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Abstract

Several hundred endogenous small RNAs, namely microRNAs (miRNAs), repeat-
associated small interfering RNAs (rasiRNAs), small interfering RNAs (siRNAs) have
been discovered in diverse organisms. These small RNAs are derived from different
sources and they cause transcriptional gene silencing, translational repression and
mRNA cleavage through effector complexes. Several functionally distinct RNA
silencing effector complexes have already been isolated from different organisms.
Effector complexes are composed of members of the Argonaute (AGO) protein family
and single-stranded small RNAs, along with other associated proteins. Members of the
Piwi subfamily of Argonaute proteins have conserved roles in germline development
and stem cell maintenance. In C. elegans, PRG-1 and PRG-2 are the two members of
Piwi sub-family of Argonaute proteins. In order to study the role of PRG-1 and PRG-2
in C. elegans germline development, we generated prg-/ and prg-2 single mutants as
well as prg-1; prg-2 double mutant worms, which show severe germline defects. |
identify a class of 21 nucleotide RNAs, previously named 21U-RNAs, as the Piwi-
interacting RNAs in C. elegans. Piwi and piRNA expression is restricted to the male
and female germline and piRNA biogenesis is independent of many other proteins
involved in small RNA pathways including DCR-1. I show that Piwi is specifically
required for suppression of Tc3 transposons. The excision rate of Tc3 is 100-fold
higher in piwi mutants compared to wild-type. There is no evidence for a ‘ping-pong’
mechanism in C. elegans for amplification of piRNAs. Finally, I demonstrate that a
Piwi-piRNA complex acts upstream of the endogenous siRNA pathway for Tc3
silencing and that might suggest a link between the function of endogenous siRNAs

and piRNAs.

vi



1. Introduction

1.1 Introduction

The revolution of small RNA biology began after the ground-breaking discovery by
Andrew Fire and Craig Mello injecting small double-stranded RNA (dsRNA) into C.
elegans leads to specific silencing of a gene that highly homologous to the dsSRNA
sequence (Fire et al., 1998), this mechasims coined as RNA interference (RNA1). RNAi
is performed through transcriptional gene silencing (TGS) and or post-transcriptional
gene silencing (PTGS) by small RNAs (Bartel, 2004; Meister and Tuschl, 2004).
Naturally occurring small RNAs are processed from long double stranded or single
stranded RNA precursors, which are either generated from the genome or produced
during viral replication. Several types of naturally occurring small RNAs have been
discovered in recent years, namely, short interfering RNAs (siRNAs), repeat—associated
small interfering RNAs (rasiRNAs), microRNAs (miRNAs), Piwi-interacting RNAs
(piRNAs) and endogenous short interfering RNAs (esiRNAs) (Kim, 2006; Meister and
Tuschl, 2004; Tam et al., 2008). siRNAs and rasiRNAs are generated from dsRNA
precursors and either regulate transcriptional gene silencing or post-transcriptional gene
silencing. Biogenesis of miRNAs has been studied quite extensively; most of the
miRNA genes are transcribed by RNA Pol II as primary transcripts (Borchert et al.,
2006; Lee et al., 2004) that are processed into stem-loop precursor miRNAs (pre-
miRNAs) by the RNase III enzyme Drosha-containing Microprocessor complex (Denli
et al., 2004; Gregory et al., 2004). Pre-miRNAs are transported from the nucleus to the
cytoplasm via Exportin-5 (Bohnsack et al., 2004) and are recognized by another RNase
III enzyme called Dicer that cleaves pre-miRNAs to 21-23nt double stranded mature
miRNAs. Mature miRNAs are loaded into the Argonaute containing RNA-induced
silencing complex (RISC) miRNA containing RISC complex either perform sequence
specific cleavage (in plants) or translational repression (in animals) of the target mRNA
(Peters and Meister, 2007) depending upon the degree of complementarity between
mature miRNA and target mRNA (Bartel, 2004). Piwi-interacting RNAs (piRNAs) a



new class of small RNAs (26-31 nt) have been discovered recently by cloning of small
RNAs associated with Piwi from mammalian testes (Kim et al., 2006). However, to
date, the biogenesis of piRNAs is poorly understood. piRNA biogenesis is Dicer-
independent (Houwing et al., 2007; Vagin et al., 2006). According to the piRNAs
genomic distribution, it suggests that piRNAs might be generated from one long
primary transcripts (Kim, 2006). Recently, esiRNAs have been discovered in
Drosophila and mice (Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al., 2008;
Okamura et al., 2008; Tam et al., 2008; Watanabe et al., 2008). esiRNAs are produced
by Dicer from several precursors - (1) convergent transcripts and/or (2) dsRNA
precursors formed by hybridization between spliced transcripts from protein coding
genes and antisense transcripts from homologous pseudogenes and/or (3) stem-loop
transcripts from transposon loci and regulate both protein coding genes and

retrotransposons through unknown mechanisms.

Distinct class of small RNAs loaded into different ribonucleoprotein (RNP) complexes.
These effector complexes consist of different combinations of RNAs, Argonautes and
their associated proteins. The effector complex that mediates mRNA cleavage by
siRNAs or miRNAs is called the RNA induced silencing complex (RISC), the effector
complex that mediates translational repression through miRNA is called the miRNP
complex, and the effector complex that mediates transcriptional silencing through
chromatin modification is called the RNA-induced transcriptional gene silencing

(RITS) complex (Meister and Tuschl, 2004).

1.2 The Argonaute Superfamily

1.2.1 The Argonaute protein family

The term Argonaute was originally used to describe a mutant of Arabidopsis thaliana,
AGO-1, in which the morphology of the leaves resembled a small squid, the ‘greater

argonaut’ or ‘argonauta argo’ (Bohmert et al., 1998). The Argonaute proteins are well



conserved and based on their sequence similarities; they are classified into three sub-
families (Figure 1.1). The largest sub-family comprises the Argonautes (Ago), named
after the founding Argonautes from A. thaliana. The second sub-family comprises the
Piwis, named after Drosophila Piwi (P- element-induced wimpy testis). The third and

last sub-family comprises nematode specifc Argonautes proteins (Yigit et al., 2006).

