respectively.  Left and right ends of each box 
represent the 75th and 25th percentile respectively, the diamond represents the average 
brood size and the vertical line inside the box represents the median value.   
(B - F) DAPI staining of excised gonads from wild-type, prg-1 and prg-2 strains (as 
indicated).  Gonadal zones are indicated as in Figure III-3. 

 

  In summary, prg-1 mutants exhibit dramatically reduced germ-cell numbers at 

all temperatures, and the gametes produced are markedly more sensitive to temperature 

than are those of wild-type animals.  For example, at 25°C wild-type animals produce 

~200 progeny, about two thirds of the brood size observed at 20°C, while prg-1 mutants 

produce an average brood size of only 3 progeny at 25°C, less than one tenth the brood 

size of 40 observed at 20°C.  This reduction in brood size at higher temperature correlates 

with a reduction in the number of embryos observed, consistent with the idea that 

ovulation or fertilization are impaired at higher temperature.   
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prg-1 mutants exhibit surprisingly subtle changes in gene expression. 

  

On Chromosome IV hundreds of protein-encoding genes are interspersed with 

intergenic and intronic 21U-RNA loci over genomic regions that are millions of base 

pairs in length.  Therefore, tiling arrays were used to profile changes in gene expression 

to determine whether the absence of 21U-RNAs in prg-1 mutants might cause significant 

perturbations of gene expression either on this autosome or elsewhere.  We found that 

prg-1 and wild-type animals have broadly similar patterns of gene expression.  Notably, 

genes located near 21U-RNA loci, including genes located within and around the major 

clusters of 21U-RNA loci on Chromosome IV, were not significantly altered in their 

expression (Figure III-6A).  Among 88 groups of developmentally co-regulated genes, 

also referred to as gene ‘mountains’ (Kim et al., 2001), 66 were essentially unchanged 

between the wild-type and prg-1 strains (Figure III-6B).  Among the 16 mountains with 

decreased expression in prg-1 mutants, were several mountains with germ-line functions 

such as cell division and oogenesis.  Among the 6 mountains with increased expression 

was one containing spermatogenesis-related genes. 

In C. elegans a large class of RdRP-derived endogenous siRNAs (endo-siRNAs) 

target transposons and repetitive sequences as well as numerous protein-encoding genes 

(Ambros et al., 2003; Ruby et al., 2006; Gu and Conte, in preparation).  Although PRG-1 

does not appear to interact directly with small RNAs of this type (Figure III-6C and 

Supplemental Table III-2 and III-3), we wondered whether 21U-RNAs might be linked, 

perhaps indirectly, to changes in the patterns of endo-siRNA expression.  In many 

instances, changes in endo-siRNA levels correlated inversely with changes in gene 

expression from the corresponding interval (Figure III-6D and Supplemental Table III-4).  

However, the regions with significant changes in endo-siRNA levels were not correlated  
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Figure III-6 (previous page).  prg-1 mutants exhibit surprisingly subtle changes in 
gene expression.   
 
(A) Gene expression was not preferentially affected in the 21U-rich portions of the C. 
elegans genome.  For each of the indicated probe sets, median values are shown with 
error bars indicating 25th and 75th percentiles and ‘n’ indicating the number of probes.  
(B) The overall expression of some gene mountains was significantly altered in the prg-1 
(tm872) mutant.  All probes overlapping the exons of all genes from each mountain (Kim 
et al., 2001) were considered, and median log-fold changes were plotted as in (A), for 
those mountainschanging by ≥ 0.4 log2 units or more.  (C) 21U-RNA depletion in the 
prg-1(tm872) mutant and enrichment in the PRG-1 co-IP.  The x axis indicates the ratio 
of read frequencies between the input versus PRG-1 co-IP libraries described in figures 
III-4F-H.  The y axis indicates the ratio of antisense read frequencies between the wild-
type and prg-1(tm872) mutant siRNA-enriched libraries (made using a protocol does not 
require a 5’ monophosphate and therefore captures endogenous siRNAs beginning with a 
5’ triphosphate).  Each blue dot indicates the antisense read count for one gene whose 
wild type siRNA-enriched read count is ≥500.  Each red dot indicates the read count for a 
21U-RNA species with ≥200 reads from the young adult wild type library prepared with 
T4 RNA ligase 1 (see methods) and at least one read between the two libraries of each 
plot axis.  (D) Changes to mRNAs and compared to their corresponding siRNA in the 
prg-1(tm872) mutants.  Each point indicates a gene with ≥10 array probes and ≥500 
antisense reads from the wt siRNA-enriched library overlapping annotated exons.  The x 
axis is as in (A).  The y axis is as in (C).  (E) A schematic view of a full-length Tc3 
transposon showing the inverted repeats (grey) and Tc3A transposase gene (red).  The 
position of 21U-RNA-15703 is indicated with a red asterisk.  (F) Density of reads 
mapping to the sense (blue) and antisense (orange) strands of the Tc3 element from 
Figure III-6E.  Reads per 50nt window are ploted for the wild-type (top) and prg-
1(tm872) mutant (bottom) siRNA-enriched libraries.  Read counts are not normalized to 
the number of genomic matches.  Dashed grey lines indicate 0.002% of each library.  (G) 
Density of reads mapping to the sense (blue) and antisense (orange) strands of the Tc3 
element from Figure III-6E.  Reads per 50nt window are shown from the input (top) and 
PRG-1 co-IP (bottom) libraries.  Read counts are not normalized to the number of 
genomic matches.  Dashed grey lines indicate 0.002% of each library.  (H) Expression of 
the TC3A mRNA.  Primers recognizing TC3A mRNA were used in quantitative RT-PCR 
on mRNA generated from worms with the indicated genotypes, using actin (act-3) 
mRNA as the normalization standard.   
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with regions containing 21U-RNAs or sequences with extended sequence similarity to 

21U-RNAs.  One curious exception to this finding was the transposon Tc3, within which 

resides a single 21U-RNA.  Found in all 22 Tc3 genomic loci, 21U-RNA-15703 overlaps 

the 3´ inverted repeat (IR) downstream of, and in the same orientation as, the transposase 

gene (Figure III-6E).  This sequence was identified three times among 2 million reads in 

our small-RNA library prepared from the PRG-1 immune complex, an apparent 

enrichment when compared to only 12 reads in over thirty million from the remaining 

non-IP-associated data set.  Examination of the endo-siRNA profile across a 

representative Tc3 element revealed two types of endo-siRNA reads.  The first were 

antisense to the transposase gene and were unaffected in prg-1(tm872) mutants (Figure 

III-6F).  The second were directed, with a marked strand asymmetry, toward the Tc3 IR 

regions and were severely depleted in prg-1(tm872) mutants (Figure III-6F).  Neither the 

IR-directed nor the transposase-directed siRNAs exhibited co-immunoprecipitation with 

PRG-1 (Figure III-6G).  Although the numbers of endo-siRNAs targeting the transposase 

gene were not significantly reduced in prg-1, we nevertheless observed a 3- to 4-fold up-

regulation of the Tc3 transposase mRNA (Figure III-6H).  Up regulation of the 

transposon mRNA, as well as a greater than 100-fold increase in Tc3 transposition 

frequency, were also observed for two different prg-1 mutant alleles in a parallel study 

(Das et al., 2008: See Discussion). 
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DISCUSSION 

 

AGO-protein/small-RNA complexes mediate biological activities that fall into the 

two broad categories of genomic surveillance and gene regulation.  Several studies 

suggest that a metazoan-specific branch of the AGO family, called the Piwi AGOs, have 

become specialized to provide surveillance functions required for germ-line maintenance 

in animals (reviewed in Aravin et al., 2007).  C. elegans contains one of the largest and 

best studied families of AGO proteins.  Yet, beyond a general requirement for fertility 

(Yigit et al., 2006), the function of C. elegans Piwi-related AGOs and the nature of their 

small RNA co-factors had not been explored.  We have shown that PRG-1, a Piwi sub-

family AGO, interacts with 21U-RNAs, which are encoded by over 15 thousand genomic 

loci broadly clustered in two regions of Chromosome IV.  These findings link this 

unusual class of small-RNAs to an RNAi-related pathway and suggest that PRG-1 and 

21U-RNAs form an RNP complex required for proper germ-line development.  The 

sequence repertoire of 21U-RNAs appears to be more diverse than expected by chance 

and, with the exception of Tc3 discussed below, obvious sequence-specific targets for 

21U-RNAs are not found in the C. elegans genome.  

 

piRNAs in worms, flies and mammals. 

 

Piwi AGOs bind small RNAs (piRNAs) with the following characteristics: a 

Dicer-independent biogenesis, a 5´ end with a monophosphate and a strong bias for 

Uracil, and a 3´ end that is modified and resistant to periodate degradation (reviewed in 

Klattenhoff and Theurkauf, 2008).  The C. elegans 21U-RNAs share these characteristics 

but also exhibit several other unique properties (Ruby et al., 2006).  Perhaps the most 
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remarkable distinction is that 21U-RNAs originate from thousands of loci that frequently 

share a common upstream motif and are clustered in two large regions of one autosome.  

Within these two large regions of 2-million and 4-million base pairs respectively, the 

21U-RNA loci are interspersed on both strands and rarely overlap with each other, repeat 

elements, or coding regions.  Instead they localize to introns and intergenic regions within 

these chromosomal regions at an average density of one 21U-RNA locus every 200-300 

bp.   

In other organisms, piRNAs lack discernable upstream motifs and are often found 

in much smaller clusters dispersed on all chromosomes.  In flies a sub-group of piRNAs, 

originally termed repeat-associated siRNAs (rasiRNAs), are derived primarily from 

within repeats and transposons and appear to target transposons for silencing (Brennecke 

et al., 2007; Gunawardane et al., 2007; Saito et al., 2006).  Furthermore, unlike 21U-

RNAs, repeat-associated piRNAs derived from opposite strands frequently overlap.   

In mammals two types of piRNA clusters have been identified based on their 

temporal expression during spermatogenesis.  Similar to Drosophila rasiRNAs, piRNAs 

expressed prior to meiotic pachytene in mice are derived from repeat- and transposon-rich 

clusters.  These rasi-like piRNAs interact with the MILI AGO, which is expressed in the 

same developmental stages (Aravin et al., 2007).  During pachytene a second type of 

piRNA becomes abundant, which is derived from clusters that differ from both 21U-RNA 

clusters and rasiRNA clusters.  These pachytene piRNA clusters span tens of thousands 

of bases—the length of a typical pre-mRNA transcript.  Within these clusters the piRNAs 

exhibit remarkable strand bias, as though all the piRNAs within a region are processed 

from a single RNA-Polymerase II transcript or from two divergent transcripts (Aravin et 

al., 2006; Girard et al., 2006; Grivna et al., 2006; Lau et al., 2006).  In contrast, 

neighboring 21U-RNA loci, even those within the same intron of an annotated gene, 
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appear to have autonomous biogenesis, each with their own 5´ motif and deriving from 

the opposite strand about as often as from the same strand. 

Despite these striking differences, mammalian pachytene piRNAs are similar to 

21U-RNAs in one very intriguing way.  Both types of small RNA encode tremendous 

sequence diversity and yet seem to lack obvious targets.  In general, 21U-RNAs do not 

match repeat sequences or protein coding genes with a frequency any higher than that 

expected by chance.   

 

Piwi-AGO complexes exhibit a conserved localization in germ-line nuage. 

 

We have shown that the PRG-1 protein localizes to the germ-line nuage, called P 

granules, in C. elegans.  In other animals, Piwi AGOs show similar localization.  In both 

Drosophila (AGO3 and Aubergine), and zebrafish (Ziwi), Piwi proteins localize to peri-

nuclear nuage structures (Brennecke et al., 2007; Houwing et al., 2007).  A third Piwi 

protein from Drosophila, Piwi itself, exhibits a more complex distribution, localizing to 

the nuclei of both germ cells and somatic cells (Brennecke et al., 2007; Cox et al., 2000).  

In mice, the localization of Miwi and Mili has been analyzed and, although their 

expression peaks at different times, both are cytoplasmic proteins present in developing 

spermatids but absent in mature sperm (Deng and Lin, 2002; Kuramochi-Miyagawa et al., 

2004).   

A striking feature of PRG-1 localization was its presence in P granules throughout 

development.  In germ-line stem cells and developing gametes of C. elegans, P granules 

are localized in a perinuclear pattern and are often found in apposition to nuclear pores 

(Pitt et al., 2000).  They are thought to function in the sorting and storage of messages 

involved in gametogenesis and in subsequent parentally-programmed zygotic 
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development (Strome, 2005).  In the fertilized egg and early embryo, the P granules 

dissociate from the nuclear periphery and are distributed in the cytoplasm.  In the male 

germline, P granules are present in dividing stem cells as well as meiotic spermatocytes, 

but rapidly disappear as the spermatids mature.  Finally, similar to other organisms where 

piRNA expression correlates tightly with the expression of their Piwi-class AGO binding 

partners (Aravin et al., 2006; Girard et al., 2006; Houwing et al., 2007), the expression of 

21U-RNAs closely correlated with the expression of PRG-1.   

 

A potential role for 21U-RNAs in Tc3 silencing. 

 

In C. elegans, members of an expanded worm-specific AGO clade (the WAGOs) 

are required for the majority of transposon silencing, and appear to function with RdRP-

derived siRNAs (Tijsterman et al., 2002).  Surprisingly, the silencing of a single 

transposon family, Tc3, appears to depend on both WAGO family members (Vastenhouw 

et al., 2003) and on PRG-1 (Das et al., 2008).   

We found a single 21U-RNA, 21U-RNA-15703, that mapped to Tc3.  This 21U-

RNA appeared enriched among small RNAs recovered from the PRG-1 immune 

complex, but was located downstream of the transposase 3´UTR in the sense orientation 

and thus could not directly silence the transposase mRNA.  Interestingly, 21U-RNA-

15703 was located just upstream of a series of siRNAs associated with the Tc3 inverted 

repeats (IR).  The production of IR-associated siRNAs depended on PRG-1, but also 

required the activities of two RdRPs and of an AGO in the WAGO clade (Data not 

shown).  The production of the PRG-1-dependent IR-associated siRNAs could be 

explained by a two-step model similar to one previously described for RDE-1-directed 

silencing in C. elegans (Yigit et al., 2006; Sijen et al., 2007; Pak and Fire, 2007).  If a 
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PRG-1 complex containing 21U-RNA-15703 were to cleave a target RNA that extended 

into Tc3 from the downstream genomic region (Figure III-7A), it could create a template 

for the RdRP-dependent synthesis of the secondary IR-associated siRNAs.  How the loss 

of these IR-associated siRNAs might lead to activation of Tc3 in prg-1 mutants remains 

unclear.  Perhaps their loss leads to alterations in chromatin structure in the IRs or to 

changes in the expression of IR-associated regulatory transcripts.  Such changes could 

explain the 3- to 4-fold increase in transposase mRNA levels observed by qRT-PCR, and 

might also render the IR genomic regions more accessible for transposase-directed 

endonucleolytic cleavage.  The notion that PRG-1 may serve as an upstream AGO 

capable of triggering secondary siRNA production has implications for how other 21U-

RNAs may function, and could explain how loss of an exceptionally low-abundance 21U-

RNA could cause the 100-fold increase in transposition of Tc3 (Das et al., 2008). 

 

A conserved function for piRNA complexes in maintaining pluripotency. 

  

Despite differences in their expression and the types of clusters from which they 

derive, our findings suggest that the overwhelming majority of 21U-RNAs and the 

abundant pachytene piRNAs of mammals share some intriguing similarities.  Perhaps 

most notably, they share the confounding feature that, with few exceptions, they lack 

recognizable targets upon which they might specifically act.  Although a number of genes 

exhibit changes in expression in prg-1 mutants, these changes could easily reflect 

alterations that arise indirectly.  A parallel study has suggested that spermatogenesis-

related gene expression is down regulated in prg-1 mutant males (Wang and Reinke; 

2008).  Conversely, our studies revealed an apparent up regulation of several 

spermatogenesis-related genes in prg-1 mutant hermaphrodites.  However in these 
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instances, unlike the Tc3 example, there is no direct evidence linking specific 21U-RNAs 

to the regulated genes, Threfore it seems probable that these apparent discrepancies 

reflect indirect consequences of developmental defects and changes in germ-cell number 

that occur in the prg-1 mutant gonads.  Overall, our analyses suggest that there is no 

correlation between genes whose expression is altered in prg-1 mutants and the proximity 

of those genes to 21U-RNA loci.  One possible model to explain this paradox is to 

imagine that PRG-1/21U-RNA complexes may base-pair imperfectly with targets.  A 

precedent for this already exists with animal miRNAs and most of their targets, for which 

pairing to miRNA seed nucleotides 2-8 is often sufficient for target recognition (Grimson 

et al., 2007).  However, if similar partial matches were sufficient for piRNA-mediated 

regulation, then the entire transcriptome could potentially be placed under 21U-RNA-

directed regulation.  Perhaps 21U-RNAs act collectively, through partial sequence 

matches, to negatively regulate gene expression broadly.  For example germline-

expressed mRNA recognized by 21U-RNA/PRG-1 complexes could be stored in the 

cytoplasm (perhaps within P-granules) until a secondary factor releases repression 

(Figure III-7B).  Such a mechanisms would require the maintenance of sequence diversity 

within the 21U-RNA family, as a whole, rather than conservation of specific 21U-RNA 

sequences.  Out of more than 15,000 different 21U-RNAs encoded in C. elegans, only 

one transposon-directed 21U-RNA was identified, strongly suggesting that transposon 

silencing is not the only function mediated by this ancient metazoan-specific group of 

AGOs.  It is interesting to note that many mammals, including humans, have, at great 

apparent cost to their fitness (Werdelin and Nilsonne, 1999), derived morphological 

adaptations that place the male germ-line external to the body cavity.  Perhaps this 

adaptation is necessary to facilitate the same temperature-sensitive process in 

gametogenesis that is also facilitated in part by PRG-1. 
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Figure III-7. Models for 21U-RNA function. 
 
(A) Regulation of TC3 inverted repeats by PRG-1/21U-RNA-15703 
(B) Regulation of germline transcripts by imperfect base paring 
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EXPERIMENTAL PROCEDURES 

 

Worm Strains: 

 

The Bristol strain N2 was used as the standard wild-type strain.  Alleles used in this study 

are listed bellow, grouped by chromosome: LGI: glp-4(bn2), prg-1(tm872), prg-

1(pk2298), rde-3(ne3364), ego-1(om71), rrf-1(ok589), rrf-2(pk2040); LGII: rrf-

3(pk1426); LGIII: dcr-1(ok247), rde-4(ne299), mut-7(ne311), eft-3(q145), 

qC1[nels(myo2::avr-15, rol-6, unc-22(RNAi))]; LGIV: fem-1(hc17), prg-2(ok1328), prg-

2 (tm1094); LGV: fog-2(q71).  AGO deletions described in (Yigit et al., 2006) were also 

assayed for levels of 21U-RNA-1 and 21U-RNA-3442.  C. elegans culture and genetics 

were as described in (Brenner, 1974).  

 

Antibody Generation 

 

Anaspec generated and purified the PRG-1 antibody in rabbits using the following 

peptides: RGSGSNNSGGKDQKYL and RQQGQSKTGSSGQPQKC. 

 

Biochemistry and Molecular Biology 

 

Protein and RNA purifications were performed as described in (Hutvagner et al., 2004) 

and (Duchaine et al., 2006), respectively.  Antibodies used in this study are as follows: (1) 

monoclonal antibody anti-AFP 3E6 (Qbiogene), (2) an affinity-purified polyclonal anti-

PRG-1 antibody (3), HRP-conjugated secondary antibody (Jackson Immunoresearch), 
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anti tubulin (Accurate Chemical).  Northern blot analysis was performed as in (Duchaine 

et al., 2006).  A more detailed description can be found in the Supplemental methods. 

  

Quantitative Real-time PCR 

 

Real-time PCR was performed using Superscript III Reverse Transcriptase (Invitrogen) 

and Applied Biosystems SYBR Green PCR Master mix according to the supplier’s 

instructions.  Primer sequences are available upon request. 

 

Immunostaining and Microscopy 

 

Gonads were prepared for indirect immunofluorescence as in (Pasierbek et al., 2001) and 

incubated with primary antibody (K76 (Wood et al., 1984) and the anti-PRG-1 antibodies 

described above) overnight at 4°C.  Cy-3 anti-mouse IgM, and FITC or TRITC anti-

rabbit secondary antibodies (Jackson Immunoresearch) were used to detect K76 anti-

PGL-1 and anti-PRG-1, respectively.  Slides were mounted in Vectashield with DAPI 

(Vector Labs).  All images were collected using a Hamamatsu Orca-ER digital camera 

mounted on a Zeiss Axioplan 2 microscope and with Openlab software. 

 

Small RNA Cloning 

 

Small endogenous C. elegans RNAs from embryos, L1, L2, L3, L4, dauer, mixed-stage, 

glp-4 young adults, prg-1(tm872), fog-2(q71), and wild-type control worms were cloned 

using a protocol derived from (Lau et al., 2001).  Libraries generated from wild type and 

prg-1(tm872) were constructed as described in Gu and Conte (in preparation).  To 
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generate small RNA libraries from PRG-1 immuno-complexes, PRG-1 IPs were 

performed on 70mg of total wild type protein as described in (Duchaine et al., 2006).  For 

comparasion, total RNA was extracted from a fraction of worms equivalent to that used 

for the PRG-1 IPs.  These small RNA libraries were constructed using a method that does 

not require a 5 monophosphate (Ambros, et al, 2003).  PCR products generated for all the 

samples described above were sequenced on a Solexa sequencing platform (Illumina, 

Inc.) (Seo et al., 2004).  Detailed description of the cloning protocols, as well as data 

analysis can be found in the supplemental methods.  

 

Biochemical Analysis of 5’ NucleotideSmall RNAs in the 18nt to 26nt range, obtained 

from total RNA and the RNA fraction that co-immunoprecipitated with PRG-1, were gel 

purified, treated with Calf Intestinal Alkaline Phosphatase (NEB) in the presence of 1U of 

Super RNAse Inhibitor (Ambion) and labeled at the 5´ end with T4 Polynucleotide 

Kinase in the presence of ATP.  The 5´ end-labeled RNAs were gel purified and 

incubated with nuclease P1 (USBiological).  Samples were spotted on a TLC plate 

developed with 0.5M lithium chloride.  