The number of Argonaute genes is highly variable between species (Table 1.1). For
instance, there are 8 Argonaute genes in humans (4 Argonaute-like and 4 Piwi-like), 5
in Drosophila (2 Argonaute-like and 3 Piwi-like) and 27 Argonaute genes in C. elegans
(5 Argonaute-like genes, 2 Piwi-like and rest belong to family 3). Argonaute sub-family
of proteins are ubiquitously expressed whereas Piwi sub-family of Argonaute proteins
are only expressed to germ cells (Peters and Meister, 2007). Most species have both
Argonaute and Piwi proteins whereas some have either Argonaute or Piwi proteins, and
others, like Trypanosoma and Leishmania, may have lost the PAZ domain and retain
only a PIWI domain during evolution. In general, two types of silencing mechanisms
are present in all organisms; Piwi-like proteins to regulate transcriptional gene
silencing, such as transposon silencing, and Argonaute-like proteins to regulate
translation by targeting mRNA. A high degree of gene duplication of Argonaute-like

genes, especially in nematodes and plants, has allowed diversification in their function.
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Figure 1.1 Phylogenetic tree of Argonaute proteins

Argonaute proteins from fungi, plants and animals may be divided into three families: (1)
Argonaute sub-family (in dark blue), 2) Piwi family (in green) and 3) nematode-specific
Argonaute proteins (in red). This figure was reproduced from Yigit et al., 2006.



Table 1.1 Argonaute proteins in different species and their small RNA partners

Argonaute proteins Function Small RNA class
Neurospora crass (2)

QDE-2 Quelling siRNA
Saccharomyces pombe (1)

AGO-1 TGS, Heterochromatin silencing siRNA
Tetrahymena thermophilia (2)

TWI1 DNA elimination siRNA
Arabidopsis thaliana (10)

AGO1 Development, miRNA-mediated gene silencing miRNA

AGO4 Heterochromatin silencing rasiRNAs

AGO6 Heterochromatin silencing rasiRNAs

AGO7 Leaf development tasiRNA
Caenorhabditis elegans (27)

RDE-1 Exogenous RNAI siRNA

ALG-1 miRNA-mediated gene silencing miRNA

ALG-2 miRNA-mediated gene silencing miRNA

ERGO-1 endogenous RNAi siRNA

CSR-1 Chromosome segregation, RNAi siRNA

SAGO-1 Endogenous and exogenous RNAi secondary siRNA
SAGO-2 Endogenous and exogenous RNAi secondary siRNA
PPW-1 Endogenous and exogenous RNAi secondary siRNA
PPW-2 Endogenous and exogenous RNAi secondary siRNA
F58G1.1 Endogenous and exogenous RNAi secondary siRNA
C16C10.3 Endogenous and exogenous RNAi secondary siRNA
PRG-1 Germline maintenance -

Drosophila melanogaster (5)

AGO-1 miRNA-mediated gene silenciing miRNA

AGO-2 RNAIi siRNA

AGO-3 Transposon silencing piRNA

PIWI Transposon silencing, germ stem cell maintenance piRNA
Aubergine Transposon silencing piRNA

Danio rerio (5)

ZIWI Germline maintenance, Transposon silencing piRNA

Mus musculus (8)

AGO-2 Development, miRNA-mediated gene silencing miRNA

MIWI Transposon silencing, spermatogenesis piRNA

MILI Transposon silencing, spermatogenesis piRNA

MIWI2 Transposon silencing -

Rattus norvegicus (7)

RIWI - piRNA

Homo sapiens (8)

AGO-1 - miRNA

AGO-2
AGO-3
AGO-4
HIWI

spermatogenesis?

miRNA, siRNA
miRNA
miRNA

The table contains Argonaute-like and Piwi-like proteins that have been associated with either different class of small RNAs or
cellular functions. Numbers in parentheses indicate the total number of Argonautes found within the given species. Arabidopsis
has 6 more and C. elegans has 15 more Argonaute proteins with unknown function/s. (-) indicate unknown function of
Argonautes or unknown class of small RNAs. miRNA- microRNA, siRNA- small interfering RNA, piRNA- Piwi-interacting
RNA, rasiRNA- repeat-associated siRNA, tasiRNA- trans-acting siRNAs, TGS- transcriptional gene silencing, RNAi- RNA

interference.




1.2.2 Argonaute proteins and their functional domains

Argonaute proteins have a molecular weight of about 100KDa and consist of a PAZ
(piwi-argonaute-zwille) domain, a PIWI domain and a MID domain (Figure 1.2A). The
PAZ domain is found in both Dicer and Argonaute proteins, two protein families with a
key role in RNAi. The PAZ domain consists of a nucleic-acid binding domain, termed
the oligonucleotide/oligosaccharide — binding fold (OB fold). Nucleic acid binding
studies have demonstrated that the PAZ domain has a high affinity for single-stranded
3’-ends and duplex siRNAs with dinucleotide 3’ overhangs, a weak affinity for
mononucleotide 3" overhangs and no affinity for blunt-ended duplexes (Lingel et al.,
2003; Ma et al., 2004; Song et al., 2003; Yan et al., 2003). Mostly, miRNAs and
siRNAs are loaded into the Argonaute containing effector complex, the ‘passenger
strand’ or ‘start strand’ is cleaved by Argonaute and the ‘guide strand’ remains bound
to the Argonaute and the effector complex become active (Matranga et al., 2005;

Miyoshi et al., 2005).

The MID (Middle) domain structure is present between the PAZ and PIWI domains of
Argonaute proteins. It is thought to be required to load small RNA into the effector
complex presumably by receiving and binding the 5’ phosphate of the small RNA
duplex (Nykanen et al., 2001). Structural studies of crystallized Argonaute proteins in
the presence of either a single standed RNA or siRNA duplex show that the 5’
phosphate is anchored in between the MID and PIWI domains (called the MC domain)
by divalent cation ions, such as magnesium (Ma et al., 2004; Ma et al., 2005; Parker et
al., 2005; Yuan et al., 2005). The MC domain has striking sequence similarity to the
cap-binding domain of eukaryotic initiation factor eIlF4E. elF4E binds to the mRNA
cap by its two tryptophan (W56 and W102) residues. At the position equivalent to the
tryptophan residues of eI[F4E, AGO2 has phenylalanine (F470 and F505). Substitution
of phenylalanine residues to valines abolishe both binding to m’GTP-sepharose and
silencing activity of AGO2 (Kiriakidou et al., 2007). In contrast, substitution of

conserved phenylalanine residues to valines of AGO-1 in Drosophila abolishe silencing



effect of AGO-1 without affecting binding to the m’GTP-sepharose (Eulalio et al.,
2008).

The PIWI domain is the catalytic component of Argonaute proteins. The structure of
full-length archaeal (Pyrococcus furiosus), eubacterial (Aquifex aeolicus) Argonautes
and an Argonaute without its PAZ domain from Archaeoglobus fulgidus revealed that
the PIWI domain has an RNase H fold (Ma et al., 2005; Parker et al., 2004; Song et al.,
2004; Yuan et al.,, 2005) (Figure 1.2B). The RNase H domain is conserved in
prokaryotes and eukaryotes and it cleaves target mRNAs determined by the guide
strand in a sequence-specific manner (Figure 1.2C & D). The RNase H fold has a
catalytic triad Asp-Asp-His/Asp (DDH) motif, which has a processing endonuclease
activity with divalent cations (Tolia and Joshua-Tor, 2007). Mutation of the triad
residues of human Ago?2 abolishes slicer activity demonstrating the significance of the
catalytic triad motif (DDH) of Argonaute proteins. In vitro assays also show that only
hAgo2 has an endonuclease activity among the human Ago sub-family of proteins
(Meister et al., 2004). Ago3 is catalytically inactive, even though it has DDH motif,
indicating that other residues, post-translational modifications or associated proteins
might also be important for catalytic activity. In addition, the Piwi subfamily
Argonautes from Drosophila and rat have slicing activity in vitro (Lau et al., 2006;
Saito et al., 2006). However, the catalytic potential of the rest of the Piwi subfamily of

Argonautes proteins remains untested.
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Figure 1.2 The Structure of Argonautes and a model for siRNA-guided mRNA cleavage
by Argonautes. (A) A schematic diagram of the different domains of the Argonaute protein
from Pyrococcus furiosus is shown and general functions of the different domains of the
Argonaute protein are briefly described. (B) Crystal structure of the full-length Argonaute from
Pyrococcus furiosus (pfAgo). The domains are coloured as follows: PAZ domain (red), MID
domain (green) and PIWI domain (purple). The location of the Slicer catalytic site in the PIWI
domain is shown by stick representation and by arrowhead projection. The overall fold looks
like a clamp-like structure, with the PAZ domain situated over the PIWI domain, which
contains the catalytic site (RNaseH fold with DDH motif) for Slicer activity. (C) The crystal
structure of the Argonaute protein from Pyrococcus furiosus. The 3" end of the siRNA (purple)
is superimposed on the PAZ domain with part of the siRNA binding to the mRNA strand
(light blue) and interacting with the active site of the PIWI domain (shown in red). (D) A
model of siRNA-guided mRNA cleavage by Argonaute. The siRNA (yellow) binds with its 3’
end to the PAZ cleft and the 5’ end binds to the end of the MID domain. The mRNA
(brown) enters between the N-terminal and PAZ domains and exits between the PAZ and
middle (MID) domain. The active site in the PIWI domain (shown as scissors) cleaves the
mRNA opposite the center nuceotide of the siRNA guide. These figures were adapted from
Song et al., 2004.



1.2.3 Argonaute proteins and small RNA pathways

A siRNA-containing effector complex is commonly referred to as a RISC, whereas a
miRNA-containing effector complex is referred to as a miRNP. Every RISC and
miRNP complexes contain a member of the Argonaute protein (Hammond et al., 2000;

Mourelatos et al., 2002).

It 1s sometime difficult to draw a line between several classes of small RNAs, because
the nomencleature introduced early in the field not aware of the complexity of the small
RNA pathways. The processing and loading of regulatory small RNAs onto distinct
Argonaute proteins might differ among species (Table 1.1). For instance, in 4. thaliana,
different Argonaute proteins are associated with different classes of small RNAs, such
as miRNAs, tasiRNAs and rasiRNAs (Dunoyer et al., 2007; Mi et al., 2008). In C.
elegans, several Argonaute proteins are involved in different silencing pathways: ALG-
1 and ALG-2 are essential for the miRNA pathway (Grishok et al., 2001); ERGO-1 and
CSR-1 are essential for the endogenous RNAi pathway; RDE-1 is required for the
exogenous RNAi pathway (Tabara et al., 1999; Yigit et al., 2006). Interestingly, C.
elegans has numerous secondary Argonaute proteins, SAGO-1, SAGO-2, PPW-1,
PPW-2, C16C10.3 and F58G1.1 (Yigit et al., 2006). Primary Argonautes (RDE-1,
ERGO-1 and CSR-1) loaded with Dicer-derived primary siRNAs recognize target
mRNAs and stimulate the production of secondary siRNAs through unprimed synthesis
by RNA-dependent RNA polymerase (RdRP) (Pak and Fire, 2007; Sijen et al., 2007;
Yigit et al., 2006). Secondary siRNAs have di- or tri-phosphates at their 5’ end
compared to Dicer-derived primary siRNA, which carry 5" monophosphate (Pak and
Fire, 2007; Sijen et al., 2007), suggesting that secondary Argonautes may have a
specificity for secondary siRNAs. Secondary Argonautes do not have a DDH catalytic
triad in their PIWI domain compared to primary Argonautes. However, secondary
Argonautes are important for both exogenous and endogenous RNAi pathways (Yigit et
al., 2006). Recent studies in Drosophila, demonstrated that miRNAs are loaded into an
AGO-1 complex and siRNAs loaded into the AGO-2 containing effector complex