 

Tiling Microarray Procedures 

 

Total RNA was extracted as described above and prepared using the RiboPure total RNA 

isolation kit (Ambion).  Labeling reactions were performed following the manufacturer’s 

protocols with the GeneChip WT Double-Stranded cDNA Synthesis Kit (Affymetrix), 

GeneChip Sample Cleanup Module (Affymetrix) and the GeneChip WT Double Stranded 

DNA Terminal Labeling Kit (Affymetrix).  Array hybridization to GeneChip C. elegans 

Tiling 1.0R chips was done using standard Affymetrix protocols and reagents.  Signal 
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values for each array probe were calculated using Affymetrix Tiling Analysis Software 

1.1.2 (bandwidth: 30; intensities: PM/MM) with three replicates of prg-1(tm872) 

experimental datasets and three control wild-type.  Probe overlap with annotations was 

assessed using the AffymeTtrix-provided ce4 coordinate, which indicates the genomic 

position matching the center of the array probe. 
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ACCESSION NUMBERS 

 

All RNA sequences extracted from Illumina reads as described in methods were 

deposited in the Gene Expression Omnibus with the following accession number: 

(GSE11738).  Included under this accession number are the following data sets: 

developmental timecourse/mixed stage, 5´ monophosphate-dependent; prg-1(tm872) and 

fog-2(q71) mutant analysis, 5´ monophosphate-dependent; prg-1(tm872) mutant analysis, 

5´ monophosphate-independent; PRG-1 co-IP analysis.  21U-RNA sequences are 

provided as a supplemental Fasta-formatted text file (Supplemental Table III-1).  Tools 

for scoring 21U-RNA loci trained using data from (Ruby et al., 2006) and applied here 

are available for anonymous download at http://web.wi.mit.edu/bartel/pub/. 
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Supplemental Results and Supplemental Figures 

 

Analysis of 21U-RNA length variants 

 

Shortened 21U-RNA variants were far more abundant than longer variants 

(supplemental Figure III-1A; Ruby et al., 2006).  The strength of 5´ U preference in 

excess of the preference for 21nt length (supplemental Figure III-1B) suggested that 21U-

RNA 3´ heterogeneity was more common than 5´ heterogeneity.  To test this possibility, 

we evaluated the upstream motif score distributions of all 20mers identified in our data 

sets, assuming them to be the product of a single nucleotide excision from either their 3´ 

or 5´ ends.  Consistent with the idea that 3´ heterogeneity is more common, we found that 

20mers assumed to arise from a 3´ excision exhibited a much higher motif score 

distribution than did 20mers assumed to arise via a 5´ truncation (supplemental Figure III-

1C). 

 

Re-classification of two annotated miRNAs as 21U-RNAs  

 

Comparison of miRNA sequences from these libraries showed that prg-1 was not 

required for miRNA biogenesis.  We observed a very good correlation between miRNA 

read counts in the wild type versus prg-1 mutant samples.  The only two exceptions were 

miR-78 (8 reads from prg-1; 214 reads from wt) and miR-798 (no reads in the prg-1 

library and 79 reads in the wild type library).  Both of these RNAs are 21nt, have 5´ U’s, 

and derive from genomic regions rich in 21U-RNA loci.  These two RNAs were 

supported by 1,392 reads (miR-78) and 171 reads (miR-798) across our full datasets, but 

despite that abundance, the miRNA star strands (a hallmark of processing from an 
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miRNA-like hairpin precursor (Ruby et al., 2006)) were not observed for either. 

Moreover, both sequences had high-scoring 21U-RNA upstream motif matches (21.6 for 

miR-78; 23.6 for miR-798), indicating that they should be re-classified as 21U-RNAs. 

A particular small RNA mapping to Tc3 was previously annotated as a 21U-RNA 

on the basis of its length, 5´ nucleotide identity, and genomic position (21U-RNA-139; 

Ruby et al, 2006).  Its sequence was also recovered only 6 times in our combined data 

sets but was not recovered in the PRG-1 immune complex.  Its sequence mapped to 20 

Tc3 genomic positions, all of which exhibit very poor motif scores, suggesting that this 

small RNA was likely mis-annotated as a 21U-RNA. 
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Supplemental Figure III-1.  Analysis of small RNA reads associated with the 
conserved 21U-RNA motif. 
 
(A) The abundance of high-scoring reads whose lengths are less than (blue), equal to 
(green), or greater than (orange) 21nt.  Plotted as in Figure III-1B.  (B) The abundance of 
high-scoring reads whose 5´ nucleotide is a U (red) or is an A, C, or G (blue).  All read 
lengths were included, and the 5´ nucleotide position of the scoring matrix was omitted.  
Plotted as in Figure III-1B.  (C) The 21U-RNA upstream motif score distributions for 
sequenced 20mers, assuming them to be the degradation products of 21mers.  Scores 
were calculated using either the true 5´ end of the read (assuming degradation from the 3´ 
end; red) or the 5´ end shifted one nt upstream (assuming degradation from the 5´ end; 
blue).  Plotted as in Figure III-1B.  (D) The frequency of sense (orange) and antisense 
(blue) exon overlap across all 21U-RNA loci.  Most common core motif positions (green) 
and 21U-RNA span (pink) are highlighted.  (E) The frequency, by position, of nucleotide 
conservation in whole-genome alignments.  Blue, orange, and green lines indicate per-
position conservation of C. elegans nucleotide identity with C. brenneri, C. remanei, and 
C. briggsae, respectively.  Most common core motif positions (green) and 21U-RNA 
span (pink) are highlighted. 
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Supplemental Figure III-2.  Proteins involved in the RNAi are not required for the 
accumulation of 21U-RNAs. 
 
(A) Northern blot analysis of 21U-RNA-1, and miR-66 expression in wild-type and 
mutant strains as indicated.  The SL1 precursor is a loading control. 
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Supplemental Figure III-3.  Specificity of the PRG-1 antibody. 
 
(A) Western blot analysis on wild-type and prg-1 mutant worm lysates using an antibody 
generated against PRG-1.  Anti-tubulin is a loading control.  (B) Schematic representation 
of the mutations in PRG-1 and PRG-2 used in this study.  Areas in yellow represent the 
PAZ domain.  The PIWI domain is represented in red.  Grey bars represent areas deleted 
in the genome (if an insertion event has occurred, the sequence is represented on top of 
the grey bar).  Green squares indicate the location of the peptides used to generate the 
antibody. 
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Supplemental Methods 

 

Protein and RNA Preparation 

Synchronous populations of animals were grown on NGM plates, with OP50 E. coli at a 

density of approximately 90,000 animals per 15 cm Petri dish, and harvested at specific 

stages of development.  The harvested animals were washed three times with M9 buffer 

and incubated for 30 minutes in M9 buffer to remove the bacteria from gut.  The 

incubation was followed by three washes with M9 buffer.  A last wash was performed 

with cold protein lysis buffer (30 mM HEPES-KOH [pH7.4], 2mM magnesium acetate, 

100 mM potassium acetate) and the pellet frozen in a dry ice and ethanol bath.  The 

frozen pellets were kept at – 80 ºC.  The frozen pellet was ressuspended in ice-cold buffer 

1:1 (v/v) containing 2mM DTT, 0.1% Igepal CA 630 (Fluka), 4x concentration Complete 

proteinase inhibitor (Roche) and 1% (v/v) SUPERase-IN (Ambion) and homogenized 

using a stainless steel Dounce homogenizer (Wheaton Incorporated).  The homogenized 

extract was clarified by a centrifugation at 13,817 x g for 20 min at 4C.  For RNA 

extraction, the last wash was performed using sterile water and animals were frozen in 

TRI Reagent (MRC, Inc.).  Worms were homogenized in a glass dounce and total RNA 

was isolated accordingly to the TRI Reagent protocol. 

 

Protein Immunoprecipitation 

Imunoprecipitation of PRG-1 containing protein complexes was preformed by pre-

clearing worm extracts with 20µl of Protein A/G PLUS-Agarose (Santa Cruz 

Biotechnologies) beads per 5 mg of total protein for 45 minutes at 4C.  The cleared 

extract was then incubated with: 10 µg of monoclonal antibody anti-AFP 3E6 (Qbiogene) 

or 15 µg of the PRG-1 specific antibody, for 1h at 4OC followed by 50 µl of Protein A/G 
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PLUS-Agarose beads.  The agarose beads were then washed three times with ice-cold 

lisys buffer.  A sample (5%) was used for Western blot analysis.  RNA was extracted 

from the Protein A/G PLUS-Agarose beads with TRI Reagent.   

 

Western blot analysis 

Proteins were resolved by SDS-PAGE on an 8% gel and transferred to Hybond-C 

membrane (Amersham Biosciences).  The membrane was incubated overnight at 4°C 

with either: (i) affinity purified anti-PRG-1, 1 µg/ml, (ii) Full-Length A.v. Polyclonal 

Antibody (BD Bioscience), diluted 1:1000, or (iii) anti alpha-tubulin (Accurate Chemical) 

diluted 1:2000, in PBST-5%milk solution (137 mM NaCl, 10 mM Phosphate, 2.7 mM 

KCl, pH 7.4, and 5% [w/v] dried milk).  The membrane was incubated 1 h at room 

temperature with HRP-conjugated secondary antibody (Jackson Immunoresearch) diluted 

1:5,000 in PBST and then visualized by Western Lightening ECL Kit from Perkin Elmer.  

Images were collected on a LAS-3000 Intelligent Dark-Box (Fujifilm).   

 

Northern Blot Analysis 

After total RNA extraction, small RNA was enriched using the mirVana kit (Ambion).  

Ten to fifteen µg of small RNA were resolved on a 15% Urea-PAGE gel and transferred 

to Hybond N+ (GE Healthcare) membrane.  Starfire probes were 32P-labeled and 

hybridized in Ultrahyb Oligo buffer (Ambion).  Probe sequences are available upon 

request. 

 

Solexa cloning method 

Total RNA was combined with trace amounts of 5’-32P-labeled RNA standards, AGC 

GUG UAG GGA UCC AAA and GGC AUU AAC GCG GCC GCU CUA CAA UAG 



Chapter III 

 169 

UGA, 18 and 30 nt in length, respectively.  RNA was resolved on a 15% polyacrylamide, 

8M urea gel, and the gel fragment spanning both RNA standards was excised.  RNA was 

eluted and ethanol-precipitated using 15g of glycogen as the carrier.  The gel-purified 

RNA was incubated with 10M pre-adenylated 3’-adaptor oligonucleotide, 1.5 U/L 

Rnl2(1-249) (Ho et al., 2004) in 10L ligation buffer (50mM HEPES pH 8.3, 10mM 

MgCl2, 10g/mL BSA, 8.3% glycerol) at 22C for 30 minutes.  The 3’-ligation reaction 

was purified on a 15% gel.  For the 5’-ligation, 3’-ligated products were incubated with 

40M 5’ adaptor oligonucleotide, 267M ATP, and 1.3U/L T4 ligase (Promega) in 

15L ligation buffer at 22C for 18+ hours.  The ligated products were purified on a 10% 

gel, reverse transcribed in a standard 30L reaction (SuperScript II, Invitrogen) with the 

RT primer.  RNA was base-hydrolyzed with 5L of 1M NaOH by incubating at 90C for 

10 minutes, and the reaction was neutralized with 25L of 1M HEPES pH 7.0 and 

desalted with Microspin G-25 (Amersham).  The cDNA was extended and amplified by 

SOE-PCR, using the RT primer and 3’-long primer.  The PCR product was gel-purified 

on a 90% formamide, 8% acrylamide gel.  Small endogenous small RNAs from prg-

1(tm872), fog-2(q71), and wild-type control worms (cultured in parallel) were cloned as 

follows.  Small RNA fractions (purified using the mirVana kit from Ambion, as described 

above) from both strains were resolved in a 15% polyacrylamide, 7M Urea Gel along 

with 10 pmol of RNA standards (GGC GTG TAG GGA TCC AAA and GGC CAA CGU 

UCU CAA CAA TAG TG), 18 and 24 nucleotides respectively, in separate lanes.  

Ethidium Bromide staining was used to visualize the RNA standards.  A gel fragment was 

excised in the sample lanes between the two standards.  RNA was eluted from the gel 

fragment in a [0.3M NaCl-TE (pH7.5), with 1x RNASecure (Ambion)] solution overnight 

and ethanol-precipitated using 10 g of glycogen as the carrier.  The gel purified RNA 

and 1µM of each standard were incubated with 20 µM of 3’-end linker, 1 Unit/µl of 
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SuperRNaseIN (Ambion), 10% DMSO and 3 Units/µl RNAligase (GE Healthcare) in 

10µl ligation buffer (50mM Tris-Cl pH7.5, 10mM MgCl2, 60g/mL BSA, 10mM DTT).  

The 3’ end ligation was purified as in the previous step and incubated with 10µM of 5’ 

adapter oligonucleotide, 1 mM ATP, 1 Unit/µl SuperRNaseIN (Ambion) and 1.5 Unit/µl 

of T4 RNA ligase (GE Healthcare) in ligation buffer.  The ligated products were purified 

as described above and reverse transcribed in a standard 20µl reaction (SuperScript III, 

Invitrogen) and subjected to RNaseH treatment.  The cDNA was amplified by PCR and 

purified in a 10% acrylamide gel.  Endo-siRNA libraries generated from wild type and 

prg-1(tm872) were created as described in (Gu and Conte, In preparation).  To generate 

small RNA libraries from PRG-1 complexes, PRG-1 IPs were performed on 70mg of 

total wild type protein as described above.  Total RNA was extracted from a fraction of 

worms equivalent to the one used for the PRG-1 IPs.  Small RNA library was constructed 

as described in (Ambros, et al, 2003), with the exception that the Reverse Transcriptase 

used was Invitrogen SuperScript II.  PCR products generated for all the samples 

described above were sequenced on a Solexa sequencing platform (Illumina, Inc.) (Seo et 

al., 2004).  Solexa sequencing generated 66,250,914 reads of 32-36 nt.  The 5´ end of 

each read was taken as the 5´ end of that insert RNA.  The insert 3´ ends were determined 

using perfect 6nt matches to the 3´ adapter sequence, sought starting from the 3´ end of 

the read and moving 5´.  Insert sequences 14-26nt long were mapped to the WS170 

assembly of the C. elegans genome, downloaded from UCSC (ce4; (Stein et al., 2001) 

and (Karolchik et al., 2003)).  Sequences that perfectly matched the genome at ≥500 loci 

were not analyzed.  The following libraries were included, each contributing the indicated 

number of genome-matching reads: mixed stage (10,210,873 reads), embryo (1,711,873 

reads), L1 (1,435,320 reads), L2 (1,328,088 reads), L3 (2,123,467 reads), L4 (1,876,993 

reads), young adult prepared with Rnl2(1-249) (Ho et al., 2004) and T4 ligase (Promega) 
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(1,331,698 reads), young adult prepared with the T4 RNA ligase (GE Healthcare) 

(2,020,587 reads), dauer (430,742 reads), glp-4(bn2) (2,537,586 reads), fog-2(q71) 

(1,752,084 reads), prg-1(tm872) (2,353,536 reads), Endo-siRNA enriched libraries 

generated from wild type and prg-1(tm872) young adults and 5’ independent ligation 

libraries were generated from wild type and RNA fractions that co-immunopercipitated 

with PRG-1 protein (refered to as the Input and IP libraries, respectively, in the text).  

These datasets were processed as described above, except that a G triplet was required at 

the 5´ end of each read and removed along with the 3´ adapter sequence, and 14-27mers 

were mapped to the genome.  These datasets included: endo-siRNA enriched wt 

(2,174,351 reads), endo-siRNA enriched prg-1(tm872) (2,742,928 reads), Input 

(1,855,705 reads), and IP (1,538,871 reads).  Read counts for a given sequence were 

normalized to the number of genomic loci as described (Ruby et al., 2006).  Genome 

annotations were generated by Wormbase and downloaded from UCSC (Karolchik et al., 

2003; Stein et al., 2001).  MultiZ alignments (Blanchette et al., 2004) to C. brenneri, C. 

remanei, C. briggsae, and P. pacificus were generated by UCSC.  21U-RNA loci were 

determined by scoring upstream sequences for the motif reported previously (Ruby et al., 

2006).  Briefly, two position-specific scoring matrixes were derived by taking the log2 of 

the ratios of each nucleotide at each position in the motif divided by the background 

frequencies of those nucleotides in the surrounding genomic sequence.  The sum of the 

LOD scores for the large motif (ending ~25nt upstream of the 21U-RNA), the small motif 

(overlapping the 21U-RNA 5´ end), and the distance between the two (LOD score of the 

observed distance distribution versus an even probability over 10 nt) provided the motif 

score for each locus.  The optimum score was used from across all ten allowed positions 

for the large motif given the position of the 21U-RNA 5´ end.  A minimum score of seven 

was used to annotate 21U-RNA loci.  Only loci with a hit-normalized read count of ≥1 for 
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the 21mer were considered eligible for 21U-RNA annotation.  Tools for scoring 21U-

RNA loci trained using data from (Ruby et al., 2006) and applied here are available in 

Supplemental File 1.  The 21U-RNA sequences are available in Supplemental Table III-1. 

 

Tiling Microarray Procedures 

Synchronous populations of wild-type and prg-1(tm872) animals were grown for at 20ºC 

on OP-50 E. coli at a density of approximately 50,000 animals per 15 cm Petri dish.  The 

worms were harvested as young adults without oocytes.  RNA extraction was performed 

using TRI Reagent (MRC, Inc.).  Instead of pelleting and resuspending the RNA (as 

described in the TRI Reagent protocol), RNA was recovered, washed and eluted using the 

RiboPure total RNA isolation kit (Ambion).  Reverse transcritption was performed on 7 

µg of each sample using the GeneChip WT Double-Stranded cDNA Synthesis Kit 

(Affymetrix).  The dsDNA was then purified using the GeneChip Sample Cleanup 

Module (Affymetrix) and quantified.  7.5 µg of each dsDNA sample were used for the 

subsequent fragmentation and labeling reactions, using the GeneChip WT Double 

Stranded DNA Terminal Labeling Kit (Affymetrix).  Hybridization to the arrays was 

made using standard Affymetrix protocols and reagents, and scanning was done with 

GeneChip Scanner 3000 7G at the University of Massachusetts Medical School’s 

Genomics Core Facility.  Experiments were all conducted in triplicate from independent 

plates and sample preparations.  The arrays used in this study are the GeneChip C. 

elegans Tiling 1.0R chips from Affymetrix (comprising over 3.2 million perfect 

match/mismatch 25 nt probes covering the complete non-repetitive C. elegans genome 

with a 25 base pair resolution).  Detailed protocols can be found in the GeneChip Whole 

Transcript (WT) Double-Stranded Target Assay Manual from Affymetrix.  Signal values 

for each array probe were calculated using Affymetrix Tiling Analysis Software 1.1.2 



Chapter III 

 173 

(bandwidth: 30; intensities: PM/MM) with three prg-1(tm872) replicates as the 

experimental datasets and three wild-type replicates as the controls.  Probe overlap with 

annotations was assessed using the AffymeTtrix-provided ce4 coordinate, which indicates 

the genomic position matching the center of the array probe. 

 

Immunostaining and Microscopy 

Gonads were excised from worms in 1xM9/2mM levamisole on poly-L-lysine coated 

slides, frozen and cracked on dry ice for greater than 10 minutes, and fixed at –20°C for 5 

minutes each (15 minutes total) in each of the following, respectively: 100% Methanol, 

50% Methanol/50% Acetone, and 100% Acetone.  All sample incubations were 

performed in a humid chamber.  Samples were blocked for one hour in 1xPBS/0.1% 

Tween-20/3%BSA (PBST+BSA) at room temperature, and then incubated with primary 

antibody (K76 (Wood et al., 1984)) and the anti-PRG-1 antibodies described above 

diluted in PBST+BSA) overnight at 4°C.  Slides were washed 3 times 10 minutes with 

PBST, and then incubated for 15 minutes in PBST+BSA.  Cy-3 anti-mouse IgM, and 

FITC or TRITC anti-rabbit secondary antibodies (Jackson Immunoresearch) were used to 

detect K76 anti-PGL-1 and anti-PRG-1, respectively.  Incubation with secondary 

antibodies was performed for one hour in PBST+BSA at room temperature.  Slides were 

washed 3 times ten minutes in PBST, and then mounted in Vectashield with DAPI 

(Vector Labs).  All images were collected using a Hamamatsu Orca-ER digital camera 

mounted on a Zeiss Axioplan 2 microscope and with Openlab software. 
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CHAPTER IV 

 

The Argonaute CSR-1 and its 22G-RNA co-factors target germline 

genes and are required for holocentric chromosome segregation. 
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SUMMARY 

 

RNAi-related pathways regulate diverse processes, from developmental timing to 

transposon silencing. Here, we show that in C. elegans the Argonaute CSR-1, the RNA-

dependent RNA polymerase EGO-1, the Dicer-related helicase DRH-3, and the Tudor-

domain protein EKL-1 localize to chromosomes and are required for proper chromosome 

segregation. In the absence of these factors chromosomes fail to align at the metaphase 

plate and kinetochores do not orient to opposing spindle poles. Surprisingly, the CSR-1 

interacting small RNAs (22G-RNAs) are antisense to thousands of germline-expressed 

protein-coding genes. Nematodes assemble holocentric chromosomes in which 

continuous kinetochores must span the expressed domains of the genome. We show that 

CSR-1 interacts with chromatin at target loci, but does not down-regulate target mRNA 

or protein levels.  Instead, our findings support a model in which CSR-1 complexes target 

protein-coding domains to promote their proper organization within the holocentric 

chromosomes of C. elegans. 
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INTRODUCTION 

 

In many organisms, centromeric regions are flanked by repetitive sequences that 

assemble into densely packed heterochromatin (reviewed in Carroll and Straight, 2006; 

Vos et al., 2006).  These pericentromeric heterochromatin domains are thought to play a 

role in stabilizing kinetochores, the proteinaceous structures to which spindle attachments 

are made (reviewed in Cheeseman and Desai, 2008; Welburn and Cheeseman, 2008). In 

plants (Arabidopsis thaliana) (Kasschau et al., 2007), fission yeast (Schizosaccharomyces 

pombe) (Reinhart and Bartel, 2002; Buhler et al., 2008), and fruit flies (Drosophila 

melanogaster) (Brennecke et al., 2007), deep-sequencing studies have identified abundant 

endogenous small RNAs derived from repetitive regions, including the pericentromeric 

heterochromatin.  

In S. pombe, transcripts generated from the repetitive pericentromeric regions 

become substrates for an RNA-dependent RNA polymerase (RdRP). After processing by 

the ribonuclease Dicer, small RNAs derived from these transcripts are loaded into an 

Argonaute (AGO) complex (the RNA-Induced Transcriptional Silencing complex; RITS).   

The RITS complex targets pericentromeric heterochromatin and is thought to function in 

a feedback loop to reinforce chromatin marks that stabilize centromeres during mitosis 

(reviewed in Buhler and Moazed, 2007).  

Not all organisms exhibit repetitive heterochromatin domains associated with 

centromeric regions.  A striking example of this is the organization of the holocentric 

chromosomes of nematodes (reviewed in Dernburg, 2001).  Holocentric, or holokinetic, 

chromosomes were first described over 100 years ago, in a series of elegant cytological 

studies by Theodor and Marcella Boveri.  In these classic studies, the large presomatic 

germline chromosomes of the parasitic nematode, Parascaris, were shown to make 
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multiple spindle attachments along their length (reviewed in Pimpinelli and Goday, 1989; 

Satzinger, 2008). Remarkably, in the somatic cells of the early embryo, the large germline 

chromosomes were observed to undergo fragmentation resulting in the elimination of 

heterochromatin and the production of over 40 small, euchromatic chromosomes that 

comprise the somatic genome.  Despite the elimination of heterochromatin, these newly 

formed chromosomes continued to exhibit holocentric features including continuous 

kinetochores and multiple spindle attachments along their lengths (Goday et al., 1992).  

Although C. elegans chromosomes do not exhibit chromosomal fragmentation, 

they are similar to the somatic chromosomes of Parascaris in that they are largely 

euchromatic and exhibit a well-defined holokinetic structure (Albertson and Thomson, 

1982). Despite superficial differences, the kinetochores of holocentric and monocentric 

chromosomes are assembled from a set of highly conserved proteins (reviewed in 

Maddox et al., 2004), including the histone variant CENP-A/HCP-3. However, unlike 

monocentric chromosomes, CENP-A/HCP-3 is incorporated into nucleosomes along the 

entire poleward face of condensed holocentric chromosomes (Buchwitz et al., 1999; 

Nagaki et al., 2005).  The underlying sequences required for the assembly of holokinetic 

centromeres, and the potential involvement of Argonaute/small-RNA pathways in their 

assembly and function has not yet been explored. 

In C. elegans, previous studies have shown that depletion of drh-3, a Dicer-related 

helicase, or csr-1, an AGO, result in similar anaphase bridging and chromosome 

segregation defects (Duchaine et al., 2006; Yigit et al., 2006; Nakamura et al., 2007). 

Both factors are also required for RNAi (Duchaine et al., 2006; Yigit et al., 2006), and in 

vitro studies suggest that DRH-3 is required for the synthesis of small RNAs by RdRPs, 

while CSR-1 has been shown to cleave complementary RNA targets when loaded with 

triphosphorylated small RNAs (Aoki et al., 2007).  
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Here we have analyzed the role of DRH-3 and CSR-1 in chromosome segregation 

and have identified endogenous small RNAs that interact with CSR-1. The CSR-1-

interacting small RNAs are members of a class of endogenous small RNAs that are 

neither microRNAs nor piRNAs (Ambros et al., 2003; Ambros and Lee, 2004; Ruby et 

al., 2006; Pak and Fire, 2007; Guang et al., 2008; Gu et al., 2009). These abundant small-

RNAs (termed 22G-RNAs) are primarily 22 nucleotides in length, with a 5´ triphosphate 

and a strong bias for a 5´ Guanosine (Ambros et al., 2003; Ruby et al., 2006; Gu et al., 

2009). Together with (Gu et al., 2009), we demonstrate that the CSR-1-interacting small 

RNAs comprise one of two major 22G-RNA pathways. The second 22G-RNA system is 

dependent on the worm-specific AGOs (WAGOs) and functions to silence transposons, 

pseudogenes and cryptic loci, as well as certain protein-coding genes (Gu et al., 2009). 

We provide evidence that EGO-1, an RNA-dependent RNA-polymerase (RdRP) 

(Smardon et al., 2000), and EKL-1, a tudor-domain protein (Rocheleau et al., 2008), 

function along with DRH-3 and CSR-1 to promote chromosome segregation. Together, 

these factors are required for the biogenesis of CSR-1-interacting 22G-RNAs, which, 

surprisingly, are antisense to thousands of germline-expressed genes. CSR-1 interacts 

with chromatin at its target loci, but does not appear to silence mRNA or protein 

expression. We hypothesize that the role of CSR-1 in chromosome segregation in C. 

elegans is analogous to that of Ago1 in the S. pombe chromosome segregation pathway.  

However, instead of targeting repetitive pericentromeric heterochromatin, CSR-1 targets 

protein-coding euchromatic domains to promote their proper organization within the 

holocentric chromosomes of C. elegans. 
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RESULTS 

 

A set of RNAi-related factors required for chromosome segregation. 

 

To identify additional genes that function with drh-3 and csr-1 to promote 

chromosome segregation, we examined the mutant phenotypes of genes previously 

implicated in RNAi-related pathways for evidence of chromosome segregation defects. 

We found that one of four RdRP genes, ego-1 (Smardon et al., 2000), and the tudor-

domain-containing gene, ekl-1 (Rocheleau et al., 2008), exhibited defects in fertility and 

chromosome segregation, similar to those described previously for drh-3 and csr-1 

(Duchaine et al., 2006; Yigit et al., 2006; Nakamura et al., 2007) (see below). EKL-1 had 

been implicated in several silencing pathways by RNAi-based screens (Kim et al., 2005; 

Robert et al., 2005; Rocheleau et al., 2008).  We found that a null allele of ekl-1(tm1599) 

was deficient for both germline and somatic RNAi, and in addition caused a fully 

penetrant sterile phenotype (Figure IV-S1 and data not shown). 

Mutation or RNAi depletion of drh-3, csr-1, ego-1, and ekl-1 resulted in a similar 

spectrum of meiotic and mitotic defects. The germlines of each mutant are 

underproliferated, with nuclei of abnormal shape and size (Maine et al., 2005; Vought et 

al., 2005; Duchaine et al., 2006; She et al., 2009) (data not shown and see Figure IV-3E). 

Chromosomal abnormalities were evident in DAPI-stained oocytes, which occasionally 

possessed more than six DAPI-staining bodies (Figure IV-1A) (Nakamura et al., 2007, 

She et al., 2009). One measure of chromosome segregation defects in the hermaphrodite 

germline is the proportion of XO male progeny, which arise via spontaneous loss of the X 

chromosome at a frequency of 0.1-0.2% in wild type populations (Meneely et al., 2002). 
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Figure IV-1. csr-1, ego-1, ekl-1 and drh-3 mutants display chromosome segregation 
defects in mitosis and meiosis. 
 
(A) Diakinetic oocyte chromosomes in wild type and drh-3 or ego-1 RNAi-depleted 
animals.  Six discrete DAPI figures are observed in wild type, while greater than six 
figures are present in mutant oocytes.  (B) Incidence of males in wild type (N2) and 3x 
Flag csr-1 rescue.  (C) Viable progeny per brood in wild type (N2), 3x Flag csr-1 rescue, 
and csr-1(tm892).  (D) DAPI-stained wild type (N2) and RNAi-depleted embryos 
undergoing the first mitotic division. Anaphase bridging is evident (white arrowhead). An 
aberrant piece of DNA is visible in ego-1 (yellow arrowhead).  (E) Fluorescence in situ 
hybridization with probes for chromosome V 5S rDNA in wild type and csr-1 RNAi-
depleted embryos (DNA, blue; FISH signal, green). Left panels in each set show FISH 
signal alone. White dotted lines indicate embryo (large oval) and nuclei (circles). Yellow 
dotted lines indicate polar bodies. Images are projections of Z-stacks through the entire 
embryo after deconvolution. 
 

We found that a partially rescued transgenic csr-1(tm892) strain (Figure IV-S1) 

generated approximately 6% male progeny (a high incidence of males, or him, phenotype) 

(Figure IV-1B). A similar him phenotype was also observed in strains homozygous for 

hypomorphic alleles of drh-3 (Gu et al., 2009). These observations suggest that the loss of 

csr-1 or drh-3 can lead to defects in chromosome segregation during either mitotic or 

meiotic divisions in the germline.  Despite the evidence described above for chromosomal 

abnormalities in the germline, we failed to directly observe mitotic or meiotic 
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chromosome mis-segregation (n=greater than 100 germlines examined, data not shown).  

In most cases, the dividing nuclei exhibited either wild type segregation or already 

contained an abnormal DNA complement. The relative paucity of abnormalities observed 

in csr-1(tm892) germlines could reflect a perdurance of maternally loaded CSR-1. 

In addition to the him phenotype, dead embryos were also prevalent in both the 

the csr-1(tm892) rescued strain and the hypomorphic drh-3 strains (Gu et al., 2009).  For 

instance, the csr-1(tm892) rescued strain only generated approximately 38% viable 

progeny (Figure IV-1C). The dead embryos produced by this strain arrested at various 

points in embryogenesis, up to approximately the 100-cell stage, and accumulated nuclei 

with abnormal DNA content (data not shown). To better examine chromosome 

morphology and segregation defects in the absence of csr-1, ekl-1, ego-1, and drh-3, we 

used DAPI, as well as histone-GFP and tubulin-GFP (Figure1D, Movies S1-S4) in RNAi 

depleted embryos. Chromosomes appeared to condense during prophase with wild type 

timing and morphology.  However, as the cell cycle progressed, the following defects 

were evident during essentially every cell division, beginning with the first cell division 

of the embryo. At metaphase, chromosomes failed to align into well-organized plates 

perpendicular to the long axis of the spindle. At anaphase, chromosomal bridging was 

evident in the spindle midzone (Figure IV-1D, Movies S1-S4) and at cytokinesis the 

lagging chromosomes were bisected by the cleavage furrow. As embryogenesis 

progressed, abnormally shaped nuclei, with greater or less than wild type chromosomal 

complements, accumulated until cell division arrested at about the 50-cell stage (visible in 

Figures IV-S2, IV-S3 and IV-S5).  

To examine the chromosome segregation abnormalities resulting from loss of 

these RNAi factors at the molecular level, we utilized Fluorescence In Situ Hybridization 

(FISH) with 5S rDNA probes to chromosome V. Of 32 wild type embryos, only two 
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showed aberrant FISH signals in one or more nuclei (van Wolfswinkel et al., 2009). In 

contrast, more than half (10/19) of the csr-1 depleted embryos displayed abnormal 

numbers of FISH positive chromosomes along with a range of additional abnormalities 

including aberrantly sized and shaped nuclei (Figure IV-1E and S2).  

 

DRH-3, EKL-1, EGO-1 and CSR-1 promote the proper organization and alignment 

of metaphase chromosomes. 

 

We next examined three related aspects of chromosome structure that are essential 

for faithful chromosome segregation:  kinetochore formation, condensin loading, and 

cohesin loading.  During mitotic divisions in wild type C. elegans embryos, HCP-3 

localizes to the poleward faces of metaphase chromosomes (Buchwitz et al., 1999; 

Oegema et al., 2001). In csr-1, drh-3, ekl-1 and ego-1 RNAi-depleted embryos, HCP-3 

was loaded onto chromosomes, but was dramatically disorganized. Instead of poleward 

localization on both sides of the metaphase plate, HCP-3 was distributed over the 

metaphase chromosomes in an interrupted pattern that extended throughout the spindle 

midzone (Figure IV-2A-B). This pattern could reflect a defect in chromosome alignment 

and/or compaction, or could indicate that, even though HCP-3 is loaded, it is not targeted 

to the appropriate regions of the chromosome. Another conserved inner centromeric 

protein, HCP-4/CENP-C (Moore and Roth, 2001), displayed the same disorganized 

localization (data not shown). Finally, to assess whether the kinetochores were fully 

assembled in csr-1, drh-3, ekl-1 and ego-1 RNAi-depleted embryos, we examined the 

outer kinetochore proteins KLP-7/MCAK (a kinesin) and the conserved spindle 

checkpoint protein, BUB-1 (Oegema et al., 2001). Both were loaded onto mitotic 
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chromosomes in the RNAi-depleted embryos but were disrupted in a manner similar to 

HCP-3 (Figure IV-2C, IV-S3 and data not shown).  

Because the observed chromosome segregation defects could result from 

problems in chromosome condensation or cohesion, we examined the localization of 

proteins involved in these processes. Both the Condensin I/Condensin IDC protein CAPG-

1 and the Condensin II protein KLE-2 (Csankovszki et al., 2009), as well as the cohesins 

SCC-1 and SCC-3 (Mito et al., 2003; Kirsten Hagstrom, unpublished) were loaded onto 

mitotic chromosomes in csr-1, drh-3, ekl-1 and ego-1 RNAi-depleted embryos, but 

displayed highly disorganized localization patterns, in a manner similar to HCP-3 (Figure 

IV-2D, S3 and data not shown). 
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Figure IV-2.  csr-1, ego-1, ekl-1 and drh-3 RNAi-depleted embryos display defects in 
chromsome organization.  
 
(A) Single confocal sections showing kinetochore organization in the first cell division of 
wild type (N2) and csr-1 RNAi-depleted embryos (HCP-3, red; tubulin, green; DNA, 
blue).  (B) HCP-3/inner kinetochore disorganization frequency in wild type (N2), vs. ego-
1 and csr-1 RNAi-depleted embryos (example metaphase images, HCP-3, red; DNA, 
green).  (C) BUB-1/outer kinetochore disorganization frequency in wild type (N2), vs. 
ego-1 and csr-1 RNAi-depleted embryos (example metaphase images, BUB-1, red; DNA, 
green).  (D) KLE-2/condensin disorganization frequencty in wild type (N2), vs.ego-1 and 
csr-1 RNAi-depleted embryos (example metaphase images, KLE-2, red; DNA, green). 
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Expression studies reveal localization to P Granules and mitotic chromosomes. 

 

To explore the role of these RNAi components in chromosome segregation, we 

examined the expression and localization patterns of DRH-3, EGO-1, EKL-1, and CSR-1. 

Western blot analyses revealed that DRH-3, EKL-1, and two isoforms of CSR-1 are 

present at all developmental stages, and that EGO-1 and CSR-1 are most enriched in 

young adults, gravid adults, and embryos (Figure IV-3A) (Vought et al., 2005). DRH-3 

and EKL-1 were detected in glp-4(bn2) adults which fail to develop a germline and are 

thus greatly enriched in post-mitotic cells (Beanan and Strome, 1992). This finding is 

consistent with the role of DRH-3 and EKL-1 in the biogenesis of a broader set of 

somatically-expressed 22G-RNAs (Gu et al., 2009). The larger CSR-1 isoform was 

expressed throughout larval development, and was also present at low levels in post-

mitotic populations lacking a germline. Quantitative real-time RT-PCR analysis of both 

csr-1 transcripts indicated that their expression recapitulates the protein expression 

pattern (Figure IV-S4).  

DRH-3, EGO-1, and CSR-1 colocalize in the germline with PGL-1, a previously 

characterized component of the germline nuage structures called P granules (Figure IV-

3B-C and data not shown) (Kawasaki et al., 1998). EKL-1 was not detected in P granules 

(data not shown). While many developmentally important factors transiently localize to P 

granules, DRH-3 and CSR-1 maintained their P granule localization in germ cells 

throughout the life cycle (Figure IV-3D and data not shown).  As was previously shown 

for ego-1 mutants (Vought et al., 2005), mutations in ekl-1, csr-1, and drh-3 also caused a 

striking disruption in the perinuclear localization of P granules (Figure IV-3E and data 

not shown), indicating that these factors function more intimately in promoting or 

maintaining P granule structure and association with the nuclear periphery.   
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Figure IV-3. CSR-1, DRH-3, EKL-1 and EGO-1 are expressed in the germline. 
 
(A) Western blots of developmentally staged protein lysates (left) or various germline 
mutant lysates (right) probed for EGO-1, DRH-3, EKL-1, CSR-1 (multiple isoforms), and 
tubulin (as a loading control). L1, L2, L3 and L4 are larval stages; YA, Young Adults; 
GA, Gravid Adults; Embryos, mixed stage embryos. GA 25oC, Gravid Adults grown at 
25oC; fem-1(hc17),  no sperm at 25oC; fog-2(q71) enriched to 95% males by filtration 
(20oC); and glp-4(bn2),  no germline at 25oC.  (B) Wild type perinuclear germline 
localization of DRH-3, CSR-1, and EGO-1 (left, yellow) (DNA, center, blue).  (C) DRH-
3 (left, green) colocalizes with the P Granule component, PGL-1 (center, red; DNA, 
blue).  (D) DRH-3 and CSR-1 (left, yellow) remain localized to P Granules in the 
embryonic P cell lineage (dashed circles; DNA, center, blue).  (E) Single confocal 
sections of PGL-1 (red) in wild type and csr-1(tm892) mutant germlines through the 
germline surface and core. P Granules become detached from the nuclear periphery in 
csr-1(tm892) (DNA, green; distal is to the left). 
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 As oocytes matured, EGO-1 was lost from the P granules (data not shown), while 

DRH-3 (Figure IV-3C) and CSR-1 (Figure IV-4A) maintained P granule association. In 

mature oocytes, CSR-1 (Figure IV-4A) and EGO-1 (data not shown) both became 

enriched in nuclei, where CSR-1 was enriched on the diakinetic chromosomes. 

In the mitotic cells of embryos, each factor became enriched in prophase nuclei. 

As chromosomes condensed, DRH-3, EGO-1, and EKL-1 became enriched along the 

length of each chromosome, while CSR-1 remained nuclear (Figure IV-4B-E). All four 

proteins exhibited robust localization around the metaphase plate (Figure IV-4F-I).  CSR-

1 and DRH-3 displayed a pattern similar to cohesins (Mito et al., 2003), while EKL-1 

(and to a lesser degree, EGO-1) appeared to be more closely associated with 

chromosomes in a pattern similar to kinetochore proteins. In fact, EKL-1 retained a robust 

association with chromosomes during anaphase, while the other RNAi factors became 

more difficult to detect (Figure IV-4J-K).  Cytoplasmic localization was also detected for 

each protein (data not shown).  Finally, all aspects of the localization patterns were absent 

in each respective mutant background (Figure IV-S5). 
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Figure IV-4 (previous page). CSR-1, DRH-3, EKL-1 and EGO-1 localize to 
chromosomes.  
 
(A) Single confocal sections of CSR-1 (left, red) in wild type oocytes. CSR-1 is enriched 
on diakinetic chromosomes as oocytes mature (yellow arrowhead), and remains in some P 
Granules (blue arrow) (DNA, center, green; distal is to the left).  (B) to (E) Single 
confocal sections of CSR-1 (B), DRH-3 (C), EGO-1 (D), EKL-1 (E) (red) in wild type 
embryo prophase/prometaphase (tubulin, green; DNA, blue).  (F) to (I) Single confocal 
sections of CSR-1 (F), DRH-3 (G), EGO-1 (H), EKL-1 (I) (red) in wild type embryo 
metaphase (tubulin, green; DNA, blue).  (J) to (K) Single confocal sections of EKL-1 in 
wild type embryo early (J) and late (K) anaphase (tubulin, green; DNA, blue). 
 

We then asked whether DRH-3, EGO-1, CSR-1 and EKL-1 depend on each 

other’s wild type activities for their expression and localization. Consistent with the idea 

that these factors function together, we found a co-dependence for proper localization to 

both metaphase chromosomes and to the P granules. While Western blotting 

demonstrated that the expression of EGO-1, CSR-1 and EKL-1 was undiminished in drh-

3 mutants (Figure IV-S5)  (Gu et al., 2009), the localization of each protein to 

chromosomes at metaphase was nearly abolished (Table IV-S1 and data not shown), and 

EGO-1 and CSR-1 lost their association with germline P granules. In ekl-1 and ego-1 

RNAi-depleted embryos only CSR-1 exhibited greatly reduced association with the 

metaphase plate and with P granules. Finally, DRH-3, EGO-1, and EKL-1 localized to the 

disrupted metaphase plates in csr-1 depleted embryos, and DRH-3 and EGO-1 associated 

with mis-localized P granules in csr-1 RNAi-depleted germlines. Taken together, these 

data indicate a hierarchy in the RNAi/chromosome segregation pathway, in which the 

wild type activity of DRH-3 was necessary for the proper targeting of EKL-1, EGO-1 and 

CSR-1 to chromosomes. 
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CSR-1 associates with small RNAs that are antisense to germline-expressed genes. 

 

The targets of AGO proteins can be deduced by analyzing the sequences of the 

AGO-associated small RNAs. Therefore, we recovered CSR-1 complexes and analyzed 

the associated small RNAs using a deep-sequencing approach.  
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Figure IV-5 (previous page). Analysis of small RNAs enriched in CSR-1 IP 
complexes. 
 
(A) Line plot comparing the relative proportions of small RNA classes between wild type 
(N2) Input (left) and CSR-1 IP (right) samples. (AS=antisense, S=sense)  (B) Box and 
whisker plot of the relative proportion of small RNA reads for each locus targeted within 
each small RNA class, in the CSR-1 IP relative to Input. Loci with values closer to 1 
indicate enrichment of small RNA reads in the IP, a value of 0.5 indicates equal 
proportions of reads in the IP and input, and values closer to 0 indicate loci depleted of 
small RNA reads in the IP. Boxes contain 50% of siRNA loci (between the 25th and 75th 
percentile), with the line inside each box representing the median value. Lines extending 
to the right of the box represent the most enriched value, and lines extending to the left of 
the box represent the most depleted value in the IP. X axis is relative proportion of reads 
(measured as IP value divided by Input plus IP values for any given locus). Dotted lines 
indicate the values corresponding to two-fold enrichment (a value of 0.66) or depletion (a 
value of 0.33). Calculations were made with small RNA cutoffs as described in 
Supplemental Experimental Procedures.  (C) Venn diagram depicting the proportion of 
loci that possess a two-fold or greater depletion of 22G-RNAs in the glp-4(bn2) mutant 
that are also enriched two-fold or more in the CSR-1 IP. Only loci present in both datasets 
with 25 reads per million or more are represented.  (D) Box and whisker plot of the 
relative proportion of small RNA reads for each locus in the csr-1(tm892) and ego-
1(om97) relative to a congenic wild type strain (DA1316). Protein coding genes (red) and 
repeat elements (blue) are represented. drh-3 and ekl-1 small RNA analyses are described 
in (Gu et al., 2009). 
 

CSR-1 complexes were enriched two-fold or greater for a class of drh-3, ego-1 

and ekl-1-dependent 22G-RNAs that are antisense to at least 4191 protein-coding genes. 

These gene-targeted 22G-RNAs collectively represented greater than 99% of all 22G-

RNA reads matching loci with a two-fold or greater increase in read count in the CSR-1 

IP complex (Figure IV-5A-B, Figure IV-S6 and Table IV-S2). microRNAs, 21U-RNAs 

and nearly all other 22G-RNA species, including those targeting transposons and other 

repetitive sequences, pseudogenes, and intergenic or non-annotated regions were depleted 

in CSR-1 complexes (Figure IV-5A-B).  The exceptions were 22G-RNAs targeting seven 

families of repetitive elements and 23 loci annotated as pseudogenes. Altogether, repeat-

targeted 22G-RNAs accounted for only 0.25% of the total reads enriched in the CSR-1 IP 

complex, while pseudogene-targeted reads represented less than 0.5% (Table IV-S3).  

22G-RNAs corresponding to at least 80% of the CSR-1-targeted mRNAs were strongly 
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depleted in the glp-4(bn2) mutant (Figure IV-5C) (Gu et al., 2009) which lacks a 

germline, indicating that the CSR-1 22G-RNAs are expressed in the germline. Finally, 

consistent with the involvement of the ß-nucleotidyl transferase CDE-1 in the uridylation 

of CSR-1-associated 22G-RNAs, approximately 40% of the 22G-RNA reads enriched in 

the CSR-1 IP were extended at the 3´ end with at least one uridine (Figure IV-S6) (van 

Wolfswinkel et al., 2009).  When factors involved in Argonaute-mediated small RNA 

biogenesis are absent or nonfunctional, the corresponding small RNAs are also depleted 

(Grishok et al., 2001; Yigit et al., 2006; Batista et al., 2008). Thus, we prepared small 

RNA libraries from csr-1(tm892) and ego-1(om97) mutants and compared them to 

libraries from drh-3(ne4253) and ekl-1(tm1599) mutant populations (Gu et al., 2009). 