(Forstemann et al., 2007; Tomari et al., 2007). In human, miRNAs are incorporated into



AGO-1, 2, 3 and 4. However, AGO-2 is the only Argonaute that has endonuclease
activity. Exogenously introduced siRNAs or endogenous miRNAs loaded into AGO-2
guide target cleavage by perfect complementarity (Meister et al., 2004). In mouse,
AGO-2 also demonstrates catalytic activity, and Ago-2 -/- cells are unable to response

to siRNAs to cleave a target (Liu et al., 2004).

In plants, miRNAs are thought to mostly mediate sequence specific mRNA target
mediated by Argonautes. However, in animals miRNAs are partially complementary to
their targets, and this is insufficient for sequence specific cleavage by Argonautes
(Meister and Tuschl, 2004) . Extensive studies have been done to understand how
miRNAs mediate translational regulation. Initial discovery in C. elegans showed that
the miRNA /in-4 binds to the 3’ untranslated region (UTR) of the /in-/4 mRNA and
that this causes a dramatic reduction in LIN-14 protein level without affecting its
mRNA level, indicating that miRNAs inhibit gene expression at a translational level
(Lee et al., 1993; O'Donnell et al., 2005; Olsen and Ambros, 1999; Wightman et al.,
1993). Additionally,, it has been shown that mammalian miRNAs binds to the 3'UTR
of their targets and reduce the protein levels without changing the mRNA levels

(O'Donnell et al., 2005). It is still unclear how miRNAs regulate gene expression.

It has been shown that miRNAs and Argonautes (miRNPs) co-sediment with
polyribosomes, indicating translation is inhibited at the elongation step this might result
in release off the nascent polypeptide chain from the polysome, followed by rapid
degradation (Kim et al., 2004; Maroney et al., 2006; Nelson et al., 2004; Nottrott et al.,
2006; Olsen and Ambros, 1999; Petersen et al., 2006). However, several studies
suggest that Argonautes can inhibit translation at the initiation step. These studies
demonstrate that for most of the miRNPs to mediate gene regulation, they requires a 5’
cap structure and a poly-A tail on the targeted mRNAs (Humphreys et al., 2005; Wang
et al.,, 2006). Furthermore, they show that miRNPs do not affect cap-independent
initiation using an IRES (internal ribosomal entry site) (Humphreys et al., 2005; Pillai
et al., 2005). Recent studies strongly support miRNA-Argonaute complexes mediating

translational inhibition at the initiation step in several ways. Firstly, it has been shown



in cell-free extract from flies that miRNAs inhibit the formation of the translationally
active 80S ribosome by inhibiting the assembly of 43S initiation complex (Thermann
and Hentze, 2007). Secondly, Argonaute (Ago2) binds to the m’G cap through the MC
domain and inhibits translation. Mutation of the MC domain of Ago2 results in a failure
to bind to the m’G cap and a loss of translational repression but without any affect on
the catalytic activity of Ago2 and its assembly with the miRNA. Therefore, it suggests
that Ago2 binding to the m’'G cap prevents binding of the eIF4E to the m’'G cap,
disrupting assembly of the 43S initiation complex (Kiriakidou et al., 2007). Thirdly,
elF6, a ribosomal inhibitory protein inhibits assembly of 80S ribosome that leads to
inhibition of translation (Chendrimada et al., 2007). Recently, work from the Izaurralde
lab show that substitution of conserved binding site at MC domain of AGO-1 in
Droshophila abolish AGO-1 silencing activity without affecting binding to the m7G
cap and mutations of AGOI1 prevents interacting with GW182, suggesting AGO1-
GW182 interaction is essential for gene silencing by miRNAs (Eulalio et al., 2008).
Aditionally, they show that elF6 is not required for miRNA-mediated gene silencing in
Droshophila (Eulalio et al., 2008).

Argonaute proteins that are complexed with miRNAs can also alter the stability of the
targeted mRNA There is some evidence for RNA destabilization independent of
translation inhibition, where a miRNA-targeted mRNA with a canonical cap and poly
(A) tail is degraded by 5'—3' decay after deadenylation (Giraldez et al., 2006; Wu et
al., 2006). A study from Drosophila has shown that GW182 recruits the CCR4-NOT
deadenylase and DCP1-DCP2 decapping complexes, which are responsible for the
decay of miRNA-targeted transcripts (Behm-Ansmant et al., 2006). All decapping and
deadenylating enzymes are localized at P-bodies, where mRNA turnover occurs
(Behm-Ansmant et al., 2006). In yeast, it has been observed that mRNAs are moving
between polyribosomes and P-bodies, and non-translating mRNA is localized to P-
bodies for degradation (Brengues et al., 2005; Teixeira et al., 2005). The same scenario
is observed in mammalian liver cells, where in normal conditions cationic amino acid
transporter-1 (CAT-1) mRNA is repressed by the liver- specific miR-122 and is stored
at P-bodies. CAT-1 mRNA is released from repression by HuR protein upon cellular



stress and localized to polyribosomes and is actively translated to produce CAT-1
protein (Bhattacharyya et al., 2006). An increasing amount of evidence suggests that
miRNA-mediated translation repression and miRNA-targeted decay is uncoupled
(Humphreys et al., 2005; Pillai et al., 2005; Wang et al., 2006). In flies, it has been
shown that the level of RNA decay varies between individual miRNA-targeted
transcripts, suggesting that other factors might regulate the stability of miRNP
complexes and the turnover rate of the miRNA-targeted mRNA decay (Behm-Ansmant
et al., 2006).