Consistent with the IP analysis described above, csr-1 and ego-1 mutants were depleted 

for a set of 22G-RNAs that are antisense to protein coding genes (Figures IV-5D, IV-S7, 

and Tables IV-S4 and IV-S5). To be scored as depleted in the mutants, an arbitrary cut 

off of 25 reads per million in the wild type data set was used.  As a consequence, many 

loci for which read counts were significantly increased in the IP studies above were 

excluded from this analysis. Nevertheless, approximately 900 loci exhibited 22G-RNAs 

that were dependent on csr-1, as well as on ego-1, drh-3, and ekl-1 (Gu et al., 2009).  

Consistent with a germline origin for these 22G-RNAs, the majority were depleted in glp-

4(bn2) animals, which lack a germline (data not shown). While the proportion of 21U-

RNAs was unaltered in the four mutants, microRNA populations, overall, appeared 

slightly decreased in csr-1 and ego-1, relative to the total read count, possibly due to a 

dearth of embryos in these mutant populations (Figure IV-S7) (Gu et al., 2009). 

As expected, based on their broad role in 22G-RNA biogenesis, all 22G-RNAs, 

including those targeting repetitive elements, were depleted in drh-3 and ekl-1 samples 

(Gu et al., 2009).  22G-RNAs targeting repeats (including those targeting the seven repeat 
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families that were enriched in CSR-1 complexes) were unaltered in small RNA 

populations from the csr-1 and ego-1 mutants (Figure IV-5D). Furthermore, those 22G-

RNAs which were not associated with, or dependent on CSR-1, were instead dependent 

on the activity of the ego-1 paralog, rrf-1, or on a combination of ego-1 and rrf-1 

activities, but exhibited no other distinguishing biochemical properties (Gu et al., 2009). 

These remaining CSR-1-independent 22G-RNAs, including those produced by RRF-1, 

engage a distinct family of Argonautes that mediate transposon silencing and other 

silencing activities unrelated to chromosome segregation (Gu et al., 2009). These data are 

consistent with CSR-1 IP data, and suggest that csr-1 and ego-1 are specifically involved 

in the expression of a particular subset of gene-targeted 22G-RNAs.  

 

CSR-1 targets are not mis-regulated in csr-1 mutants. 

 

The genes targeted by CSR-1 22G-RNAs include numerous genes whose mRNAs 

are expressed in the germline, oocytes and embryos. To determine if CSR-1 regulates its 

targets at the mRNA level, we performed transcriptional profiling on csr-1(tm892) mutant 

versus wild type N2 adult worms.  Previous work demonstrated that CSR-1 is capable of 

degrading target mRNAs in vitro (Aoki et al., 2007). However, strikingly, the global 

profile of gene expression for csr-1, including the profile of CSR-1 22G-RNA targets, 

was very similar to that for N2 (Figure IV-6A and Table IV-S6). Thus, CSR-1 does not 

down-regulate its target mRNAs.  Similar results were reported for the expression of 

CSR-1 targets in transcriptional profiling studies performed on drh-3 (Figure IV-S8) (Gu 

et al., 2009) and cde-1 mutants (van Wolfswinkel et al., 2009).  

Using available antibodies for the protein products of several CSR-1 22G-RNA 

targets, we next examined protein expression levels in csr-1, drh-3, and cde-1 mutants by 
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immunofluorescence and Western blotting.  There were no significant changes in the 

protein levels of the CSR-1 22G-RNA targets we examined, including those of the small 

RNA pathway components PRG-1 and DCR-1; the P Granule factors PGL-1, CAR-1, and 

CGH-1; the cohesin SCC-3; and the dosage-compensation factors DPY-27 and CAPG-1 

(Figure IV-6B, S8 and data not shown).  Together, these data suggest that CSR-1 22G-

RNA complexes do not act globally to significantly alter target gene expression. 
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Figure IV-6 (previous page). CSR-1 22G-RNA complexes bind to target genomic 
loci.  
 
(A) Box and whisker plot of mRNA expression from microarray experiments in wild type 
vs. csr-1(tm892) mutants. The analysis was done for all genes measured by the array 
(left), and the subset of only CSR-1 22G-RNA target genes (right).  (B) Western blot 
analysis of wild type and csr-1(tm892) protein lysates, probed for CSR-1 22G-RNA 
target proteins. EKL-1 is a loading control.  (C) ChIP/Quantitative real-time PCR 
analysis of CSR-1 enrichment at CSR-1 22G-RNA or WAGO-1 22G-RNA target loci. 
Fold enrichment is calculated relative to the Y47H10A.3 locus, which, like clp-3, 
Y47H10A.4, and M01G12.9, is not targeted by small RNAs. Data from a single, 
representative set of experiments is presented, error bars are standard deviation. (IP with 
CSR-1, blue; IP with beads only/no antibody, red)  (D) Density of CSR-1 22G-RNA 
target genes on each chromosome. Each bar represents the numbers of genes in a 100 kb 
bin. (Watson strand, blue; Crick strand, red). Chromosome number is as indicated. Scale 
bar represents one gene. 
 

CSR-1 is bound to chromatin at 22G-RNA target loci. 

 

In S. pombe, the Argonaute Ago1 associates directly with chromatin as a part of 

the RITS complex (Motamedi et al., 2004; Buhler et al., 2006).  A large-scale proteomics 

study identified CSR-1 associated with fractions of sperm and oocyte chromatin (Chu et 

al., 2006). Using a similar method (Chu et al., 2006), we have determined that CSR-1 

associates with chromatin in embryos (Figure IV-S9). These observations led us to 

examine whether CSR-1 complexes directly bind to the genomic loci of the CSR-1 22G-

RNA targets.  

Using chromatin immunoprecipitation (ChIP), we found an enrichment of CSR-1 

at target loci when compared to several other genomic loci that are not targeted by small 

RNAs. RNA Polymerase II was used as a positive control and consistently showed 

enrichment at many CSR-1 target loci (Figure IV-S9). In contrast, negative control 

experiments using agarose beads alone (without CSR-1 antibody) never displayed 

enrichment (Figure IV-6C and S9). Of the twelve CSR-1 22G-RNA target loci examined, 

ten showed 1.5 fold or greater enrichment of CSR-1-binding in five or more independent 
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experiments (Figure IV-6C and data not shown). Conversely, CSR-1 was never enriched 

at the targets of another germline-expressed Argonaute, WAGO-1 (Figure IV-6C). CSR-1 

was not detected in chromatin fractions treated with RNase A (data not shown), nor did 

we detect CSR-1 enrichment by ChIP at target loci in the drh-3(ne4253) mutant, in which 

22G-RNAs are depleted (Figure IV-S9). These findings indicate that CSR-1 interacts 

with its target genomic loci in a 22G-RNA-dependent manner. Furthermore, CSR-1 22G-

RNA target loci are distributed relatively uniformly along the chromosomes (Figure IV-

6D), suggesting that the CSR-1 22G-RNA pathway could act in a genome-wide manner 

to influence chromosome segregation.  
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DISCUSSION 

 

Here we have investigated the role of the C. elegans Argonaute CSR-1 in 

promoting proper chromosome segregation. We have shown that CSR-1 interacts with a 

class of 22-nucleotide RNAs, called 22G-RNAs, which are antisense to at least 4,191 

protein-coding genes, seven repeat element families, and 23 pseudogenes distributed 

throughout the genome. A parallel study by (Gu et al., 2009) has shown that a distinct 

Argonaute, WAGO-1, interacts with a non-overlapping set of 22G-RNAs that primarily 

target transposons, cryptic elements and pseudogenes (see below and Gu et al., 2009). 

The biogenesis of both CSR-1- and WAGO-1-bound 22G-RNAs is dependent on a core 

set of factors, including DRH-3, EKL-1, an RdRP and a ß-nucleotidyl transferase (Gu et 

al., 2009). However, WAGO-1-associated 22G-RNAs appear to down-regulate their 

mRNA targets (Gu et al., 2009), whereas CSR-1 22G-RNAs do not.  Whole genome 

microarray studies showed that the mRNA targets of CSR-1 22G-RNAs are not mis-

regulated in the csr-1, drh-3, and cde-1 mutant backgrounds (Gu et al., 2009; van 

Wolfswinkel et al., 2009) (Figure IV-6 and S8). In addition, immunoflourescence and 

Western blot analysis on the protein products of several CSR-1 targets revealed no 

change in expression (Figure IV-6 and S8). Based on these findings, it seems unlikely 

that perturbed expression of CSR-1 22G-RNA targets results in the observed 

chromosome segregation defects. Instead, our findings support a model in which the 

CSR-1 pathway may directly contribute to holocentric chromosome organization by 

ensuring that the expressed, euchromatic domains within the genome support the proper 

juxtaposition and alignment of the kinetochores, which must span these domains (Figure 

IV-7). 
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How does CSR-1 influence chromosome segregation? 

 

Several lines of evidence, including ChIP, chromatin isolation, and immunolocalization 

studies, indicate that CSR-1 pathway components associate directly with chromatin in an 

RNA-dependent manner. These data support a direct role for CSR-1 22G-RNA 

complexes in promoting chromosome segregation, perhaps through a mechanism that is 

similar to the Ago1 pathway that regulates centromere formation in S. pombe. Indeed, 

both the CSR-1 and the Ago1 pathways utilize similar components for small RNA 

biogenesis.  These include a helicase, an RdRP and a ß-nucleotidyl transferase.  
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Figure IV-7 (previous page).  Model for the activity of the CSR-1 22G-RNA pathway 
in chromosome segregation.   
 
(A) 22G-RNA synthesis: In the germline, DRH-3, EGO-1 and CSR-1 localize to 
perinuclear P Granules, where DRH-3 and EGO-1 initiate the synthesis of 22G-RNAs 
from transcripts that are important for germline development and early embryogenesis. 
These 22G-RNAs are loaded onto CSR-1 and can guide the complex to its targets.  (B) 
Initial targeting of genomic loci: In oocytes, CSR-1 22G-RNA complexes move into the 
nucleus where they target nascent transcripts, possibly by cleaving them. Chromatin 
modifying factors may associate with CSR-1 complexes to promote local modification of 
histones at and near CSR-1 target loci, establishing pericentromeric chromatin domains 
(green nucleosomes). A complex containing EGO-1, DRH-3, and possibly EKL-1 is 
proposed to amplify the signal in a positive feedback loop, by generating more 22G-
RNAs in the nucleus with the CSR-1 22G-RNA-targeted nascent transcripts as the 
template.  (C) Establishment and maintenance of chromatin domains: The CSR-1 22G-
RNA dependent chromatin domains containing modified histones (green nucleosomes) 
may promote the proper binding and organization of other components such as 
condensins and cohesins in embryo mitotic divisions. Furthermore, these chromatin 
domains could both help to recruit and restrict the incorporation of the centromeric 
Histone H3 variant, HPC-3/CENP-A (red nucleosomes) in chromatin domains adjacent to 
those targeted by CSR-1 22G-RNA complexes. Regions of the chromatin loop out and 
self-associate, permitting the assembly of a proper planar, rigid kinetochore on the 
poleward faces of condensed chromosomes.  As cell divisions continue, chromatin 
domains could be maintained epigenetically, possibly even by EKL-1, thus becoming less 
reliant on CSR-1 22G-RNA activity throughout development. 
 

However, these pathways target dramatically different loci: the Ago1 system 

targets repetitive, pericentromeric heterochromatin, whereas the CSR-1 pathway 

overwhelmingly targets protein-coding euchromatic domains distributed throughout the 

genome.  Despite this difference, perhaps the small RNAs produced in both systems 

perform analogous functions. The targeting of CSR-1 22G-RNA complexes to 

chromosomal loci in the germline could recruit chromatin modifiers that mark CSR-1 

22G-RNA targeted domains and provide boundaries that define the adjacent centromeric 

domains of HCP-3 incorporation. Consistent with this notion, a preliminary comparison 

indicates that the domains targeted by CSR-1 22G-RNAs are, in large part, mutually 

excluded from regions that are enriched for the conserved, centromeric histone variant 

HCP-3/CENP-A (R. Gassmann and A. Desai, personal communication). Thus, like the S. 

pombe Ago1 system, the CSR-1 pathway may help to define adjacent domains of HCP-3 
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incorporation, but does so by targeting protein-coding genes rather than repetitive 

heterochromatin.  

CSR-1 22G-RNA targets are distributed relatively uniformly on each 

chromosome, as would be expected if these targets serve in the positioning or alignment 

of kinetochores along the length of each chromosome. The one notable exception is the X 

chromosome, which is depleted of genes expressed in the germline (Reinke et al., 2000), 

and which possesses fewer CSR-1 targets than the autosomes (~70 versus 500-900 per 

autosome). It is not clear how this lower number of CSR-1 target sites might impact X 

chromosome segregation.  The X chromosome is the only chromosome whose loss is 

tolerated by the organism (resulting in spontaneous males within hermaphrodite 

populations). Indeed, the stability of X chromosome is more than an order of magnitude 

lower than that of the autosomes (the loss of which is generally not detected in wild type 

populations) (Meneely et al., 2002). Whatever the explanation for the reduced fidelity of 

X chromosome segregation, clearly the limited number of CSR-1 targets are sufficient, or 

there are other pathways governing segregation of the X chromosome.  

 

P granules and 22G-RNA biogenesis. 

 

CSR-1 and the other protein components of the 22G-RNA pathway localize to P 

granules. P granules are found in close apposition on the cytoplasmic face of nuclear 

pores (Pitt et al., 2000), and are thought to be sites of accumulation for many mature 

poly-adenylated mRNAs (Schisa et al., 2001). The nuclear association of P granules is 

lost in csr-1, ego-1, ekl-1 and drh-3 mutant backgrounds, suggesting that the association 

of CSR-1 and its co-factors with mRNA targets emerging from the nuclear pore may help 

to drive the perinuclear association of P granules (Figure IV-7A). Perhaps consistent with 
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this idea, P granules also lose their perinuclear association in transcriptionally quiescent 

or nearly quiescent germ cells, e.g. oocytes and early embryo germ cells. 

If their initial biosynthesis occurs in P granules, 22G-RNAs may subsequently 

guide CSR-1 back to chromatin or to chromatin-associated nascent transcripts (Figure IV-

7B). Because CSR-1 targets are robustly expressed in the maternal germline, it is possible 

that CSR-1 complexes initially engage nascent transcripts during gametogenesis. Once 

established, these hypothetical CSR-1-chromatin domains could be preserved throughout 

embryogenesis, perhaps even in the absence of additional transcription (Figure IV-7C). 

Consistent with this idea, we found that CSR-1-chromatin localization was most 

prominent in the two or three most mature oocytes in each gonad arm (Figure IV-4A and 

data not shown). The retention of CSR-1 complexes at target loci could occur through 

direct binding to other chromatin components, possibly even through EKL-1, as tudor 

domains have been shown to interact with the methyl-arginine and -lysine moieties of 

histone tails (reviewed in Taverna et al., 2007).  

 

Distinct roles for Argonautes in RNAi and 22G-RNA pathways. 

 

Our studies indicate that at least two distinct germline 22G-RNA pathways with 

several overlapping core components exist in C. elegans: the CSR-1 and WAGO-1 

pathways (Gu et al., 2009). Like CSR-1, WAGO-1 prominently localizes to P granules. 

However, the perinuclear distribution of P granules and chromosome segregation are not 

altered by the loss of wago-1, even within the context of a 12-fold WAGO mutant 

(composed of null alleles of wago-1 and eleven related WAGO Argonautes) (Gu et al., 

2009). How are these Argonautes loaded with distinct 22G-RNA species, despite their 

shared localization and reliance on upstream factors? One attractive scenario is that 
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mRNA targets are sorted into distinct P granule sub-compartments, wherein the 

amplification of 22G-RNAs takes place. Additional protein factors, such as CDE-1, 

and/or structural elements within target transcripts may be involved in the recognition and 

compartmentalization of target mRNAs (see the Discussion in Gu et al., 2009).  

Recombinant CSR-1 protein has been shown to exhibit Slicer activity in vitro 

(Aoki et al., 2007), and CSR-1 has been implicated in down-regulating genes in response 

to foreign dsRNA (Yigit et al., 2006). However, endogenous CSR-1 22G-RNA targets do 

not appear to be down-regulated by CSR-1 (see above). CSR-1 22G-RNAs are expressed 

at low levels relative to WAGO-1 22G-RNAs (Figure IV-S9) (Gu et al., 2009), perhaps 

below a threshold to trigger mRNA turnover. Consistent with this idea, not all WAGO-1 

22G-RNA targets exhibit mRNA silencing, but those that do typically exhibit the highest 

levels of corresponding 22G-RNA accumulation (Gu et al., 2009).  It is tempting to 

speculate that the incompletely penetrant effects of csr-1 mutants on RNAi are indirect, 

perhaps arising as a consequence of the dramatic disruption of P granules in csr-1 

mutants. There are already two distinct AGO systems implicated in the RNAi pathway, 

RDE-1 (Tabara et al., 1999) and the WAGO system (Yigit et al., 2006), and at least the 

WAGO-1 protein is localized to P granules (Gu et al., 2009). In csr-1 mutants, perhaps 

the dissociation of P granules from germ nuclei disrupts access to target mRNAs or other 

activities required for the full activity of the germline RNAi response. 

Our findings together with those of (Gu et al., 2009) indicate that the majority of 

the genome is targeted by Argonaute systems that provide diverse surveillance functions. 

Expressed genes are targeted by CSR-1, while classically heterochromatic domains 

including transposons and pseudogenes are targeted by WAGO-1. Both of these systems 

contribute to the physical maintenance of the genome by promoting, respectively, (i) 

chromosome segregation and (ii) the suppression of mobile or otherwise potentially 
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deleterious elements.  Correlates of these pathways are likely to function in other 

nematodes, and indeed, could help explain the classic observations in Parascaris made by 

Theodor and Marcella Boveri more than 100 years ago (reviewed in Pimpinelli and 

Goday, 1989; Satzinger, 2008). By targeting heterochromatic domains, a system 

analogous to the WAGO-1 pathway could promote chromosome fragmentation and the 

elimination of the heterochromatin in Parascaris. This could occur via an Argonaute 

pathway similar to that which mediates chromosome fragmentation during macronuclear 

formation in Tetrahymena (reviewed in Yao and Chao, 2005). By targeting genes, 

correlates of the CSR-1 22G-RNA system could ensure the proper higher-order assembly 

of the holocentric kinetochores found in diverse nematode species, and could provide this 

function even after fragmentation and the elimination of heterochromatin as in the tiny 

somatic chromosomes of Parascaris.  Additional insights into the underlying molecular 

mechanisms through which Argonaute systems promote the higher-order structure of 

chromosomes will require further study.  The observation that such pathways, however 

different, exist in nematodes and fungi suggests that similar activities are likely to be 

ubiquitous in eukaryotes. 
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EXPERIMENTAL PROCEDURES 

 

Worm Strains 

 

Bristol N2 was the wild type strain used in these studies. All other alleles used in this 

study, including csr-1(tm892) rescued strains can be found in Supplemental Experimental 

Procedures.  

 

RNAi  

 

1mg/ml dsRNA targeting drh-3, csr-1, or ekl-1 was injected into young adult Bristol N2 

worms. After 36-48 hours at 20°C, worms containing embryos were dissected and fixed 

for immunostaining. 

 

Antibody generation 

 

A rabbit antibody, used in immunostaining, was generated against the CSR-1 polypeptide 

from amino acids E462 to E987 (containing the PAZ and most of the PIWI domain) 

(Capralogics, Inc.).  Additional rabbit antibodies, used in IP experiments, were generated 

and purified by Anaspec using the peptides: VDYNAPKDPEFRQKYPNLKFP and 

QRCKDKGMHIGSYSMDQHNGERGSENFL. A GST-fusion protein containing an 

EKL-1 N-terminal fragment (L58 to S309) was used to generate rabbit antisera. DRH-3 

and EGO-1 antibodies are described in (Gu et al., 2009) 
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Immunostaining  

 

Gonads and embryos were excised in 1x sperm salts, frozen and cracked on dry ice for 10 

minutes, and fixed at –20 oC for 5 minutes each in methanol, 1:1 methanol:acetone, and 

acetone respectively. Blocking (one hour at 20 oC) and antibody incubations (primary, 

overnight at 4 oC; secondary one hour at 20 oC) were performed in 1xPBS/0.1% Tween-

20/3%BSA. Washes were performed with 1xPBS/0.1% Tween-20 (PBST). DNA was 

stained with DAPI. For details, see Supplemental Experimental Procedures. 

 

FISH 

 

Embryos were dissected in egg salts with 0.1% Tween-20, followed by brief 2% 

formaldehyde fixation, permeabilization by freeze crack and fixation for one minute in –

20 oC methanol. Slides were washed in PBST and gradually transferred to 100% ethanol. 

Slides were dried and incubated in 2xSSC/50% formamide at 37ºC for 1 hour. The probe 

was sealed on the slide, DNA was denatured at 95ºC for 3 minutes, and hybridization was 

performed overnight at 37ºC. Slides were washed in 2xSSC/50% formamide, 2xSSC, 

1xSSC, and PBST respectively, then counterstained with DAPI. 

 

Western blot analysis 

 

Is as described in (Batista et al., 2008), with the exception that proteins were resolved by 

SDS-PAGE on Criterion Precast gradient gels (4-15%, Biorad).  
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Small RNA Cloning and Data Analysis 

 

Is as described in (Batista et al., 2008) for Terminator exonuclease (Epicentre 

Technologies) treated samples.  For small RNA cloning of CIP/PNK (New England 

Biolabs) and TAP (Tobacco Acid Pyrophosphatase, Epicentre Technologies) libraries, the 

procedure is described in Supplemental Experimental Procedures.  

 
 
Tiling Microarray Procedures 

 

Is as described in (Batista et al., 2008). For details, see Supplemental Experimental 

Procedures. 

 

Chromatin Immunoprecipitation 

 

ChIP procedures were based on the technique of (Whittle et al., 2008), except that live 

embryos were treated, when indicated, (Figure IV-6) with 10mM dimethyl 3, 3´-

dithiobispropionimidate (DTBP, Thermo-Fisher Scientific) in M9 buffer (in 50ml total), 

for 30 minutes at room temperature.  DTBP was quenched with 2.5ml of 2.5M glycine for 

5 minutes, washed with M9, and then embryos were incubated with 2.6% formaldehyde. 

ChIP samples were analyzed by quantitative real-time PCR. Details are found in 

Supplemental Experimental Procedures. 
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accessible through GEO Series accession number GSE18141. 
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Supplemental Figure IV-S1.  RNAi deficiency of ekl-1(tm1599) and rescue of csr-
1(tm892). 
 
(A) Somatic RNAi Deficiency of ekl-1(tm1599) homozygotes, ekl-1(tm1599)/hT2 
heterozygotes, and wild type (N2) animals fed unc-22 RNAi food.  (B) Germline RNAi 
Deficiency of ekl-1(tm1599) homozygotes, ekl-1(tm1599)/hT2 heterozygotes, and 
otherwise wild-type animals carrying a pie-1::h2b::gfp transgene, fed gfp RNAi food.  
(C) Diagram of the csr-1 transcripts encoded by csr-1 rescuing transgenes. Only the long 
isoform possesses an epitope tag and pie-1 regulatory sequences were used.  (D) Brood 
size (number of embryos laid) analysis in wild type (N2), csr-1(tm892), and 3x Flag csr-1 
rescue.  (E) RNAi deficiency in wild type (N2), csr-1(tm892), and 3x Flag csr-1 rescue 
grown on cdk-1 RNAi food.  cdk-1 RNAi produces embryos with a one-cell stage arrest 
that is distinct from the multicellular arrest of csr-1(tm892) mutant embryos. 
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Supplemental Figure IV-S2. Fluorescence in situ hybridization with probes against 
chromosome V. 
 
Additional examples of Fluorescence in situ hybridization with probes for chromosome V 
in wild type (A and C) and csr-1 RNAi (B and D) embryos of approximately the same 
stage (DNA, blue; LG V FISH signal, green). White dotted lines indicate bondaries of the 
embryo. More than the appropriate number of FISH signals are evident in 
morphologically abnormal and aneuploid nuclei of csr-1 RNAi embryos. Images show 
projections of Z-stacks through the entire embryo, after deconvolution. 
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Supplemental Figure IV-S3. Localization of outer kinetochore, condensin, and 
cohesin proteins in wild type and RNAi depleted embryos. 
 
(A) Localization of the outer kinetochore component MCAK/KLP-7 (left, red in merge) 
in wild type and csr-1 RNAi embryos. DNA was stained with DAPI (center, green in 
merge).  (B) Localization of the outer kinetochore/mitotic checkpoint component BUB-1 
(left, red in merge) in wild type and ego-1 RNAi embryos. DNA was stained with DAPI 
(center, green in merge).  (C) Localization of the condensin CAPG-1 (left, red in merge) 
in wild type and drh-3 RNAi embryos. DNA was stained with DAPI (center, green in 
merge).  (D) Localization of the condensin KLE-2 (left, red in merge) in wild type and 
ego-1 RNAi embryos. DNA was stained with DAPI (center, green in merge). 
Localization of the cohesin SCC-3 (left, red in merge) in wild type and drh-3 and csr-1 
RNAi embryos. DNA was stained with DAPI (center, green in merge). 
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Supplemental Figure IV-S4. Quantitative real-time RT-PCR analysis of csr-1 
transcripts. 
 
(A) A diagram of the two transcripts generated from the csr-1 locus, drawn to scale.  The 
position of the deletion allele used in these studies (tm892) is marked.  Scale bar is 1kb.  
(B) csr-1 mRNA levels of the long isoform (light gray), and the short isoform (dark gray) 
in various stages of development and germline mutant backgrounds, as described in 
Figure IV-3, relative to act-3 mRNA levels.  Forward real-time primers were specific for 
each isoform, by the use of the SL1 splice leader sequence, which is added to the 5´ end 
of each csr-1 transcript, along with 6-10 nucleotides of csr-1 sequence at the 5´ end of 
either isoform. 
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Supplemental Figure IV-S5. Localization of CSR-1, EGO-1, EKL-1 and DRH-3 is 
ablated in respective mutant or RNAi-depleted embryos. 
 
(A) Embryos depleted by RNAi for each of csr-1, ego-1, ekl-1, and drh-3 (as marked) 
were stained for CSR-1, EGO-1, EKL-1, or DRH-3, respectively (as marked, top, yellow 
in merge).  DNA was stained with DAPI (center, blue in merge).  At least one metaphase 
is observable for each embryo in (A) (yellow arrows).  (B) Additional embryos, as in (A), 
but without any metaphase nuclei.  (C) Western blot analysis of EGO-1, DRH-3, CSR-1, 
and EKL-1 in wild type, csr-1(tm892) mutant, or drh-3 mutant adults (dhr-3(tm1217) is a 
null allele; drh-3(ne4253) is a hypomorphic allele).  50g of protein lysate was loaded 
per lane. 
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Supplemental Figure IV-S6. Addition of untemplated uridine to the 3’ ends of CSR-
1 22G-RNAs 
 
(A) IP/Western blot analysis of CSR-1. 100g of protein lysate was loaded for Input and 
Supernatant lanes.  10% of a CSR-1 IP from 5mg of protein lysate was loaded in the IP 
lane.  Blots were probed with anti-CSR-1.  (B) Size and first nucleotide distribution of 
small RNAs cloned in libraries from wild type (N2) Input and CSR-1 IP. Length of read 
is on the X axis, proportion of reads is on the Y axis and colors indicate the 5´ nucleotide 
as shown. Inset pie charts indicated the overall proportion of small RNA with each 
nucleotide at the 5’ position.  (C) Pie charts indicating the relative proportions of small 
RNAs with perfect matches to the genome (green) vs. having additional nucleotides 
added at their 3’ end for wild type (N2) Input and CSR-1 IP libraries using the TAP 
cloning method. A proportion of small RNA reads still did not match the genome after 
the removal of the additional 3’ nucleotides (gray). (D) Line plot comparing the relative 
proportions of small RNA classes for the uridylated reads (reads that match the C. 
elegans genome after removal of uridine(s) from the 3’ end, as in (B.)), between wild-
type (N2) Input (left) and CSR-1 IP (right) samples.  (AS=antisense, S=sense). 
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Supplemental Figure IV-S7 (previous page). Analysis of csr-1(tm892), ego-1(om97), 
and DA1316 small RNA libraries. 
 
(A) Pie charts indicating the relative proportions of various classes of small RNAs in csr-
1(tm892) and ego-1(om97) mutants and a congenic wild-type strain (DA1316). DA1316 
possesses three mutations that render it resistant to the drug ivermectin, which is used for 
selection of uniform populations of homozygous mutant adult worms (Duchaine et al., 
2006).  (B) Size and first nucleotide distribution of small RNAs cloned in libraries from 
csr-1(tm892), ego-1(om97) mutants and DA1316. Length of read is on the X axis, 
proportion of reads is on the Y axis and colors indicate the 5´ nucleotide as shown. Inset 
pie charts indicate the overall proportion of small RNA with each nucleotide at the 5´ 
position.  drh-3(ne4253) and ekl-1(tm1599) small RNA compositions are described in 
(Gu et al., 2009). 
 
 
 

 
 
 
Supplemental Figure IV-S8. CSR-1 22G-RNA target mRNA and protein levels are 
not changed in drh-3(ne4253) or cde-1(tm1021) mutants. 
 
(A) Box and whisker plot of CSR-1 target mRNA levels in the drh-3(ne4253) mutant as 
compared to wild type for CSR-1 22G-RNA targets (left) and for all genes (right).  (B) 
Western blot analysis of wild type and cde-1(tm1021) protein lysates, generated from 
animals grown at 25º C probed for CSR-1 22G-RNA target proteins. EKL-1 is not a 
CSR-1 target and is shown as a loading control. [Note that only one isoform of CSR-1 
seems to be expressed in cde-1(tm1021) lysates]. 
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Supplemental Figure IV-S9. CSR-1 association with chromatin is 22G-RNA 
dependent. 
 
(A) Western blots of various amounts (as indicated) of total protein lysate, generated fom 
embryos, cytoplasmic protein lysate and isolated chromatin (prepared according to (Chu 
et al., 2006)) were probed for CSR-1, HPL-2 (one of two HP1 chromatin-binding proteins 
in C. elegans) (Couteau et al., 2002), and Tubulin. *The cytoplasmic fraction is 
invariably contaminated with nuclear content using this preparation method.  (B) Embryo 
ChIP/Quantitative Real-time PCR analysis of CSR-1 and agarose beads alone/no 
antibody control enrichment at CSR-1 22G-RNA target loci in wild type and drh-
3(ne4253) embryos.  These samples were prepared without the addition of DTBP, and are 
from a single, representative experiment.  Fold enrichment is relative to Y47H10A.3.  
Error bars are standard deviation.  (C) Embryo ChIP/Quantitative Real-time PCR analysis 
of RNA Polymerase II enrichment and Input control enrichment at 22G-RNA target loci 
and non-targeted control loci, as in Figure IV-6.  These samples were prepared from the 
same extracts as those in Figure IV-6 and are from a single, representative experiment.  
Fold enrichment is relative to Y47H10A.3.  Error bars are standard deviation. Many 
CSR-1 22G-RNA target loci as well as the WAGO-1 22G-RNA target, ZC247.1, are 
enriched for RNA Polymerase II binding.  (D) Embryo ChIP/Quantitative Real-time PCR 
analysis of RNA Polymerase II enrichment and Input control enrichment at CSR-1 22G-
RNA target loci.  These samples were prepared from the same drh-3(ne4253) extracts as 
those in (B)  Fold enrichment is relative to Y47H10A.3. Error bars are standard deviation. 
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Supplemental Figure IV-S10. CSR-1 22G-RNAs are expressed at low levels in wild-
type small RNA libraries. 
 
(A) Scatter plot of CSR-1 22G-RNA target enrichment in the CSR-1 IP library versus 
number of reads for that target.  Y axis is fold enrichment X axis is read number. 
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Supplemental Table IV-S1.   
    

 
 

Factor 
Examined 

 
 

drh-3 
 

 
 

ekl-1 

 
 

ego-1 

 
 

csr-1 

 
DRH-3 

 

 
--- 

 
++ 

 
++ 

 
++ 

 
EKL-1 

 

 
--- 

 
--- 

 
+++ 

 
++ 

 
EGO-1 

 

 
--- 

 
+++ 

 
--- 

 
++ 

 
CSR-1 

 

 
--- 

 
+ 

 
+ 

 
---* 

 
Localization summary of the patterns of CSR-1, EKL-1, EGO-1 and DRH-3 in each 
RNAi-depleted background. 
 
All determinations made on examination of 10-20 early embryos generated by RNAi to 
each of the factors.  ---, lack of detectable staining in >95% of embryos.  +, less than 25% 
of embryos counted had localization to disrupted metaphase plate (and embryo P 
granules, for DRH-3 and CSR-1).  ++, up to 75% of embryos counted had localization to 
disrupted metaphase plate (and embryo P granules, for DRH-3 and CSR-1).  +++, >95% 
of embryos counted had localization to disrupted metaphase plate (and embryo P 
granules, for DRH-3 and CSR-1). 
* Residual levels in P granules; all staining lost as animals age. 
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Supplemental Methods 

 

Worm Strains  

Worms were cultured according to (Brenner, 1974). Alleles used in this study are as 

follows, in order of chromosome:  LGI:  ekl-1(tm1599), ego-1(om97), drh-3(ne4253, tm 

1217), glp-4(bn2), avr-14(ad1302), hT2[qIs48](I; III); LGIII: cid-1/cde-1(tm1021); 

qC1[neIs(myo-2::avr-15, rol-6(su1006), unc-22(RNAi))], LGIV:  fem-1(hc17),  csr-

1(tm892), DnT1[unc(n754dm) let](IV;V); LGV:  fog-2(q71), avr-15(ad1051), glc-

1(pk54).  Strains:  DA1316:  avr-14(ad1302)LGI; avr-15(ad1051)LGV, glc-1(pk54)LGV; 

AZ212: (unc-119(ed3) ruIs32[unc-119(+) pie-1::GFP::H2B] III); XA3501: (unc-

119(ed3) ruIs32[unc-119(+) pie-1::GFP::H2B] III; ojIs1[unc-119(+) pie-1::GFP::tbb-

2]); WM193:  csr-1(tm892)LGIV; neIs19[pie-1::3xflag::csr-1, unc-119(+)]; WM194:  

csr-1(tm892)LGIV; neIs19[pie-1::gfp::csr-1, unc-119(+)].  

Brood Size, Viability, and him quantitations were performed as described (Batista et al., 

2008).   

 

Creation of csr-1 Transgenes 

GFP or 3x Flag csr-1 rescuing transgenes were first constructed in a yeast artificial 

chromosome (YAC), as described in (Rocheleau et al., 1999). The csr-1 genomic locus 

was PCR amplified from these YACs and cloned into pDONR201 (Invitrogen), then 

transferred to pID2.02 (D'Agostino et al., 2006)  using the Gateway cloning system 

(Invitrogen). The resulting plasmids were introduced into unc-119(ed3) strain using 

biolistic transformation according to (Praitis et al., 2001). Transgenic strains were 

identified and integrated lines were crossed into the csr-1(tm892) background. PCR was 
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used to identify rescued csr-1(tm892) animals.  Primer sequences are available upon 

request. Rescue levels were similar for all GFP and 3x Flag transgenic strains tested. 

 
Antibody generation 

A rabbit antibody was generated against the CSR-1 polypeptide from amino acids E462 

to E987 (containing the PAZ and most of the PIWI domain) (Capralogics, Inc.). The csr-1 

cDNA encoding this peptide was cloned into pET42a (Novagen), expressed from BL21 

E. coli, and the peptide was purified using Gluatathione Sepharose 4B (GE Healthcare 

Life Sciences). These antisera were used in immunostaining. Additional rabbit antibodies 

were generated and purified by Anaspec using the peptides: 

VDYNAPKDPEFRQKYPNLKFP and QRCKDKGMHIGSYSMDQHNGERGSENFL. 

These antibodies were used in IP experiments.   

A GST-fusion protein containing an EKL-1 N-terminal fragment (L58 to S309) was 

expressed from pGEX-4T-3 (Amersham) in BL21 E. coli. The GST fusions were purified 

by Glutathione Sepharose 4B (GE Health Care) and injected into rabbits. Crude sera 

against the GST-EKL-1 fusions were purified against MBP fusions of the same peptides 

(expressed from pMAL-C2, New England Biolabs). Affinity purification was as 

described in (Duchaine et al., 2006). DRH-3 and EGO-1 antibodies are described in (Gu 

et al., 2009). 

 

Immunostaining and Microscopy 

Gonads and embryos were excised from worms in 1x sperm salts on poly-L-lysine coated 

slides, frozen and cracked on dry ice for greater than 10 minutes, and fixed at –20 oC for 5 

minutes each (15 minutes total) in each of the following, respectively: 100% methanol, 

50% methanol/50% acetone, and 100% acetone.  All sample incubations were performed 

in a humid chamber.  Samples were blocked for one hour in 1xPBS/0.1% Tween-
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20/3%BSA (PBST+BSA) at room temperature, and then incubated with primary antibody 

overnight at 4oC.  Slides were washed 3 times for 10 minutes with PBST, and then 

incubated for 15 minutes in PBST+BSA.  Secondary antibodies were from Jackson 

Immunoresearch and Molecular Probes.  Incubation with secondary antibodies was 

performed for one hour in PBST+BSA at room temperature.  Slides were washed 3 times 

for ten minutes in PBS, and then mounted in Vectashield with DAPI (Vector Labs).  All 

images were collected using a Hamamatsu Orca-ER digital camera mounted on a Zeiss 

Axioplan 2 microscope and with Openlab software, unless noted. 

In time-lapse microscopy, embryos from strain AZ212 and/or XA3501 were dissected 

from gravid adults in M9 and placed on 2% agarose pads for imaging.  10 Z sections of 

2µm thick were collected every 5 or 10 seconds using the Perkin Elmer Ultraview RS 

spinning disc confocal microscope system mounted on a Zeiss Axiovert 200M 

microscope.  Stacks of frames from every time point were overlaid and compiled into 

time-lapse movies using the Ultraview software (Perkin Elmer).   

Images in Figure IV-2A were acquired using the Leica TCS SP2 confocal microscope 

system and software. Z sections of 1µm thick were acquired simultaneously from 

embryos stained with anti-HCP-3 (Oegema et al., 2001), anti-alpha- tubulin (Accurate 

Chemical and Scientific Corp, clone YOL1/34) and DAPI.  

Images in Figure IV-3E and 4A were acquired using the Zeiss LSM 700 point scanning 

confocal microscope attached to a Zeiss Axio Observer Z1 stand, with Zeiss software.  Z 

sections of 0.8µm thick were acquired simultaneously from germlines stained with anti-

PGL-1 (Kawasaki et al., 1998) and DAPI. 

All images in Figure IV-4 (except 4A) were acquired using Solamere Technology Group 

CSU10B Spinning Disk Confocal System scan head mounted on a Nikon TE-2000E2 

inverted microscope with a 100x Plan-APOCROMAT NA1.4 Oil lens and a Roper 
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Coolsnap HQ2 camera. Metamorph software was used to analyze the images.  Z sections 

ranging from 0.1 to 0.3µm were collected from embryos. 

Quantitation of kinetochore disorganization was performed on at least 25-50 metaphase 

plates per genotype.  Metaphases were counted as being either normal or disorganized 

only.  Tubulin was used as a marker of mitosis.  

 

Small RNA Cloning Methods and Data Analysis 

5’ Monophosphate Independent – CIP/PNK Cloning Method 

RNA was resolved in a 15% polyacrylamide 7M Urea Gel, along with 20 picomoles of 

RNA standard (18- and 26-nt) in separate lanes. Ethidium Bromide staining was used to 

visualize the RNA standards. A gel fragment was excised from the sample lanes in the 

migration range between the two standards. RNA was eluted from the gel fragment in 

(0.3M NaCl-TE pH7.5) solution overnight and ethanol-precipitated using 20g of 

glycogen as the carrier.  Gel purified RNA was treated with 1 Unit/µl of Alkaline 

Phosphatase, Calf Intestine (NEB) in 100mM NaCl, 50mM Tris-HCl, 10mM MgCl2, 

1mM Dithiothreitol, pH 7.9 at 25°C and 1 Unit/µl SuperRNaseIn (Ambion) for 1 hour at 

37 °C. After phenol extraction, the gel purified RNA and 1µM of each standard were 

incubated with 20µM of 3’-end linker, 1 Unit of SuperRNaseIN, 10% DMSO and 3 Units 

T4 RNA ligase (Takara) in 10µl ligation buffer (50mM Tris-Cl pH7.5, 10mM MgCl2, 

6g/mL BSA, 10mM DTT).  The 3’ ligated products were gel purified and treated with 1 

Unit/µl Polynucleotide Kinase in 1x Polynucleotide Kinase buffer (70mM Tris-HCl, 

10mM MgCl2, 5mM Dithiothreitol, pH 7.6 at 25°C), 2mM ATP, 1 Unit/µl 

SuperRNAseIN. After phenol extraction, RNAs were incubated in the presence of 30µM 

of 5’ adapter oligonucleotide, 1 Unit SuperRNaseIN (Ambion) and 1.5 Units of T4 RNA 

ligase in ligation buffer (50mM Tris-HCI pH7.5), 10mM MgCI2, 10mM DTT, 1mM 
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ATP) and 10% Dimethyl sulfoxide). The ligated products were gel purified as described 

above and reverse transcribed in a standard 50µl reaction (SuperScript III, Invitrogen). 

The cDNA was amplified by PCR and purified in a 10% acrylamide gel. PCR products 

generated for all the samples were sequenced on a Solexa sequencing platform (Illumina, 

Inc.). 

 
Small RNA Cloning from CSR-1 Immune Complexes 

Imunoprecipitation of protein complexes was preformed by preclearing worm extracts 

with 20l of Protein A/G PLUS-Agarose (Santa Cruz Biotechnologies) beads per 5mg of 

total protein for 1h at 4°C. The cleared extract was then incubated with 15 to 25g of 

antibody for 5mg of total protein for 1h at 4°C. 50l of a 50% slurry of Protein A/G 

PLUS-Agarose beads were added, and the mixture incubated for 1h. The agarose beads 

were then washed three times with cold lysis buffer. RNA was eluted from the Protein 

A/G PLUS-Agarose beads by extraction with TRI Reagent (MRC Reagents, Inc). 500l 

of TRI Reagent were added to 100l of beads and RNA was extracted as described in the 

manufacturer’s protocol.  Typical IPs for small RNA cloning were performed on 80 to 

100mg of total protein per sample. Small RNAs were gel purified, as described above, 

and incubated with 0.05 Unit/µl Tobacco Acid Pyrophosphatase (Epicenter 

Biotechnologies) in 10µl reaction buffer containing 1 Unit/µl SUPERase Inhibitor 

(Ambion) for 1h at 37°C. After phenol extraction, the RNA was ethanol precipitated. 

Ligation reactions for linkers at the 3’ and 5’ end as well as cDNA generation were 

performed as described above.   

 
Small RNA Data Analysis 

Analysis of deep sequencing data is as described in (Gu et al., 2009). In addition, for 

reads that did not match the C. elegans genome, the last 3’ thymidine (s) was/were 
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removed until a different nucleotide was the last 3’ end nucleotide (reads ending with a 

different nucleotide were not considered for analysis). Sequences that were at least 17 

nucleotides long were blasted against the C. elegans genome, and included for analysis. 

Reads in the sense orientation for ribosomal and tRNA genes are considered to be 

degradation products and were not included in the analysis. For each deep-sequencing 

library described, basic statistics are listed as follows: total numbers of sequencing reads, 

number of genome-matching reads (perfect match), number of total genome matching 

reads after removal of U nucleotides at the 3’ end of non genome matching reads and 

number of reads after removal of reads considered to be degradation products.  CSR-1 IP: 

3864681; 1347558; 1848228; 1799685.  Wild type Input: 5003742; 3124393; 3237929; 

3193213.  DA1316 (AVR triple): 5903016; 3295762; 3377578; 2760559.  csr-1(tm892): 

5139346; 3306716; 3367248; 2182697.  ego-1(om97):  5080570; 2773473; 2799340; 

1561121.  

Small RNA reads matching the genome were first normalized to the number of times they 

matched the genome. To compare unique loci between different libraries, the number of 

reads for each locus was normalized to the total number of reads in the library (excluding 

those reads considered to be degradation products). A cutoff of 25 reads per million (for 

protein coding genes, pseudogenes, and non-annotated loci or introns) or 5 reads per 

million (for microRNAs, 21U-RNAs) was used to perform each analysis. In the 

comparison between CSR-1 IP and input or glp-4(bn2) versus wild-type, for each locus 

examined, at least one of the samples was required to have 25 reads per million for that 

locus to be included in the analysis. 

The analysis of transposable and repetitive elements (including simple repeats) is 

complicated by the fact that these elements generally map to many loci throughout the 

genome, with various degrees of sequence divergence. In addition, the number of these 
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loci throughout the genome varies among different genetic backgrounds.  Thus, in the 

analysis of repeat elements (not including simple repeats), we considered the reads that 

match each reference element sequence in Repbase (Jurka et al., 2005), without 

normalizing each read to the number of times it matches the genome. Instead a simple 

cutoff of 25 reads per million for the analysis of this particular class of small RNA was 

used.  