Number of computational and experimental approaches has been developed to find out
miRNA targets (Bentwich, 2005; Easow et al, 2007; Hendrickson et al., 2008;
Hofacker, 2007; Rajewsky, 2006; Sethupathy et al., 2006). ‘Seed site’ of the miRNAs,
which are 2-7 nucleotides at the 5’ end of the miRNAs are base-paired with
complementary sequences of the mRNA targets at their 3'UTR. The seed matches turn
out important for miRNA-targeted mRNA regulation (Lewis et al., 2005). In order to
understand the global endogeneous regulation of proteins by miRNAs, quantitative-
mass-spectrometry-based approach was applied using SILAC (Stable isotope labelling
with amino acids in cell culture) to investigate influcence of specific miRNAs (Baek et
al., 2008; Selbach et al., 2008). Both studies show that a single miRNA downregulate
production of several hundreds of proteins including miRNA predicted target proteins,

suggesting a specific miRNAs can tune final scale of protein output.

1.3 The Piwi subfamily of Argonaute proteins

1.3.1 Expression of Piwi proteins and their roles in germ cells

The Piwi sub-family was named after the Drosophila piwi (P-element wimpy testis)
gene, which has been implicated in germ cell development, stem cell self-renewal and

maintenance of the division rate of germline stem cells (Cox et al.,, 2000). The



expression of the Piwi sub-family of Argonautes proteins is restricted to the germ cells

in many organisms.

Tetrahymena, a ciliated protozoan, has two types of cell nuclei, a large somatic
macronucleus and a small germline micronucleus. During development the
macronucleus is formed from the micronucleus and specific regions of DNA are
eliminated due to chromosomal rearrangement. TWI1, a Tetrahymena Piwi protein, is
expressed prior to chromosomal rearrangement and has been implicated in the

mechanism of DNA elimination (Mochizuki et al., 2002).

In the planarian Schmidtea mediterranea, two genes smedwi-1 and smedwi-2 both
encode proteins that belong to the Piwi sub-family of Argonaute proteins. SMEDWI-1
and SMEDWI-2 are both expressed in germ cells and dividing adult stem cells (called
the neoblast). RNAIi of smedwi-2 suggest their essential role in regeneration (Reddien et

al., 2005).

In Drosophila, Piwis (Piwi, Aubergine (Aub) and Ago3) are expressed both in male
and female germ cells. Piwi is also expressed in somatic cells surrounding the gonad
(Cox et al., 1998; Cox et al., 2000). A mutation in piwi leads to severe defects in
oogenesis, including loss of germline stem cells (Cox et al., 1998; Cox et al., 2000).
Clonal studies indicate that Piwi is required for stem cell maintenance and division in
the somatic cells. Loss of piwi in the gemline reduces stem cell division rates, but does
not lead to a loss of stem cells or a block in oogenesis (Cox et al., 2000). Aubergine is
required for the localization of posterior mRNA, such as oskar mRNA, but does not
impinge on the localization of anterior mRNA, for instance bicoid mRNA. Therefore, it
seems that Aubergine might play an important role in the axis specification
development of Drosophila (Cook et al., 2004). A third Piwi gene in Drosophila, Ago3

has not been studied yet.



In zebrafish, Ziwi is expressed both in male and female gonads. Loss of ziwi results
progressive loss of germ cells due to apoptosis, suggesting that Ziwi has a role in germ

cell maintenance (Houwing et al., 2007).

Expression of three Piwi proteins in mice, MIWI (PIWIL1), MILI (PIWIL2) and
MIWI2 (PIWIL4) is mainly restricted to the testes (Carmell et al., 2007; Deng and Lin,
2002; Kuramochi-Miyagawa et al., 2004; Kuramochi-Miyagawa et al., 2001).
However, expression of Mili in prenatal ovaries has also been reported (Kuramochi-
Miyagawa et al., 2001). Female mili-/- mice are fertile with no obvious abnormalities in
the ovaries, whereas male mili-/- mice are sterile with smaller testes because of a
spermatogenesis block at the first meiosis at the zygotene to early pachytene stage
(Kuramochi-Miyagawa et al., 2004). Similarly, female miwi-/- mice are fertile, whereas
males are sterile. Male miwi-/~ null mice arrest spermatogenesis before the round
spermatid stage (Deng and Lin, 2002). However, less is known about MIWI2.
Expression of the rat Piwi protein, Riwi, is also restricted to the testes (Lau et al.,

2006).

In Humans, Piwi protein is called HIWI, which is expressed in adult testes. The
expression is restricted to spermatocytes and spermatids. Enhanced expression of Hiwi
was found in seminomas, tumours derived from germ cells, whereas no expression of
Hiwi was detectable in testicular tumours originating from somatic cells like sertoli

cells and Leydig cells (Qiao et al., 2002).
In C. elegans, PRG-1 and PRG-2 are the two Piwi proteins. RNAIi of prg-1 leads to

germ line defects and a shortening of the gonadal arms (Cox et al., 1998). However,

extensive studies have not been done for these two Piwi proteins.