For comparisons between loci targeted by 22G-RNAs enriched in the CSR-1 IP and loci 

targeted by small RNAs expressed in the germline it was necessary to compare two data 

sets, the CSR-1 IP data set (CSR-1 IP library compared to wild-type input library), and 

the glp-4(bn2), germline depleted, data set (glp-4(bn2) library compared to wild type 

library).   Only genes, pseudogenes or repeat elements present in both the IP and glp-

4(bn2) datasets (loci above the cutoff value) were included. Using these criteria, defines a 

set of 4066 protein coding genes, 65 repeat elements and 77 pseudo-genes  22G-RNAs 

targeting another 914 protein coding genes, 2 repeat elements and 8 pseudo-genes were 

enriched in the CSR-1 IP datasets but did not meet the cutoff of 25 reads per million in 

the glp-4(bn2) dataset. 22G-RNAs targeting 785 protein coding genes, 19 repeat elements 

and 63 pseudo-genes were enriched in the glp-4(bn2) datasets but were not present or did 

not meet the cutoff of 25 reads per million in the CSR-1 IP dataset. 
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Tiling Microarray Procedures 

Synchronous populations of wild type and csr-1(tm892) animals were grown for 54 hours 

post-hatching at 20ºC on OP-50 E. coli at a density of approximately 50,000 animals per 

15cm Petri dish.  The worms were harvested as young adults without oocytes.  RNA 

extraction was performed using TRI-Reagent (MRC Laboratories).  Instead of pelleting 

and resuspending the RNA (as described in the TRI Reagent protocol), RNA was 

recovered, washed and eluted using the RiboPure total RNA isolation kit (Ambion).  

Reverse transcritption was performed on 7µg of each sample using the GeneChip WT 

Double-Stranded cDNA Synthesis Kit.  The dsDNA was then purified using the 

GeneChip Sample Cleanup Module (Affymetrix) and quantified.  7.5µg of each dsDNA 

sample were used for the subsequent fragmentation and labeling reactions, using the 

GeneChip WT Double Stranded DNA Terminal Labeling Kit (Affymetrix). Hybridization 

to the arrays was made using standard Affymetrix protocols and reagents, and scanning 

was done with GeneChip Scanner 3000 7G at the University Massachusetts Medical 

School’s Genomics Core Facility.  Experiments were all conducted in triplicate from 

independent plates and sample preparations.  The arrays used in this study are the 

GeneChip C. elegans Tiling 1.0R chips from Affymetrix (comprising over 3.2 million 

perfect match/mismatch 25nt probes covering the complete non-repetitive C. elegans 

genome with a 25 base pair resolution).  Detailed protocols can be found in the GeneChip 

Whole Transcript (WT) Double-Stranded Target Assay Manual from Affymetrix. Signal 

values for each array probe were calculated using Affymetrix Tiling Analysis Software 

1.1.2 (bandwidth: 30; intensities: PM/MM) with three csr-1(tm892) replicates as the 

experimental datasets and three wild type replicates as the controls.  Probe overlap with 

annotations was assessed using the Affymerix-provided ce4 coordinate, which indicates 

the genomic position matching the center of the array probe. Only genes with signal for at 
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least 10 different probes in either the wild type or csr-1(tm892) samples were included for 

analysis.  

 

Sub-cellular Fractionation/Chromatin Isolation 

Is as described (Chu et al., 2006), with the following modifications:  500l of early 

embryos were resuspended in 2 volumes of Buffer A (with the addition of 1% 

SUPERNaseIN (Ambion), dounced in a Wheaton metal dounce homogenizer only until 

nuclei were visible under the dissecting microscope, then the extracts were centrifuged at 

1500xg for 1 min. at 4°C.  The rest of the protocol was as described until the isolated of 

chromatin was resuspended in 50l 2X SDS-PAGE Sample Buffer.  Western blot 

analysis is described above. 

For RNase A treatment of chromatin fractions, RNAse A (50µg per ml lysate) was added 

prior to dounce homogenization.  After douncing, extracts were incubated for 30 minutes 

at room temperature to allow for RNase A to act.  In untreated control experiments, this 

room temperature incubation was also added to the procedure described above. 

 

Chromatin Immunoprecipitation 

Embryos were prepared by bleaching from gravid N2 adults grown for 58-60 hours at 

20°C. Live embryos were washed five times with M9 buffer, and then (when indicated, 

Figure IV-6) treated with 10mM dimethyl 3, 3´-dithiobispropionimidate (DTBP, Thermo 

Fisher Scientific) diluted in M9 buffer (50ml total volume), for 30 minutes at room 

temperature with rotating.  DTBP was quenched by the addition of 2.5ml of 2.5M glycine 

for 5 minutes at room temperature.  Embryos were washed once with M9 before 

proceeding to formaldehyde cross-linking.   
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Embryos were cross-linked using 2.6% formaldehyde for 30 minutes at room temperature 

(50ml total volume) followed by quenching with 2.5ml 2.5M glycine for 5 minutes at 

room temperature. Embryos were then washed three times with M9 buffer, once with FA 

buffer (50mM HEPES/KOH pH 7.5, 1mM EDTA, 1% Triton X-100, 0.1% sodium 

deoxycholate; 150mM NaCl), and frozen in 500ml aliquots at −80°C. Extracts were 

prepared by resuspending embryo pellets in 1 volume FA Buffer supplemented with 

protease and phosphatase inhibitors, followed by dounce homogenization and sonication 

(15x, 15sec., 15% output, with a power setting of 5 on a Fisher Sonic Dismembrator 550) 

in a volume of 2ml.  Protein concentration was determined by Lowry method and 3.3mg 

extract was used for each ChIP in a total volume of 500 µl.  10% of each IP was removed 

as input (50µl), and frozen until the next day. 

10µg (anti-RNA Pol II, Abcam, #5408) or 20µg (anti-CSR-1) of antibody or buffer alone 

(no antibody control) was added to each IP sample and incubated overnight at 4°C. 

Immune complexes were recovered using 50µl of a 50% slurry of Protein-A/G agarose 

beads (Santa Cruz Biotechnology) and washed at room temperature with 1ml of each of 

the following solutions: FA Buffer (2x 5 minutes), FA Buffer with 1M NaCl (1x 5 

minutes), FA Buffer with 500mM NaCl (1x 10 minutes), TEL (0.25M LiCl, 1% NP-40, 

1% sodium deoxycholate, 1mM EDTA, 10mM Tris-HCl, pH 8.0) (1x 10 minutes), and 

TE (1mM EDTA, 10mM Tris-HCl, pH 8.0) (2x 5 minutes).  Samples were eluted twice 

with 150µl elution buffer (1% SDS in TE with 250mM NaCl) for 15 minutes at 65°C 

with shaking.  Eluates were combined and treated with 1µl (20mg/ml) Proteinase K for 2 

hours at 55°C with shaking.  

Input samples were thawed and treated with 10µg of RNase A (Ambion) for 2 hours at 

room temperature, before adding 150µl of elution buffer and treating with 1µl Proteinase 

K for 2 hours at 55°C with shaking.  Then, crosslinks were reversed for all samples by 
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incubation overnight at 65°C with shaking. DNA was recovered by phenol chloroform 

extraction and ethanol precipitation.  All samples were resuspended in 50µl of ultrapure 

water and stored at -20°C.  ChIP samples were analyzed by quantitative real-time PCR. 

 

Quantitative Real-time PCR 

Is as described in (Batista et al., 2008). 

For mRNA analysis:  cDNA was generated from 1g C. elegans total RNA using random 

hexamers with Superscript III Reverse Transcriptase (Invitrogen).  qRT-PCR was 

performed on the ABI Prism 7500 Sequence Detection System using Applied Biosystems 

SYBR Green PCR Master mix.  Thermocycling was done for 40 cycles, reactions were 

15l total volume (7.5l SYBR master mix, 0.6l of 10M primer, 2l cDNA, 4.3l 

dH20).  Primer sequences are available upon request.  Expression levels of csr-1 isoforms 

are determined relative to act-3 mRNA levels. 

For ChIP analysis: qRT-PCR was performed on the ABI Prism 7500 Sequence Detection 

System using Applied Biosystems FAST SYBR Green PCR Master mix.  Thermocycling 

was done for 40 cycles, reactions were 15l total volume (7.5l SYBR master mix, 0.6l 

of 10M primer, 2l Input DNA and 4.3l dH20 or 4l IP DNA and 2.3l dH20).  Primer 

sequences are available upon request.  Fold enrichment was determined relative to the 

control, Y47H10A.3, levels (This gene not appreciably targeted by small RNAs.).  Error 

is calculated as described in (Claycomb et al., 2002). 
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THE ORIGIN OF SMALL RNA PATHWAYS. 

 

The origin of Eukaryotic organisms around two billion years ago (Knoll et al., 2006) 

is one of the milestones in the evolution of biological complexity.  Armed with a degree of 

organizational complexity, that surpasses that of the both archea and eubacteria, eukaryotic 

organisms colonized a wide range of ecological niches.  Present day eukaryotes, descendents 

of the Last Eukaryotic Common Ancestor (LECA), can be classified in five supergroups 

(Koonin, 2010). 

Of particular interest is the widespread distribution, supported both by genomic 

analysis and experimental data, of small RNA pathways throughout the eukaryotic 

supergroups (reviewed in (Cerutti and Casas-Mollano, 2006)).  It is unlikely small RNA 

pathways composed of the same core set of proteins evolved independently in each 

eukaryotic lineage. Instead, the most parsimonious explanation is that small RNA pathways 

are of ancient origin and were present in the Last Eukaryotic Common Ancestor.  Genome-

wide comparisons of eukaryotic organisms indicate that the small RNA machinery of the 

Last Eukaryotic Common Ancestor was fairly complex,  composed of at least one Dicer 

enzyme, two proteins of the Argonaute family and three proteins of the RNA dependent 

RNA family, suggesting that functional diversity of small RNA pathways was already 

present in this ancient organism (Cerutti and Casas-Mollano, 2006; Zong et al., 2009). 
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THE SMALL RNAS OF C. ELEGANS. 

 

In C. elegans, the functional diversity of small RNA pathways is based on the 

presence of distinct classes of small RNAs.    Based on biogenesis and function, C. elegans 

small RNAs fall into 5 different classes: (i) miRNAs, (ii) primary siRNAs, (iii) 26G-RNAs, 

(iv) 21U-RNAs and (v) 22G-RNAs (Figure V-1).  The 26G-RNA class of small RNAs is 

composed by the embryonic (e26G-RNAs) and the spermatogenesis (s26G-RNAs) sub-

classes, and the 22G-RNAs can be divided into chromosome segregation (cs22G-RNAs) and 

transcriptome surveillance (ts22G-RNAs) sub-classes.  Each class or sub-class of small 

RNAs is ultimately defined by its interaction with a specific Argonaute protein or, in some 

cases, multiple Argonaute proteins that function redundantly.  Functional diversity among the 

pathways then arises from the properties of the Argonaute(s) involved in a particular 

pathway. 

The enzyme Dicer is involved in the generation of three classes of C. elegans small 

RNAs: the miRNAs, the primary siRNAs and the 26G-RNAs (Figure V-1).  Both miRNAs 

and primary siRNAs are generated from precursors with double-stranded RNA character.  

While miRNAs are generated from genome-encoded precursors with secondary structures 

containing both double-stranded and bulged regions (Hutvagner et al., 2001; Grishok et al., 

2001; Ketting et al., 2001), primary siRNAs are generated from perfectly matching dsRNA 

molecules (Jannot et al., 2008; Steiner et al., 2007).  Both miRNAs and primary siRNAs have 

a 5´- monophosphate and  2´,3´-hydroxy termini.  In C. elegans, miRNAs interact with the 

Argonaute proteins ALG-1 and ALG-2 (Grishok et al., 2001) and primary siRNAs 

specifically interact with RDE-1 (Yigit et al., 2006; Sijen et al., 2007) (Figure V-1).   
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Biogenesis of 26G-RNAs also requires the activity of RRF-3, an RdRP that interacts 

with Dicer (Duchaine et al., 2006), suggesting that a single-stranded RNA is the precursor in 

this pathway.  The details at the molecular level how the two enzymes coordinate generation 

of 26G-RNAs are not understood.  26G-RNAs have a 5´-end monophosphate and are 

modified at their 3´-end (Ruby et al., 2006).  The embryonic sub-class of 26G-RNAs 

interacts with the Argonaute protein ERGO-1 and the spermatogenesis sub-class of 26G-

RNAs interacts with the redundantly functioning Argonautes ALG-3 and ALG-4 (Vasale et 

al., 2010; Han et al., 2009; Conine et al., 2010; Gent et al., 2010) (Figure V-1).  Similarly to 

the primary siRNAs that associate with RDE-1, 26G-RNAs trigger the biogenesis of 22G-

RNAs and are therefore referred to as endogenous primary siRNAs.   

The embryonic 26G-RNAs of C. elegans have several similarities with a class of 23-

24-nt sRNAs in Tetrahymena thermophila.  These small RNAs target clusters of transcripts 

that have undergone extensive duplication and divergence, and do not code for functional 

proteins.  The 23-24-nt sRNAs are generated from single-stranded RNA molecules that are 

identified and used as templates by the RdRP Rdr1.  The Dicer homolog Dcr2 interacts with 

the RDRC complex (the complex that includes Rdr1) and processes the double-stranded 

RNA into siRNAs.  The phasing that is typically a hallmark of Dicer processing is not seen 

among these endogenous sRNAs, and this is thought to be a consequence of the ability of 

Rdr1 to start synthesis in multiple places along the RNA template.  The presence of a 

triphosphate at the 5´-end of the new RNA strand is essential for the generation of the 23-24-

nt sRNAs.  Unlike other Dicer products, the 23-24-nt sRNAs of Tetrahymena termophila 

have a strong strand bias that has been suggested to result from the coupling between RDRC 

and Dcr2 (Lee and Collins, 2006; Lee and Collins, 2007).   
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Considering the similarities between the complexes involved in biogenesis of 26G-

RNAs in C. elegans and the 23-24-nt RNAs in T. termophila, it is tempting to speculate that 

RRF-3 and DCR-1 in C. elegans function similarly to Dcr2 and Rdr1 in T. termophila.  One 

important difference between 26G-RNAs of C. elegans and the 23-24-nt RNAs of T. 

termophila is the bias at the 5´-end.  While 26G-RNAs have a strong bias for guanosine at 

the 5´-end (Ruby et al., 2006), uracil is the dominant nucleotide in T. termophila small RNAs 

(Lee and Collins, 2006). Possible mechanisms underlying the 5’-nucleotide bias of RdRP 

products are discussed further below.  The spermatogenesis 26G-RNAs are likely generated 

in a similar pathway, the only difference being the nature of the RNA transcript identified as 

a template by the RRF-3 complex.  

Biogenesis of 21U-RNAs is independent of both DCR-1 and RdRPs and there is no 

evidence for a ping-pong-related amplification pathway (Batista et al., 2008; Das et al., 

2008).  These 21U-RNAs are monophosphorylated at the 5´-end, modified at the 3´-end 

(Ruby et al., 2006) and interact with the Argonaute PRG-1 (Batista et al., 2008; Das et al., 

2008) (Figure V-1).  21U-RNA genomic loci are associated with a conserved motif of 

unknown function.  This motif might regulate the transcription of 21U-RNAs or the 

maturation of a possible RNA precursor transcript (Ruby et al., 2006). 

In most organisms, RNA dependent RNA polymersase (RdRP) function is coupled 

with Dicer to produce small RNAs.  In C. elegans, however, the RNA dependent RNA 

Polymerases RRF-1 and EGO-1 generate 22G-RNAs in a reaction that does not require 

processing by Dicer.  These small RNAs are tri-phosphorylated at the 5´-end with 2´- and 3´-

hydroxyl groups at the 3’ end. Of all classes of small RNAs described to date, only the 27nt 
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long RNAs of Entamoeba histolytica share the unique characteristic of 22G-RNAs – i.e. they 

are antisense to transcribed RNAs and have 5´-end polyphosphate (Zhang et al., 2008). 

The chromosome segregation sub-class of 22G-RNAs interacts exclusively with the 

CSR-1 Argonaute, while the transcriptome surveillance sub-class of 22G-RNAs is dependent 

on the redundant activities of 12 WAGO proteins (Aoki et al., 2007; Gu et al., 2009; 

Claycomb et al., 2009; Sijen et al., 2007; Pak and Fire, 2007) (Figure V-1).   

It is interesting to note that the WAGO 22G-RNA system can be divided into multiple 

distinct silencing pathways that are either dependent on initial targeting by a primary small 

RNA (e.g. 26G-RNA or primary-siRNAs) or independent of a primary small RNA pathway 

(generated through direct recognition of the template).  I will refer to 22G-RNAs dependent 

on a primary small RNA as d22G-RNAs, and those that are independent of a primary small 

RNA as i22G-RNAs.  All 22G-RNAs in the chromosome segregation sub-class of 22G-

RNAs are generated independently of Dicer.  
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Figure V-1. Model of the small RNA pathways of C. elegans. 
 
Schematic representation of the major complexes of C. elegans small RNA pathways, and 
how they interact with each other.  Grey boxes on top represent the triggers of each pathway.  
Small RNAs (Blue boxes) are generated by enzymes capable of processing dsRNA (Green 
boxes) or by RdRP complexes (Orange boxes) and interact with Argonaute proteins (Red 
boxes).  Grey boxes at the bottom indicate the functional outcome of each pathway. 
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GENERATION OF 22G-RNAs BY RNA DEPENDENT RNA POLYMERASES. 

 

22G-RNA generation does not involve the activity of the enzyme Dicer.  Instead 

22G-RNAs are synthesized by RNA dependent RNA polymerases as individual products in 

an unprimed reaction (Aoki et al., 2007).  As a consequence, 22G-RNAs are 

triphosphorylated at the 5´-end.  In addition, 22G-RNAs have a strong bias for guanosine at 

the 5´-end position (Gu et al., 2009; Sijen et al., 2007; Pak and Fire, 2007).  

There are at least two mechanisms that could explain the strong bias for guanosine at 

the 5´-end.  One possibility is that RNA dependent RNA Polymerases utilize guanosine-

triphosphate to initiate the synthesis of 22G-RNAs.  Alternatively, the CSR-1 and WAGO 

Argonaute proteins may selectively interact with small RNAs with a 5´-end guanosine.  In 

plants, AGO1, AGO2 and AGO7 have a potent 5´-nucleotide discrimination function 

(Montgomery et al., 2008).  However, it is important to note that Aoki and colleagues have 

shown that immunoprecipitated RRF-1, one of the C. elegans RdRPs, generates 22G-RNAs 

with the 5´-guanosine bias intact (Aoki et al., 2007).  Since Argonaute proteins are unlikely 

to be present in such experiments (and were in fact not detected as interactors in the 

immunoprecipitated complex) it is likely that the bias for guanosine derives from functional 

characteristics of the RdRPs.  Indeed, in vitro studies have shown that although the 

Neurospora crassa RdRP QDE-1 can function in the presence of both adenosine- and 

guanosine-triphosphate, the efficiency of guanosine incorporation is much higher (Makeyev 

and Bamford, 2002).  Interestingly, QDE-1 employs a de novo initiation mechanism to 

generate abundant, complementary ~20nt RNA molecules that originate throughout the 

template, as well as small amounts of complementary long dsRNA (Makeyev and Bamford, 
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2002). These observations are consistent with the notion that both the size and 5’-end 

nucleotide bias of 22G-RNAs are determined by RdRP characteristics. 

In C. elegans, 22G-RNAs are generated by EGO-1 and RRF-1, members of the C. 

elegans family of RNA dependent RNA polymerases.  RRF-1 plays an important role in 

somatic tissues, where it is essential for RNAi and generation of somatic 22G-RNAs (Sijen et 

al., 2001; Vasale et al., 2010; Gent et al., 2010).  ego-1 is predominantly expressed in the 

germline and is an essential gene required for germline development and RNAi targeting 

some germline expressed genes (Smardon et al., 2000).  RRF-1 and EGO-1 have partially 

overlapping functions in the germline, explaining the partial germline RNAi-resistance 

phenotype of ego-1 and the presence of a large population of germline 22G-RNAs in ego-1 

loss-of-function mutants.  As expected, germline 22G-RNAs fail to accumulate in the rrf-1 

ego-1 double mutant (Gu et al., 2009).   

Both RdRPs have been shown to interact with the Dicer-related helicase DRH-3 and 

with the Tudor-domain protein EKL-1 to form the core complex of the machinery 

responsible for 22G-RNA generation (Gu et al., 2009; Aoki et al., 2007) (Figure V-1).  This 

complex uses a wide range of transcripts, including transcripts targeted by the exo-RNAi 

pathway, as templates for the generation of 22G-RNAs.  In transcripts targeted by primary 

small RNAs, the large majority of 22G-RNAs are generated upstream of the area targeted by 

the primary small RNA (Vasale et al., 2010; Pak and Fire, 2007; Sijen et al., 2007; Sijen et 

al., 2001; Alder et al., 2003).  In transcripts not targeted by primary small RNA pathways, the 

RdRP complex is thought to initiate 22G-RNA biogenesis at the 3´ end.  In drh-3 

hypomorphic mutants, the few 22G-RNAs present are found enriched at the 3´-end of the 
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targeted transcripts, suggesting that the wild type activity of DRH-3 is required for the 

progression of the RdRP complex along the template (Gu et al., 2009).  

The mechanism by which the RdRP complex recognizes transcripts for use as 

templates for 22G-RNA biogenesis is still not understood.  All 22G-RNAs are dependent on 

the wild type activities of DRH-3, EKL-1 and the partially redundant EGO-1 (Gu et al., 

2009).  The two sub-classes of 22G-RNAs can be distinguished based on the proteins 

involved in their biogenesis.  While generation of small RNAs of the ts22G-RNA sub-class 

requires the wild type activities of RDE-3 and MUT-7, small RNAs in the cs22G-RNA sub-

class are RDE-3 and MUT-7 independent and generated by EGO-1 alone. 

 

BIOGENESIS AND FUNCTION OF THE ts22G-RNAS . 

 

Several lines of evidence suggest that, in C. elegans, transcripts with aberrant RNA1 

characteristics are recognized by a transcript surveillance system that promotes their 

silencing through the recruitment of the RdRP machinery, leading to the generation of ts22G-

RNAs (Figure V-1).  The aberrant transcripts recognized by this surveillance system are 

diverse, and include, among others: transcripts targeted by both exogenous and endogenous 

primary small RNAs, pseudogenes, transposons and cryptic loci.  

The role of RdRP-dependent small RNA pathways involved in the regulation of 

transcripts with aberrant characteristics is conserved across eukaryotic organisms.  In T. 

termophila, pseudogenes and DNA repeat elements are recognized by a protein complex 

                                                
1 Aberrant RNA is an ill-defined term.  In my thesis I use it to define RNA transcripts that are 
nonfunctional or harmful, and can be distinguished from productive transcripts by the 
presence or absence of specific signals.  
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containing an RdRP, which generates a dsRNA that is processed into small RNAs by Dicer 

enzymes (Couvillion et al., 2009).  In Paramecium tetraurelia, small RNAs that originate 

from intergenic regions have also been detected and require the activity of a RdRP enzyme 

(Couvillion et al., 2009).  In the single-cell organism Entamoeba histolitica, the presence of a 

predicted RdRP correlates with the existence of an abundant pool of 5´-polyphosphate small 

RNAs thought to be required to manage aberrant transcripts (Zhang et al., 2008). 

In C. elegans, the ts22G-RNA surveillance system is thought to be composed of at 

least two separate protein complexes: one that includes the protein RDE-3, and another 

containing MUT-7 and RDE-2.  The specific functions of each complex, and whether they 

function sequentially or in parallel, remains to be determined.  It is possible that at least one 

of these protein complexes modifies target transcripts in order to render them suitable 

templates for RdRP activity.   

 

The primary small RNA pathways trigger generation of d22G-RNAs. 

 

At least three primary small RNA pathways that initiate 22G-RNA biogenesis have 

been identified in C. elegans: (i) the exo-RNAi pathway, which depends on the Argonaute 

RDE-1 and is likely to function in limiting viral replication (ii) the embryonic branch of the 

26G-RNA pathway2, which depends on the argonaute ERGO-1 and (iii) the sperm branch of 

the 26G-RNA pathway, which depends on the redundant Argonaute proteins ALG-3 and 

ALG-4 (Yigit et al., 2006; Vasale et al., 2010; Conine et al., 2010; Gent et al., 2010; Lu et 

                                                
2 For these pathways I have opted to use the denomination ‘26G-RNA pathway’ instead of 
more commonly used ‘ERI pathway’ due to the lack of evidence that the sperm branch of the 
pathway (the ALG-3 and ALG-4 dependent branch) has an enhanced RNAi phenotype. 
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al., 2005; Wilkins et al., 2005).  It has been suggested that the PRG-1 pathway triggers the 

generation of 22G-RNAs at the TC3 locus (Batista et al., 2008; Das et al., 2008).  With one 

exception only, the targets of the PRG-1 pathway are not known, and it remains to be 

determined if the PRG-1 pathways, similarly to the RDE-1, ERGO-1 and ALG-3/4 pathways, 

requires the generation of 22G-RNAs to regulate its targets.    

The argonaute protein RDE-1 is a central player in the response to exogenous dsRNA 

(Tabara et al., 1999).  RDE-1 binds primary siRNAs (Yigit et al., 2006; Sijen et al., 2007) 

generated by the enzyme Dicer through processing of perfectly matching complementary 

dsRNA molecules (Grishok et al., 2001; Ketting et al., 2001; Knight and Bass, 2001; Jannot 

et al., 2008; Steiner et al., 2007).  rde-1 loss-of-function mutants are superficially wild type, 

showing no phenotype other than a strong resistance to RNAi, suggesting that RDE-1 plays a 

role in a pathway that is not essential for viability, at least under laboratory culturing 

conditions (Tabara et al., 1999).   

The Argonaute ERGO-1 has been shown to bind small RNAs of the embryonic sub-

class of 26G-RNAs (Vasale et al., 2010).  The Argonautes ALG-3 and ALG-4 redundantly 

required for the accumulation of, and are expected to interact with, the spermatogenesis sub-

class of 26G-RNAs, although a direct interaction between these Argonautes and 26-G RNAs 

has not yet been formally demonstrated (Conine et al., 2010; Han et al., 2009). 

While ERGO-1 interacts with 26G-RNAs expressed mostly during embryogenesis, 

ALG-3/4 are thought to bind 26G-RNAs antisense to transcripts expressed during, and with a 

role in, spermatogenesis.  The expression of ERGO-1 and ALG-3/4 argonaute proteins 

matches that of their interacting small RNAs (Han et al., 2009; Vasale et al., 2010; Conine et 

al., 2010).  The two branches of the 26G-RNA pathway target distinct sets of loci.  The 
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sperm branch of the 26G-RNA pathway targets over 400 genes that are expressed and 

function during spermatogenesis.  In contrast, the large majority of targets in the embryonic 

branch of the 26G-RNA pathway are not recognizable as genes.  Instead these loci seem to 

contain fragments of ancient gene duplications, suggesting that this pathway is controlling 

the expression of potentially harmful transcripts. 

The differences between the two branches of the 26G-RNA pathway extend beyond 

the specific temporal and spatial expression of the Argonaute proteins.  First, the Argonaute 

proteins themselves are not the only components specific to each pathway.  For example, the 

Dicer interactor ERI-9 is required for biogenesis of ERGO-1 dependent 22G-RNAs but has 

no role in the ALG-3/4 pathway (Pavelec et al., 2009).   

In addition, the mechanism of template recognition is likely different in the two 

branches, since the nature of targeted transcripts is distinct in the two pathways: the ERGO-1 

pathway targets repetitive intergenic clusters of transcripts and other aberrant loci, while the 

ALG-3/4 pathway targets large numbers of protein-coding transcripts with essential 

functions.  Beyond the identity of target transcripts, the pattern of 26G-RNA production on 

individual targets also suggests mechanistic diversification between the two pathways: ALG-

3/4-associated 26G-RNAs target mainly the 5´ end of transcripts (Conine et al., 2010), while 

ERGO-1 associated 26G-RNAs are conspicuously absent from the very 5’ region of about 

100nt of target transcripts (Vasale et al., 2010). 

Like RDE-1, ERGO-1 is not required for viability under laboratory culturing 

conditions. ergo-1 mutants have an enhanced response to dsRNA-triggered RNAi (ERI 

phenotype) (Yigit et al., 2006).  The ERI phenotype observed in ergo-1, and in mutants for 

other genes involved in the generation of ERGO-1-interacting 26G-RNAs, is thought to 



Chapter V 

261 
 

result from the release of limiting factors that become available to function with long 

dsRNA-induced 22G-RNAs (Duchaine et al., 2006; Yigit et al., 2006). In contrast to the 

other primary Argonautes, ALG-3/4 have a clear function in worm physiology, since loss of 

function of both Argonaute proteins leads to temperature-dependent sterility (Han et al., 

2009; Conine et al., 2010).   Since all assays used to test for enhanced sensitivity to dsRNA 

target transcripts that are not expressed in the same tissues or developmental stages as ALG-

3/4, it remains to be determined if alg-3/4 also has an ERI phenotype. 

How the primary argonautes RDE-1, ERGO-1 and ALG-3/4 mark targeted transcripts 

for use as templates for 22G-RNA biogenesis is still unknown.  These primary Argonaute 

proteins are expected to have RnaseH-like PIWI cleavage activity, since all the critical 

residues are present at the catalytic site ((Yigit et al., 2006) and Figure I.7).  Thus, the 

cleavage of the target mRNA could create a signal that is recognized by the transcript 

surveillance module, which in turn recruits the amplification module to generate 22G-RNAs 

and leads to silencing of the targeted transcript.  In C. elegans, amplification of the silencing 

signal is an essential step in the RNAi pathway, and the primary signal alone is not sufficient 

to lead to gene silencing (Sijen et al., 2001; Yigit et al., 2006; Sijen et al., 2007; Pak and Fire, 

2007).  Although the role of target mRNA cleavage by these Argonautes is an attractive 

model, several lines of evidence suggest that the RnaseH-like catalytic activity of the RDE-1 

is not essential for the recruitment of downstream complexes.  First, a strain carrying an 

RDE-1 protein mutated at the aminoacid residues important for the endonucleolytic activity 

of the PIWI domain is still RNAi competent.  In addition, a primary siRNA carrying a 

mismatch at the presumed cleavage site can still trigger biogenesis of 22G-RNAs, suggesting 
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that RDE-1 RISC-like activity is not essential for RNAi (Steiner et al., 2009; Sijen et al., 

2007).   

It is possible that the recruitment of downstream complexes could be accomplished 

directly through protein-protein interactions.  In this case, a component of one of the 

downstream complexes could interact with a component of the Argonaute complex, which in 

turn interacts with its target through the small RNA.  However, the presence of secondary 

siRNAs that start within the sequence targeted by the primary siRNAs suggest that RdRP 

amplification occurs after the RISC-like complex has been released from the target (Sijen et 

al., 2007).   

These observations can be reconciled by proposing that a protein complex, recruited 

by protein interactions with the Argonaute complex, could be responsible for cleavage of the 

targeted transcript to generate a signal capable of recruiting RdRP complexes.  It is also 

possible that the transcript surveillance complexes recognize multiple signals.  If so, primary 

pathways could recruit the amplification machinery both by cleavage of the target transcript 

and through protein-protein interactions between the RISC-like complex and one of the 

downstream complexes. 

 

Aberrant RNAs are used as templates in the biogenesis of i22G-RNAs. 

 

The second group of aberrant transcripts identified by the surveillance module of the 

small RNA pathways is a group of ‘harmful’ transcripts: the templates of the i22G-RNA sub-

class of small RNAs, here categorized as aberrant RNAs.   One hypothesis is that transcripts 

in this group contain signatures that are recognized by protein complexes of the 22G-RNA 
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transcriptome surveillance system.  Signatures recognized by these complexes could include 

absence of a poly(A), marks of incomplete splicing, secondary RNA structures, failure to 

associate with the appropriate hnRNP proteins, association with proteins not normally 

associated with the mature form of the transcript, and any other characteristic that sets these 

transcripts apart from productive mRNAs.  In this model, the surveillance complexes act as 

sensors for quality control that identifies aberrant RNAs as transcripts to be silenced.   

One interesting possibility is that the primary small RNA pathways have evolved to 

take advantage of the existence of this quality control surveillance by generating features that 

lead to their identification by these complexes.  So rather than evolving to promote efficient 

degradation of the target, the primary small RNA pathways could instead have evolved to 

improve specificity, since they could then rely on the quality control pathways to efficiently 

degrade the targeted transcripts.   

 

Small RNAs in RNA Quality Control. 

 

An interesting possibility is that small RNAs have been used in RNA quality control 

systems since the Last Eukaryotic Common Ancestor.  Throughout all eukaryotic lineages, 

small RNA pathways play important roles in the response against aberrant RNAs of both 

endogenous and exogenous origin, suggesting that this is an ancestral function of small RNA 

pathways.  In C. elegans, the role small RNA pathways play in the RNA quality control 

systems is especially relevant in the germline.   

One hypothesis is that transcripts being targeted by canonical quality control 

pathways are temporarily available as templates for the RdRP complex in order to generate 
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22G-RNAs.  While the canonical quality control pathway promotes degradation of the 

identified transcript, 22G-RNAs would function in trans to silence other copies of the 

transcript, functioning as an auxiliary system.  In the C. elegans germline the small RNA 

machinery is essential in the control of aberrant RNA levels. Therefore if canonical quality 

control pathways are also involved in the degradation of transcript targeted by small RNAs, 

they are clearly not sufficient, as 22G-RNAs are essential to silence aberrant transcripts.   

Therefore it is likely that the small RNA pathways themselves identify hallmarks of 

aberrant transcripts, and promote their silencing through the generation of an abundant pool 

of small RNAs, playing a fundamental role in RNA quality control.    

In this model, the transcriptome surveillance machinery recognizes aberrant RNAs 

and leads to the production of 22G-RNAs, using the identified transcript as a template.  The 

small RNAs will then promote the degradation of homologous transcripts through the cell’s 

general degradation pathways.  Because 22G-RNAs interact with a group of Argonaute 

proteins not expected to have catalytic activity, it is possible that transcript degradation 

depends on the exosome complex.  It has been proposed that quality control pathways 

function by delaying the progression of transcripts through their maturation cycle, allowing 

the quality control pathways to promote their degradation (Doma and Parker, 2007).  One 

possible mechanism of action of 22G-RNA loaded WAGO complexes could be to induce 

such a delay, thus resulting in passive destruction of the targeted transcript.  Such a model 

would predict that the proteins involved in targeted transcript degradation belong to an 

essential system involved in multiple pathways, which might explain the failure thus far in 

genetic screens to identify mutants involved in transcript degradation downstream of small 

RNA pathways. 
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Instead of having multiple pathways involved in the degradation of a wide range of 

aberrant transcripts, the 22G-RNA pathway allows multiple aberrant RNA signals to be 

converted into a single mark: the interaction with a 22G-RNA loaded Argonaute complex, 

which is identified by the degradation machinery.   

Another advantage of such a system is the ability to create a sequence-specific 

signature that is independent of the aberrant RNA molecule itself, and can therefore function 

in trans.  The ability of 22G-RNAs to function in trans allows the RNA quality control 

system to target all related molecules and diversify the silencing modes available.  

Transcripts identified as aberrant in a given cellular compartment can be silenced in other 

cellular compartments, at different stages of the RNA life cycle.  For example, transcripts 

recognized as aberrant in the cytoplasm can also be targeted for silencing in the nucleus.  The 

Argonaute NRDE-3 (WAGO-12), which has been implicated in both exo-RNAi and the 

ERGO-1 pathway, is an example of how small RNA pathways can carry information from 

the cytoplasm into the nucleus (Guang et al., 2008). 

The ability of 22G-RNAs to function in trans does raise a potential problem.  

Because a transcript with an aberrant signature will serve as a template for many 22-nt long 

RNAs of unique sequence, there is a potential for silencing productive transcripts that share 

significant sequence homology.  It has been proposed that secondary siRNAs in the RNAi 

pathway (which belong to the 22G-RNA class) are not capable of inducing further rounds of 

22G-RNA biogenesis, thereby limiting the potential for off-target silencing (Yigit et al., 

2006).  Perhaps a mechanism that prevents off-target silencing during RNAi is also important 

to prevent the silencing of productive transcripts by the RNA quality control pathway.  
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It has been observed that transcripts targeted by a larger numbers of 22G-RNAs are 

more likely to be down-regulated than transcripts targeted by lower levels of 22G-RNAs (Gu 

et al., 2009).  This observation suggests that the levels of 22G-RNAs play an important role 

in deciding the fate of the targeted transcript.  This characteristic of the system could also 

limit the silencing of productive transcripts.  The levels of 22G-RNAs targeting productive 

transcripts in trans will always be proportional to the degree of similarity to the originally 

targeted transcript.  For transcripts with reduced similarity, it is possible that low levels of 

22G-RNAs are ignored by the downstream silencing steps as a way to protect productive 

RNAs.  Although the majority of aberrant RNAs are targeted by 22G-RNAs, we have to 

consider the role of other canonical pathways such as Nonsense Mediated Decay (NMD).  

These canonical quality control pathways could remove aberrant transcripts with extensive 

homology to productive mRNAs, before the aberrant transcript is available to be used as a 

template for 22G-RNA biogenesis.  Indeed, known targets of NMD do not overlap with 22G-

RNA targets (Gu et al., 2009).  It is also possible that the cells compartmentalize the 22G-

RNA response and that 22G-RNAs are present at higher levels in structures where aberrant 

RNAs are more likely to be present, thus minimizing the access of 22G-RNAs to productive 

transcripts.   

In addition, a mechanism that regulates the strength of 22G-RNA biogenesis could be 

present, where varying levels of aberrancy (either quantity or quality wise) would lead to 

corresponding levels of 22G-RNAs generated.  As such, transcripts unlikely to be related to 

productive RNAs, or generated from clearly harmful sources (such as viruses) would 

generate higher levels of 22G-RNAs.  Indeed, the primary pathways dependent on ERGO-1 

or RDE-1 promote the biogenesis of high levels of 22G-RNAs.   
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Multigene families are frequent sources of aberrant transcripts, due to the reduced 

selective pressure to maintain the ‘correct’ sequence for every member of the family (O'Brien 

and Wolin, 1994).  In C. elegans, the ERGO-1 branch of the 26G-RNA pathway targets 

transcripts originated from clusters derived from ancient gene duplications (Vasale et al., 

2010).  Unlike the transcripts targeted by the i22G-RNAs, these transcripts are recognized as 

aberrant RNAs by the machinery that generates the ERGO-1 interacting 26G-RNAs.  One 

hypothesis is that the machinery responsible for generating 26G-RNAs functions similarly to 

the amplification machinery responsible for ts22G-RNA synthesis, by recognizing aberrant 

RNA transcripts and promoting the generation of small RNAs.  It is not know if proteins 

present in the surveillance module also play a role in the initiation of this pathway, or if the 

RRF-3 complex interacts with a distinct complex specialized in recognizing these transcripts.  

Cells are known to take advantage of the RNA quality control system to regulate the 

levels of productive transcripts (reviewed in (Isken and Maquat, 2007)).  In C. elegans, the 

sperm branch of the 26G-RNA pathway is an example of how small RNA pathways can also 

be used to regulate expression of functional genes.  ALG-3/4 interact with 26G-RNAs to 

regulate spermatogenesis-related transcripts by turning them into aberrant RNA transcripts, 

that are identified by the RdRP complexes. 
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The potential role of the 22G-RNA pathways on the evolution of the C. elegans 

transcriptome. 

 

The presence of an RNA quality control system in cells creates a new layer of 

regulation of the transcriptome.  The role of RNA quality control systems can impact the 

evolution of the transcriptome, and organisms themselves, in two distinct ways. 

First, RNA quality control systems influence the ability of a transcript to accumulate 

to levels at which it can have an impact on the fitness of the organism by regulating the 

expression level of the transcript. For transcripts that have a positive impact on fitness, this 

creates a selective pressure against accumulating any characteristic that would be recognized 

as aberrant RNAs.  On the other hand, accumulation of aberrant RNA signatures in 

transcripts with a negative impact on fitness will be under positive selection.  This effect can 

be partial, as a transcript can have a positive effect when expressed at a specific time or in a 

specific tissue.  Thus, the time- or space-specific acquisition of an aberrant RNA 

characteristic would have a beneficial effect.   

The second level of impact that RNA quality-control systems can have on the 

evolution of the transcriptome is their potential role as evolutionary capacitors.  Evolutionary 

capacitors are systems that silence the phenotypic consequences of mutations, allowing the 

acquisition of greater genetic diversity, which can be uncovered at a later time (Rutherford 

and Lindquist, 1998).  RNA quality-control systems allow the multiple pathways involved in 

RNA maturation a higher degree of flexibility, allowing for the accumulations of mutations 

that do not translate into a phenotype.  Transcripts can then acquire new sequences that are 
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uncovered in situations where RNA quality control fails or is relaxed, or when the evolving 

transcripts acquire a mutation that allows them to avoid quality control. 

Small RNA pathways exert control, and thus selective pressure, at two levels: 

recognition of aberrant RNA characteristics at the transcript level, and the ability of small 

RNAs to identify targets in trans.  As mentioned above, acquiring or losing signatures that 

identify the RNA transcript as aberrant will affect the ability of the transcript to accumulate.  

In addition, the ability of 22G-RNAs to function in trans can exert a selective pressure in 

transcripts to either avoid or acquire sequences already targeted by an abundant population of 

22G-RNAs.  An essential transcript would thus avoid sequences already targeted by 22G-

RNA generated from other loci, while a transcript with a negative impact on fitness would be 

permitted to evolve sequences that would allow it to be regulated.  The NMD pathway is 

believed to create a similar restriction on the evolution of gene structure (Isken and Maquat, 

2007).   

Small RNA pathways can also function as evolutionary capacitors.  In addition to 

repressing transcripts identified as aberrant, small RNAs can potentially repress transcripts 

related to aberrant RNAs, creating situations were sequence diversity increases away from 

the filtering of natural selection. 
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BIOGENESIS AND FUNCTION OF THE cs22G-RNAS. 

  

The 22G-RNAs of the chromosome segregation sub-class are generated 

independently of both the primary pathways and the transcript surveillance machinery.   

This pathway is essential for chromosome segregation and depends exclusively on the 

Argonaute protein CSR-1. The CSR-1 pathway utilizes actively transcribed germline genes 

as templates to generate 22G-RNAs.  Although the CSR-1 pathway also utilizes RdRP 

complexes to generate 22G-RNAs, there are at least two differences between the protein 

complexes that generate 22G-RNAs that interact with CSR-1 and 22G-RNAs that function in 

the transcriptome surveillance branch.  Unlike the RdRP complexes that seem to be recruited 

by the transcript surveillance machinery, where EGO-1 and RRF-1 function redundantly (Gu 

et al., 2009), only EGO-1 is involved in the generation of CSR-1 interacting 22G-RNAs 

(Claycomb et al., 2009).  In addition, the germline-specific nucleotidyltransferase CDE-1 is 

present exclusively in the CSR-1 amplification module (van Wolfswinkel et al., 2009).   

Interestingly, the CSR-1 pathway does not appear to down regulate the levels of its 

endogenous targets.  Instead, it is thought that the CSR-1/cs22G-RNA complex targets 

coding regions distributed along the chromosomes to promote the proper organization and 

alignment of holocentric kinetochores at metaphase (Claycomb et al., 2009).   
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DICER INDEPENDENT BIOGENESIS OF 22G-RNAS? 

 

22G-RNAs are directly synthesized by RdRPs and, with the exception of 22G-RNAs 

triggered by Dicer dependent primary pathways (d22G-RNAs sub-group of the transcriptome 

surveillance sub-class), are not depleted in dcr-1 loss-of-function mutants.  Because dcr-1 is 

an essential gene, and is maternally loaded in the next generation, conclusions drawn from 

analysis of dcr-1 loss-of-function mutant animals must be interpreted with caution.  The 

phenotypes of dcr-1 loss-of-function mutations can only be tested in homozygous 

descendents of animals heterozygous for the mutations.  A perdurance of maternal dcr-1 

product is sufficient to allow the homozygous animals to develop into viable, but sterile, 

adults.  Thus, the dcr-1 phenotype is only uncovered once the maternal load is not sufficient 

anymore to compensate for the absence of a functional copy in the genome.   

Analysis of dcr-1 loss-of-function is further complicated by the fact that the healthier 

animals, which survive long enough to be used in experiments, will also be the ones with a 

larger maternal load of dcr-1.  With this in mind, it is formally possible that primary siRNAs 

are generated by maternally-loaded products of dcr-1 during early development and trigger 

the biogenesis of 22G-RNAs during later stages of development.  Alternatively, primary 

small RNAs produced by Dicer in the germline of dcr-1 heterozygotes might be inherited in 

sufficient quantity to trigger i22G-RNA or cs22G-RNA biogenesis in the dcr-1 homozygous 

animals.  

Several observations suggest that maternal load of dcr-1 products, or primary 

siRNAs, are not responsible for priming the biogenesis of the majority of 22G-RNAs.  

Although the maternal load of dcr-1 products is enough to allow the development of 
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homozygous animals until the adult stage, the role of DCR-1 can still be evaluated for small 

RNA pathways known to require dcr-1 activity.  Small RNAs in the miRNA, RNAi and 

26G-RNA pathways are depleted in animals homozygous for dcr-1 loss-of-function alleles.   

In addition, the only Argonaute proteins known to be involved in biogenesis/stability 

of the i22G-RNAs and cs22G-RNAs belong to the WAGO clade of Argonaute, proteins that 

interact with the 22G-RNAs (Yigit et al., 2006; Gu et al., 2009; Claycomb et al., 2009).  So 

far, no Argonaute capable of interacting with a different class of small RNAs has been shown 

to have a role in the biogenesis of 22G-RNAs not related to the RDE-1, ERGO-1 and ALG-

3/4 pathways.  Unlike dcr-1, most Argonaute loss-of-function mutants are viable, and their 

phenotypes can be determined without the complications derived from maternal load. All 

other proteins involved in the biogenesis of i22G-RNAs are believed to act at steps 

downstream of DCR-1. Although, it is a statement that needs to be made with caution, all the 

present evidence suggests that the ts22G-RNAs and the i22G-RNAs are DCR-1 independent.  