1.3.2 Piwi-interacting RNAs (piRNAs)

Recently, a novel class of small RNAs has been discovered that specifically interacts

with the Piwi subfamily of Argonaute proteins. Therefore, these small RNAs are named



Piwi-interacting RNAs (piRNAs) (Aravin et al., 2006; Girard et al., 2006; Grivna et al.,
2006a; Watanabe et al., 2006). piRNAs are 26-31 nucleotide long and are the most

abundant small RNA species in testes. Miwi-associated piRNAs has been sequenced by
high-throughput sequencing and around 26% of the sequences are found only once,
indicating that population of piRNAs is very complex and diverse (Girard et al., 2006).
95% of the sequences start with a uridine (U) at their 5" end position. In a parallel study,
three small RNA libraries were prepared from MILI-interacting RNAs and small RNAs
from mouse testes ranging between 18-26 nt and 24-33 nt were cloned and sequenced.
Over 15000 sequences were identified and show that 26-28 nt RNAs are associated
with MILI and additionally, 29-31 nt RNAs, which are not interacting with MILI are
predominantly present in these libraries (Aravin et al., 2006). 85% of the MILI-
interacting RNA contains a 5" uridine residue. Few miRNAs, rasiRNAs and several
piRNAs are also cloned from mouse oocytes (Watanabe et al., 2006). piRNA
expression starts 14 days after birth (P14) during the pachytene stage of meiosis I of
spermatogenesis, and these piRNAs are called pachytene piRNAs. Most recently,
MILI-associated piRNAs have been discovered and these piRNAs start to be expressed
before day 14 (P14), so they are called pre-pachytene piRNAs (Aravin et al., 2007b).
Deep sequencing data from MILI-associated RNAs has shown that pre-pachytene
piRNAs are less abundant compared to pachytene piRNAs and their genomic
distribution is also different (Aravin et al., 2006; Aravin et al., 2007b). In rats, Piwi-
containing complexes from testes were fractionated through chromatography, and these
fractions contain mostly subpopulations of 29-30 nt RNAs, which are piRNAs and
mostly begin with uridine (84%) (Lau et al., 2006). In Drosophila, Piwi-associated
small RNAs are 25-29 nt in length. Most of the Piwi-associated small RNAs are
derived from repetitive regions. Therefore, they have also been referred to as rasiRNAs
(Saito et al., 2006). However, recently AGO2-associated endogenous siRNAs (~21 nt)
have been discovered and a subset of endogenous siRNAs is also derived from
transposons (Czech et al., 2008; Kawamura et al., 2008; Okamura et al., 2008),
suggesting that piRNAs are a subset of rasiRNAs. Other Piwi proteins from
Drosophila, Aub and AGO3 are also associated with small RNAs. Piwi and Aub bind

to small RNAs that are predominantly antisense to transposons, whereas AGO3 binds



small RNAs that are sense to transposons. Piwi and Aub bound RNAs have a strong
preference for 5’ uridine (83% and 72% respectively) but this trend is absent in AGO3
bound RNAs (37%) (Brennecke et al., 2007). In zebrafish, piRNA have been cloned
from both testes and ovaries. piRNAs are ranging between 26-30 nt and they have a

strong ‘U’ bias at their 5’ end (Houwing et al., 2007).

1.3.3 piRNA biogenesis

Mammalian piRNAs are present in the form of clusters and are enriched in intergenic
regions. However, a small proportion of piRNAs map to repeat elements. The vast
majority of piRNAs are clustered in genomic loci ranging between 1-100 kb and
contain 10-4500 piRNAs (Aravin et al., 2006; Girard et al., 2006; Grivna et al., 2006a;
Lau et al, 2006; Watanabe et al., 2006). However, pre-pachytene piRNAs are
distributed over 900 smaller clusters, mostly mapping to retrotransposons (Aravin et al.,
2006; Aravin et al., 2007b). The pachytene piRNA clusters and pre-pachytene clusters
do not overlap with each other, suggesting that pachytene and pre-pachytene piRNAs
are generated from distinct genomic loci (Aravin et al., 2007b). Mostly, mammalian
piRNAs within a single cluster are derived from the same strand of DNA. This extreme
strand bias indicates that piRNAs may be processed from a single long transcript. The
regions covering piRNAs do not fold into stem-loop structures, suggesting they are
distinct from miRNA pathways. In Drosophila, piRNAs are also clustered but they are
derived mostly from repetitive regions, like retrotransposons and both pericentromeric
and telomeric heterochromatic regions (Brennecke et al., 2007; Gunawardane et al.,
2007; Saito et al., 2006). Piwi and Aub-interacting piRNAs have an antisense strand
bias, whereas AGO3-interacting piRNAs that have a sense strand bias. AGO3-
interacting piRNAs often have an adenine (A) residue at their 10th position from the 5’
end and this forms an A:U pair with the 5’ end uridine (U) residue at the 1* position of
Piwi/Aub-interacting piRNAs. The first 10 nucleotides of Piwi/Aub-interacting
piRNAs are complementary to the first 10 nucleotides of Piwi/Aub-interacting piRNAs.

According to these observations, two groups independently proposed a speculative



“ping-pong” model by which piRNAs are amplified and maintain their piRNA pool
(Brennecke et al., 2007; Gunawardane et al., 2007). However, this model does not
provide any insight into how this amplification cycle starts, possibly by maternally
contributed mature piRNAs. To date, there are no data available to support this
hypothesis. Data from zebrafish and mice also suggest that a“ping-pong” mechanism
might exist for a subset of piRNAs in these organisms (Aravin et al., 2007b; Houwing
et al., 2007). In zebrafish, piRNAs are clustered to both repetitive and non-repetitive
regions of the genome. Stretches of piRNA sequences map to one strand within a
cluster, which may be up to several kilobases in size like mammalian piRNAs. Mostly
piRNA clusters map to intergenic regions. However, piRNA clusters also map to
repetitive regions of long-terminal repeats (LTRs) and DNA transposons (Houwing et
al., 2007). 60% of the repeat-derived piRNAs map to the LTRs and they are antisense
biased (in the case of a library prepared from ovaries compared to testes). Due to the
strand bias of piRNAs in zebrafish, it is also thought that piRNAs are generated from a

long primary transcript.

To date, studies from different organisms support that piRNAs are not generated from
double-stranded precursors; rather that they are generated from primary transcripts and
piRNA biogenesis is Dicer-independent (Houwing et al., 2007). Interestingly,
individual piRNA sequences between mammals are not conserved, but the genomic
regions from which they derive, particularly putative promoter regions, are highly

conserved (Betel et al., 2007).

Studies from mammalian, zebrafish and Drosophila piRNAs demonstrate that the 3’
end of piRNAs are modified with a methyl group at the 2° or 3’ oxygen, most likely, 2’
oxygen at the terminal ribose sugar (Horwich et al., 2007; Kirino and Mourelatos,
2007; Ohara et al., 2007; Saito et al., 2007). Because of this 2’-O-methyl modification
at the 3’ end, piRNAs are insensitive to a f-elimination reaction (Vagin et al., 20006).
This might serve to distinguish piRNAs from siRNAs and miRNAs. However, in plants
siRNAs and miRNAs and in Drosophila endogenous siRNAs are modified at the 3" end
with a 2’-O-methyl group (Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al.,



2008; Li et al., 2005; Okamura et al., 2008). However, it is not reported whether
mammalian endogenous siRNAs are modified. In plants, HEN-1, a RNA methyl
transferase has been shown to be responsible for the 3" end 2’-O-methylation (Li et al.,
2005; Yu et al., 2005). A Drosophila HEN-1 homolog is DmHen-1/Pimet, which is a
single-strand specific RNA methyltransferase that lacks the dsSRNA-binding domain of
plant HEN-1.  Loss of pimet results loss of 2’-O-methylation at the 3" end of the
piRNAs. Recombinant Pimet is able to methylate specifically single stranded RNA in
vitro. Additionally, recombinant Pimet binds to the piRNA-interacting Piwi, Aub and
Ago3 complexes isolated from pimet mutant ovaries and methylates piRNAs within
these complexes. However, Pimet does not methylate a Agol-bound miRNA duplex or
single stranded miRNAs (Horwich et al., 2007; Saito et al., 2007). These data suggest
that 2°-O-methylation protects small RNAs from degradation and 3’ end modification is
the final step of siRNAs or piRNAs in assembly into effector complexes. In contrast,
the 5" end of piRNAs is monophosphate as is the case for miRNAs and siRNAs (Kirino
and Mourelatos, 2007; Ohara et al., 2007).

1.3.4 21U-RNAs

21U-RNAs are a novel class of small RNAs that were recently identified in C. elegans
(Ruby et al., 2006). They are precisely 21 nt long and begin with a 5" monophosphate
uracil and are modified at their 3’ end. 21U-RNAs are clustered in the C. elegans
genome. Uniquely, the vast majority of 21U RNAs map to two broad regions of
chromosome 1V, one region spanning between 4.5-7M and the other spanning between
13.5-17.2M. A third region between 9-9.7M contains few 21U-RNAs. Through high-
throughput sequencing, almost 34,000 21U-RNA reads mapping to these three regions
contained 5454 unique sequences. 21U-RNAs map to both strands of the DNA in a
non-overlapping manner, suggesting they are not generated from a dsRNA precursor.
Mostly 21U-RNAs map either between genes or within introns and with no strand bias.
The density of annotated genes is lower in the 21U-RNA rich regions on chromosome
IV compared to overall gene density. These 21U-RNAs are insensitive to a -

elimination reaction, suggesting their 3’ end terminal ribose sugar is modified at the 2’



or 3’ oxygen (Ruby et al., 2006). Other than uridine at the 5’ end, 21U-RNAs share no
sequence similarity. Individual 21U-RNA sequences are not conserved between C.
elegans and the related nematode C. brigssae. However most 21U-RNAs share an
upstream sequence motif, which is conserved between C. elegans and C. brigssae. This
motif is A-T rich and contains one large and one small motif. The large motif is 34 bp
long and contains a central 8 nt core consensus sequence CTGTTTCA. The small motif
has a YRNT core sequence, in which T corresponds to the 5" U of the 21U-RNA. The
large and small motifs are separated by 19-21 bp nucleotides. These upstream
conserved motifs may serve as an individual promoter of a 21U-RNA or may act as a

signal for precursor cleavage by an as yet undefined exo- or endonuclease.

1.4 Transposons

1.4.1 Different types of transposable elements

Transposons or transposable elements are nucleic acid sequences that are capable of
both movements and propagation within host genomes (Kazazian, 2004). Their
abundance and activity varies from species to species. For instance, in S. cerevisiae, 3%
of the genome constitutes transposable elements, whereas the human and maize
genomes comprise 50% and 80% transposons respectively (Flavell et al., 1974; Kim et
al., 1998; Lander et al., 2001).

Transposable elements can be classified using several criteria; according to their
strategy for movement, they are classified into class I or retrotransposons and class II or

DNA transposons (Kazazian, 2004).

1) Class I or retrotransposons

Retrotransposons are transcribed into RNA, which is converted to DNA through a
reverse transcriptase activity, followed by reintegration into the genome. Class 1/
retrotransposons can be divided into two sub-types, on the basis of the presence or

absence of long terminal repeats (LTRs) at the 5’ and 3’ ends of the transposable



elements, namely, long terminal repeats (LTR) and non-long terminal repeat (non-LTR)

retrotransposons.

Long terminal repeats (LTR) retrotransposons has ‘gag’ and ‘pol’ genes, which are
similar to to retroviruses. ‘gag’ encode for a virus particle coat and ‘pol’ encodes for a
reverse transcriptase and a integrase for making cDNA from RNA and integrating into
the genome. However, they do not code for the envelope protein that is required for
packaging of virus particles and their exit from the cell (Figure 1.3A). LTR-
retrotransposons comprise 8% of human DNA and most of all human LTR-
retrotransposons are immobile, although a few HERV (human endogenous retrovirus)
elements may remain active. In contrast, the mouse genome contains active LTR-
retrotransposons, such as the intracisternal A particles (IAPs) (Medstrand and Mager,

1998).