These arguments hold true for 21U-RNAs as well. 

 

THE DOWNSTREAM STEP – THE WAGO ARGONAUTES. 

 

The ability to respond to dsRNA, as well as the accumulation of 22G-RNAs 

(secondary siRNAs) targeting the somatic gene unc-22 is dependent on the activity of 

multiple, redundant argonautes.  Secondary siRNAs have been shown to physically interact 

with WAGO-8 (SAGO-1) and WAGO-6 (SAGO-2) (Yigit et al., 2006).  22G-RNAs 

triggered by ERGO-1 and RDE-1 have been shown to interact with NRDE-3 (WAGO-12) as 

well (Guang et al., 2008).  WAGO-1 interacts with a wide range of 22G-RNAs, including 
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ERGO-1 and ALG-3/4 dependent 22G-RNAs.  CSR-1, which unlike the previous 

Argonautes is expected to have catalytic activity, interacts with a set of 22G-RNAs that don’t 

overlap with WAGO-1 interacting 22G-RNAs. 

The small RNAs that interact with the different WAGO proteins have not been 

extensively characterized in most cases.  It is therefore impossible to evaluate if different 

Argonautes always interact with distinct populations within each class (or sub-class) of small 

RNAs, or if the same population of small RNAs can interact with distinct Argonautes.  One 

possibility is that the different Argonautes with redundant functions don’t discriminate 

between 22G-RNAs.  Alternatively, 22G-RNAs generated from different areas of the 

transcript, or by different versions of the RdRP complexes, could be loaded into different 

Argonaute proteins.  Interestingly, WAGOs exhibit distinct subcellular localization patterns. 

For example, WAGO-8 and WAGO-6 are cytoplasmic, NRDE-3 (WAGO-12) is known to 

function in the nucleus, and WAGO-1 localizes to P granules. Thus, one interesting 

possibility is that different Argonaute proteins bind similar populations of 22G-RNAs, but 

promote silencing at transcriptional and post-transcriptional levels.  

 

MICRO-RNAS AND 21U-RNAS. 

 

The two remaining small RNA pathways in C. elegans are the miRNA and the 

piRNA pathways.  Both pathways rely on small RNAs that are encoded by specific genomic 

loci. 

In C. elegans, the miRNA pathway is particularly important in controlling 

developmental gene expression (Lee et al., 1993; Reinhart et al., 2000).  In C. elegans, 
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miRNAs interact with two argoanute proteins, ALG-1 and ALG-2 and are generated through 

the combined activities of Drosha and Dicer (Grishok et al., 2001; Denli et al., 2004) (Figure 

V-1). 

The C. elegans 21U-RNAs (of the piRNA family) are the least understood small 

RNAs in C. elegans.  With few exceptions, 21U-RNAs fail to exhibit complementarity to, or 

evidence for direct regulation of, other expressed sequences.  The one exception is 21U-

RNA-15073, which perfectly matches the inverted repeat of the TC3 transposon.  PRG-1 and 

21U-RNAs regulate the levels of transposase mRNA and the mobility of TC3 (Batista et al., 

2008; Das et al., 2008).  Regulation of the TC3 transposon also requires the activity of 

protein components of both the surveillance and amplification modules (Sijen and Plasterk, 

2003; Gu et al., 2009), suggesting that like the RDE-1, ERGO-1 and ALG-3/4 pathways 

(primary modules), PRG-1 generates an aberrant RNA signature in the targeted transcript, 

promoting the identification of the transcript by the surveillance module and the generation 

of 22G-RNAs.  It remains possible that at least a fraction of 21U-RNAs functions as a 

sequence memory of aberrant RNAs.  The lack of knowledge of PRG-1 targets prevents us 

from determining how many PRG-1/21U-RNA targets function as templates for the 

generation of 22G-RNAs.  It is possible that 21U-RNAs promote distinct, and perhaps 

multiple forms of regulation, depending on the level of complementarity between the 21U-

RNAs and the targeted transcript.   
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GERM GRANULES, GERMLINE FUNCTION AND SMALL RNA PATHWAYS. 

 

In the germ cells the RNA processing machinery is consolidated in large 

ribonucleoprotein granules, known as P granules.  Small RNA pathways play essential roles 

in the regulation of gene expression and maintenance of genome integrity in germ cells, and 

several components of these pathways localize to the P granules.  In C. elegans, PRG-1, 

CSR-1, DRH-3 and WAGO-1 are constitutive components of P granules (Batista et al., 2008; 

Claycomb et al., 2009; Gu et al., 2009).  In addition, ALG-3 and ALG-4 localize to P 

granules in a specific stage of spermatogenesis (Conine et al., 2010) and EGO-1 is present in 

P granules in all stages of development, except in oocytes (Claycomb et al., 2009).   

Similarly to constitutive P granule components, such as GLH-1 and PGL-1, loss of 

function of PRG-1, ALG-3/4 and WAGO argonautes results in temperature-sensitive 

sterility.  CSR-1, EGO-1 and DRH-3 are essential genes, and loss-of-function mutants are 

inviable at any temperature. 

 

PRG-1 and 21U-RNAs. 

 

PRG-1 is a constitutive component of P granules that is parentally derived; although 

the PRG-1 protein is present in embryos where it localizes to P granules, no prg-1 mRNA is 

detected in embryonic RNA samples.  In both males and hermaphrodites, PRG-1 is present in 

the P lineage, during all stages of development.  Although the PRG-1 protein is absent from 

mature sperm, the PRG-1 protein is still present in mature oocytes, where it no longer 



Chapter V 

276 
 

localizes to the perinuclear region (Batista et al., 2008).  Thus it is likely that PRG-1, and any 

mature 21U-RNAs associated with it, are inherited through the oocytes.   

Loss-of-function mutations in prg-1 and knock down of prg-1 by RNAi result in a 

reduction of fertility (Yigit et al., 2006; Wang and Reinke, 2008; Batista et al., 2008; Das et 

al., 2008; Cox et al., 1998) that is likely a consequence of a reduced proliferation of germline 

cells (Cox et al., 1998; Batista et al., 2008).  A reduction of the number of mature sperm cells 

has also been reported in two independent studies (Wang and Reinke, 2008; Das et al., 2008).  

The fertility defects associated with loss of function of prg-1 are unlikely to be restricted to 

spermatogenesis, as two studies have shown that wild type sperm cannot fully rescue the prg-

1 phenotype (Batista et al., 2008; Das et al., 2008). One study reported no reduction of the 

overall number of germ cells and a considerable rescue of the prg-1 mutation phenotype 

through wild type male sperm (Wang and Reinke, 2008).  While whole animal gene 

expression studies didn’t reveal any global changes in gene expression in prg-1 mutant 

populations (Batista et al., 2008; Das et al., 2008), a study on gonad gene expression found 

that about 500 genes were down-regulated in the prg-1 mutant, suggesting a positive role for 

prg-1 in transcript accumulation (Wang and Reinke, 2008).  

The fact that PRG-1 is involved in silencing TC3 suggests that the presence of a 

perfect match to a 21U-RNA in a transcript leads to silencing of the transcript.  Still, the 

large majority of 21U-RNAs don’t have perfect sequence homology to other transcripts. 

Thus, if 21U-RNAs target endogenous transcripts, one must predict that 21U-RNAs identify 

their targets through base pair interactions that allow for mismatches.  This hypothesis would 

predict that the fate of a transcript targeted by a 21U-RNA would depend of the degree of 

base-pairing between the 21U-RNA and the targeted transcript, similarly to what happens 
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with miRNA in animals (Yekta et al., 2004).  The localization of PRG-1 to P granules and 

the observation that PRG-1 might be required for transcript stability, suggests that PRG-

1/21U-RNA may facilitate retention of maternally transcripts in P granules.  In this model, 

the high sequence diversity of 21U-RNAs together with a low stringency interaction with its 

targets would allow the PRG-1/21U-RNA complex to interact with a large number of 

transcripts.  The lack of conservation in 21U-RNA sequences between nematodes is 

consistent with the idea that sequence diversity, rather than specificity, is important in 21U-

RNA function.  The selective pressure to maintain the sequences of the ancestral 21U-RNA 

loci would thus be alleviated.  Under this scenario the only selective pressure on 21U-RNA 

loci would be to avoid perfect complementarity with essential mRNAs, since that could lead 

to silencing of targets.  Our preliminary data suggests that 21U-RNA loci have a much higher 

level of divergence than miRNA loci between natural isolates of C. elegans, demonstrating 

that 21U-RNA loci are either selected to acquire new sequences, or are not under strong 

selective pressure.   

This model predicts that 21U-RNAs hybridize permissibly with its targets through 

base pairing rules that are yet to be determined.  It is also possible that specific targets 

identified through an unknown mechanism by 21U-RNAs are targeted for degradation.  In 

such a scenario, 21U-RNAs would function similarly to other piRNA pathways and the 

primary pathways of C. elegans.  It is also conceivable that both hypotheses are correct, and 

that PRG-1 can both promote target retention at P granules as well as target destruction, 

depending on the binding context. 

If 21U-RNAs function exclusively by targeting transcripts with perfect matches, an 

untested possibility is that the PRG-1/21U-RNA complex targets transcripts generated 
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outside of the C. elegans genome, such as from viruses.  PRG-1 could therefore play a role in 

protecting the germline against viral infections.  In this model, 21U-RNAs could function as 

genetic memory of a past infection, or as a collection of sequences absent from essential 

RNA that would target any ‘foreign’ transcript for degradation.  So far, no natural viruses of 

C. elegans have been identified, and this hypothesis is therefore un-testable.  An expected 

consequence of this model, considering the loss-of-function phenotype or prg-1, is that viral 

infections in C. elegans are permanent and have severe impacts in the fertility of the animals.  

Since Argonaute proteins can promote distinct forms of silencing as a result of the degree of 

complementarity between the small RNA and the targeted transcript, it is possible that more 

than one of the previous models is correct. 

 

22G-RNA pathways in the P granules.  

 

The proteins DRH-3 and EGO-1, core components of the 22G-RNAs amplification 

machinery, and the argonautes CSR-1 and WAGO-1 all localize to P granules.  Loss-of-

function of genes in the CSR-1 pathway results in disruption of the perinuclear localization 

of P granules, suggesting that the CSR-1 branch of the 22G-RNA pathways plays an 

important role in P granule assembly/stability (Claycomb et al., 2009).  Loss of function of 

wago-1 and 11 other related argonautes, which are partially redundant with wago-1, leads to 

reduced fertility but as no effect on P granules (Gu et al., 2009). 

P granules localize to the cytoplasmic face of nuclear pores and maternally expressed 

transcripts pass through P granules (Pitt et al., 2000; Schisa et al., 2001).  Although only 

maternally regulated transcripts are retained within P granules, it is likely that all transcripts 
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expressed in the germline progress through these perinuclear structures.  It is difficult to 

imagine that a subset of housekeeping transcripts (for example) would be sorted in the 

nucleus, and only exit through a small minority of nuclear pores not associated with P 

granules.  Therefore, it is likely that at least a fraction of the cellular 22G-RNAs are 

generated at the P granules, where the template, the core components of the biogenesis 

machinery, DRH-3 and EGO-1, and the Argonaute proteins, CSR-1 and WAGO-1, all co-

localize.  Although the sub-cellular localization of RRF-1 is not known, it is possible that 

RRF-1 also localizes to P granules.  

This hypothesis predicts that, as transcripts exit the nuclear pore complex they are 

scanned and used as templates to generate 22G-RNAs, which will function in at least two 

distinct pathways.  While CSR-1 interacting 22G-RNAs are generated from genes expressed 

in the germline, including housekeeping genes, WAGO-1 interacts with 22G-RNAs 

generated from harmful transcripts, in addition to transcripts targeted by primary small RNAs 

pathways.  There is little overlap between the transcripts used as templates in the generation 

of 22G-RNAs in the CSR-1 and WAGO-1 pathways, implying the presence of a sorting 

mechanism within P granules.  This mechanism could act at the level of selection of 

templates for the biogenesis of 22G-RNAs or at the level of loading of the Argonaute 

proteins.  Considering that only EGO-1 is involved in the biogenesis of CSR-1 interacting 

small RNAs, and that CDE-1 functions specifically with EGO-1 in the generation of CSR-1 

interacting small RNAs, it is likely that an important step of the sorting between the two 

pathways happens at the level of recruitment of the amplification machinery to each 

template.  Template sorting between distinct RdRPs complexes also occurs in other 
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organisms, T. thermophila for example (Lee and Collins, 2007), and is likely a conserved 

characteristic of small RNA pathways that share the RdRP machinery. 

It seems possible that all transcripts that progress through P granules are used as 

templates for the biogenesis of 22G-RNAs, but that transcripts identified as aberrant are 

directed to a WAGO loading complex, while transcripts of genes to be expressed or retained 

in the P granules are recognized specifically by a CSR-1 loading complex (Gu et al., 2009; 

Claycomb et al., 2009; van Wolfswinkel et al., 2009).  On interesting possibility is that the 

presence of aberrant RNA characteristics is recognized by the transcriptome surveillance 

complexes, which recruit WAGO-1 loading RdRP complexes, and blocks the access of EGO-

1/CDE-1 RdRP complexes to these transcripts.  Transcripts that are not recognized by the 

transcription surveillance complexes can be successfully used as templates by the EGO-

1/CDE-1 complex.  Alternatively, the recognition of aberrant signatures could lead to the 

deposition of the identified transcripts to specialized P granule compartments where the 

WAGO loading complex is the only RdRP complex present.  Sorting could also occur within 

the nucleus.  For example, transcripts with aberrant characteristics would be recognized 

within the nucleus and directed by carrier proteins to specific cellular compartments, were 

WAGO loading complex would generate 22G-RNAs.   

The localization of CSR-1 in P granules is particularly interesting because it raises the 

possibility that germ granules are involved in the establishment of proper chromosome 

structure.  In our preferred model, EGO-1 generates 22G-RNAs from all ‘productive’ 

transcripts that progress through P granules and loads CSR-1 with a wide diversity of 

sequence specific small RNAs.  These small RNAs allow CSR-1 to interact with its targets at 

the chromosome, scattered across the genome, and establish chromatin domains essential for 
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proper chromosome architecture.  The collapse of P granules observed in loss-of-function 

mutants in the CSR-1 pathway suggests that chromosome architecture is also implicated in P 

granule assembly, demonstrating that both are linked through a small RNA pathway. 

 

Sperm branch of the 26G-RNA pathway. 

 

ALG-3 (and likely ALG-4) localizes to P granules, but unlike the Argonaute proteins 

described above, ALG-3 protein starts to be expressed only at the onset of spermatogenesis.  

A second distinction between ALG-3 and the Argonautes described above is that fact that 

ALG-3 is expressed only in the proximal germline.  Similarly to PRG-1, ALG-3 does not 

localize to mature sperm.  Instead, it accumulates in the residual bodies, as do most P granule 

components (Batista et al., 2008; Conine et al., 2010). 

ALG-3 and ALG-4 are thought to regulate transcripts expressed during 

spermatogenesis.  Details of 26G-RNAs biogenesis, such as: how spermatogenesis-related 

transcripts are identified as templates; and where does 26G-RNA biogenesis takes place, are 

not yet understood.  One possibility is that only spermatogenesis-related transcripts are 

regulated by 26G-RNAs as a consequence of the spatially and temporally restricted 

expression of ALG-3 and ALG-4.  As observed for CSR-1 interacting 22G-RNAs, small 

RNAs dependent on the wild type activity of alg-3 and alg-4 also target house-keeping 

genes, suggesting that a wide range of expressed transcripts serve templates for the 

biogenesis of 26G-RNA.  Interestingly, although house-keeping genes are targeted by 26G-

RNAs they are not regulated at the transcript level by alg-3; alg-4 dependent small RNAs, 

suggesting that the system can distinguish between two types of targets.  Since house-
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keeping genes are not retained at P granules, one possibility is that retention at P granules is 

necessary for small RNA dependent regulation.  This pathway is different from other small 

RNA pathways in C. elegans, as it promotes the degradation of productive transcripts.  In 

addition, the ALG-3/4 pathway seems to be triggered by the timing of expression rather than 

sequence or structure signatures in the transcripts themselves. 

ALG-3 and ALG-4 are thought to promote the generation of WAGO-1 interacting 

22G-RNAs from mRNAs targeted by ALG-3/4 interacting 26G-RNAs.  Upon recognition of 

a target transcript, ALG-3 and ALG-4 could promote recruitment of the WAGO-1 loading 

RdRP complex, in a mechanism similar to the RNAi pathway. 
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FUTURE EXPERIMENTS. 

 

In my studies, I have taken advantage of C. elegans genetics and molecular biology 

techniques to study the role of Argonaute proteins in small RNA pathways.  The 

characterization of the Argonaute proteins, and the small RNAs they interact with, has 

allowed us to understand the basic architecture of the small RNA pathways in C. elegans.  

Still several molecular details remain unsolved. 

One of the molecular details not yet understood is how the RNA dependent RNA 

polymerase complexes are recruited to the transcripts to be used as templates.  One of the 

hypotheses I have proposed is that complexes that recognize aberrant RNA signatures recruit 

the RNA dependent RNA polymerase complexes to use the identified transcript as a 

template.  This hypothesis can be tested by generating a series of transgenes carrying known 

aberrant signatures and comparing the levels of 22G-RNAs generated from these artificial 

aberrant transcripts with the levels of 22G-RNAs generated from related productive 

transcripts.  For example single-copy GFP transgenes carrying different aberrant signatures 

would be integrated in the genome, and then the strains tested for accumulation of GFP 22G-

RNAs.  The working model would be supported by the presence 22G-RNAs dependent in the 

presence of the aberrant mark.  In addition, the strains generated in these experiments could 

be used to learn more about the mechanisms involved in the identification of aberrant 

transcripts.  Reporter transgenes could be combined with mutations in known RNAi genes to 

determine which components of the RNAi machinery are required for transcript 

identification.   
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Additionally the introduction of a transgene with a visible phenotype, which would be 

silenced in trans (sensor transgene), would create a strain that could be used in genetic 

screens to identify new components of this pathway.  Mutations in the machinery that 

recognizes transcripts as aberrant would lead to de-silencing of the second transgene.  This 

strategy could be employed in both reverse and forward genetic screens.  Screening 

transgenes with distinct aberrant signatures would allow us to understand how the RNA 

surveillance system functions.   

A different approach to study RdRP recruitment is to tether known components of the 

RNAi machinery, thought to play role in target identification, to a transcript and test for 

small RNA dependent silencing.  Proteins capable of recruiting RdRPs would lead to the 

silencing of the transgene.  This approach would therefore allow us to test the hypothesis that 

the RDE-3 and MUT-7 containing complexes are involved in target identification.  Again, 

once a functional combination is found, genetic doubles and genetic screens can be used to 

further our knowledge about these pathways.   

Once 22G-RNAs are generated, are they able to recruit RdRP complexes just as 

primary small RNA complexes do?  One prediction is that the ability of 22G-RNAs to do so 

is limited, to avoid the spreading of off-target silencing.  Alternatively, it is possible that 

22G-RNA guided Argonaute complexes are also capable of inducing the generation of 22G-

RNAs.  Silencing of a sensor transgene after targeting a second transgene by RNAi would 

allow us to distinguish between the two opposing possibilities.  RNAi would target a unique 

area of the second transgene downstream of a region that would be identical to the 

downstream region of the sensor transgene.  The sensor transgene would therefore be silence 

in trans, through the regions that share sequence homology.  The presence of 22G-RNAs 
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generated from the upstream region of the ‘sensor’ transgene would provide evidence that 

22G-RNA loaded WAGO complexes can recruit RdRPs as well.  

How templates are sorted between the chromosome segregation pathway and the 

transcriptome surveillance pathway is also not understood.  I have proposed that the presence 

of aberrant signatures blocks access of the CSR-1 loading complex to the transcript.  This 

hypothesis could be tested through the introduction of aberrant characteristics in transcripts 

used as templates in the chromosome segregation pathway.  Additionally, I have proposed 

that CSR-1 loading complexes use as templates all the productive transcripts that progress 

through the P granules.  Therefore, a non-CSR-1 target, such as a somatic gene should 

become a template for 22G-RNAs in this pathway when driven by a germline promoter.  

Similar experiments could be done to test the hypothesis that ALG-3/4 loading complex 

functions in a mechanism similar to the CSR-1 loading complex. 

Sorting of templates between the two pathways could also require spatial separation 

between the two groups of transcripts.  RNA in situ experiments would reveal if aberrant 

RNAs localize to specific structures. 

Another question that remains to be understood is the nature of PRG-1/21U-RNA 

targets.  An interesting approach to solve this question is to immunoprecipitate PRG-1 after 

cross-linking the targeted transcript to the PRG-1 protein by UV irradiation within the 

extract.  This approach has been successfully used to identify targets of ALG-1 and ALG-2 

(Zisoulis et al., 2010).  This would allow us to identity the mRNAs targeted by PRG-1 and 

determine the rules that guide the interaction between 21U-RNAs and its targets.  Once 

targets are identified, and the rules of interaction determined, natural isolates can be used to 

validate the target interactions, since our preliminary data shows that in natural isolates there 



Chapter V 

286 
 

is a fair number of single nucleotide polymorphisms, as well as deletions, in 21U-RNA 

genomic loci.  Knowing the endogenous targets of PRG-1 would also allow us to determine 

the contribution of the PRG-1 pathway to the generation of 22G-RNAs.  
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CONCLUDING REMARKS. 

 

In general, Argonaute-related small RNA pathways are composed of three main 

modules: the RdRP complex, Dicer and the Argonaute proteins.  Small RNAs function 

through sequence homology and as such have an almost unlimited regulatory potential.  

Through several permutations of these three main modules, natural selection has explored 

this regulatory potential across all eukaryotic branches of life (Fritz-Laylin et al., 2010) 

(Figure V-2).  During eukaryotic evolution a considerable degree of functional diversification 

of small RNA pathways has been achieved.   

 

 

 

Figure V-2. Eukaryotic small RNA pathways 
 
Scheme of possible interactions between the three key modules of small RNA pathways: the 
RDRC (RNA dependent RNA polymerase complex), Dicer, and small RNA loaded 
Argonaute complexes.  An ssRNA can be used as a template in the generation of dsRNA, 
triphosphorylated small RNAs (ppp-sRNA) or give rise to monophosphorylated small RNAs 
(p-sRNA).  dsRNA is processed by Dicer to generate monophosphorylated small RNAs (p-
sRNA).  Argonaute complexes loaded with small RNAs regulate target ssRNA molecules.  
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In the nematode C. elegans several combinations between the three modules have 

been explored by natural selection, leading to the development of several pathways essential 

for viability.  C. elegans small RNAs play a role in gene expression programs, are essential 

in transcriptome surveillance, targeting deleterious transcripts from both endogenous and 

exogenous nature for degradation, and most surprising of all, have a role in establishing 

proper chromosomal structures.   

Nucleotide sequences are one of the most important ways of transferring information 

in living organisms.  Although the relevance of these small molecules remained unnoticed 

until recently, small RNAs play fundamental roles in the life of eukaryotic organisms, 

through their ability to regulate information transfer at every step.   
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