Non-LTR retrotransposons are devoid of LTRs. Non-LTR retrotransposons are mostly
LINE-1 (Long interspersed nucleotide elements-1) elements in mammals. LINE-1
constitutes 17% of the human genome (Lander et al., 2001). Full-length non-LTR
retrotransposons are 4 to 6 kb in length and usually have two open reading frames
(ORFs), one encoding an RNA binding protein and another encoding an endonuclease
and a reverse transcriptase (RT) (Figure 1.3A). LINE-1 also has a 5'-untranslated
region (5'UTR) containing an internal RNA polymerase II promoter, a 3’-untranslated
region (3'UTR) and a poly-A tail. LINE or L1 usually flanked by 7-20 bp target site for
duplication (TSD) (Deininger et al., 2003; Kazazian, 2004). Some of the non-LTR
retrotransposons do not encode any proteins and are referred to as non-autonomous
retrotransposons. Short interspersed nucleotide elements (SINE) represent non-
autonomous retrotransposons in mammals (Slotkin and Martienssen, 2007). Alu
elements are the major SINEs that constitute 11% of the human genome, whereas B1
and B2 elements are the major SINE families in the mouse genome. Both Alu and B1
elements are derived from the 7SL RNA, whereas B2 and most other SINEs are derived
from tRNA genes. SINEs are generally very small (<300) bp and use their internal

RNA polymerase III promoter for transcription (Figure 1.3A). These transcripts carry a
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poly-A signal at the 3’ end and the sequence upstream of the poly-A signal is
homologous to the sequence upstream of the poly-A signal in LINE-1 elements.
Therefore, it is possible that the reverse transcriptase (RT) encoded by LINE-1 interacts
with the shared upstream sequence of 3’ end and mobilizes SINEs in frans. Indeed,
trans-mobilization of SINEs has been demonstrated by LINE-1 in cultured human cells

(Kajikawa and Okada, 2002).

2) Class II or DNA transposons

DNA transposons do not require a reverse-transcription step to integrate into the
genome. These elements are generally excised from one place in the genome and
integrated into another site of the genome by a “copy-paste” mechanism. Active DNA
transposons encode a transposase enzyme between inverted-termini (Figure 1.3B). The
transposase enzyme recognizes the terminal inverted repeats (TIRs) of the DNA
transposons at their ‘old” donor sites and excises the transposons, then integrates them
into their ‘new’ acceptor sites. The gap that is left at the donor site is repaired by DNA
repair machinery (Kazazian, 2004). Some of the DNA transposons do not encode
transposases and are called non-autonomous DNA transposons. Non-autonomous DNA
transposons often consist of a pair of TIRs surrounding non-coding DNA transposon
sequence. Additionally, in some of the non-autonomous DNA transposons, TIRs are
present in a tail-tail orientation and they are called miniature inverted-repeat

transposable elements (MITES) (Figure 1.3B) (Slotkin and Martienssen, 2007).

Helitrons are newly identified DNA transposons that replicate through a rolling-circle
mechanism (Kapitonov and Jurka, 2007). Autonomous helitrons encode for a helicase

as well as for a replicase (Figure 1.3B).

Transposons are also classified according to their self-sufficiency. Both
retrotransposons and DNA transposons families have autonomous and non-autonomous
elements (Figure 1.3A & B). Autonomous elements usually encode the protein required

for their mobility whereas non-autonomous elements do not. Therefore, the mobility of
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non-autonomous elements depends on other, autonomous elements (Slotkin and

Martienssen, 2007).

The complexity of transposon poulations varies among organisms. For example, S.
cerevisiae has only Ty LTR-retrotransposons. In mammals, DNA transposons are
immobile, and non-LTR constitutes the most abundant class. C. elegans have both
autonomous and non-autonomous DNA transposons but no retrotransposons. Plants
possess both DNA and LTR retrotransposons. Drosophila and fish contain large

numbers of DNA transposons and non-LTR retrotransposons.
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Figure 1.3 Different classes of transposons and their structures

(A) Class I or retrotransposons are divided into autonomous and non-autonomous retrotransposons
according to the basis of their protein-coding capability and self-sufficiency. Autonomous
retrotransposons are either LTR or non-LTR. LTR-retrotransposons encode gag and pol and they
have LTR sequences at both ends of the transposable element. Non-LTR retrotransposons are
devoid of LTRs at both ends. Usually they utilize internal Pol II promoters and produce a transcript,
which encodes a RNA binding protein and a reverse transcriptase (RT). The transcript also carries
a poly-A signal at the 3' end. Non-autonomous non-LTR transposons are usually very small
(<300bp) and are transcribed using a RNA pol III promoter. The transcript does not encode a
protein but carries a poly-A tail at the 3' end. TDS (terminal duplication sites). (B) Class II or DNA
transposons either encode a transposase (autonomous) or do not encode for a transposase (non-
autonomous), and are surrounded by terminal inverted repeats (TIRs). Autonomous Helitrons repli-
cate through a rolling-circle mechanism and encode a replicase and a helicase protein.
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1.4.2 Mechanisms of transposon silencing

Small RNAs are bound to the Argonaute proteins and Argonaute-small RNA
complexes repress repeat sequences. Small RNA-directed cleavage of mRNA and
transcriptional silencing through DNA and histone methylation are the mechanisms
known to be involved in transposon silencing. Small RNAs can act in trans (for
example, repression of gypsy by flamenco-derived piRNAs in Drosophila), called
trans-silencing, or in cis (for example, centromeric silencing in S. pombe), called cis-

silencing.

Tc1 Transposon regulation by siRNAs has been well characterized in C. elegans. Tcl is
one of the well-characterized DNA transposons in C. elegans. 31 copies of Tcl are
present in Bristol N2 genome and they encode for a transposase for transposition. Tcl
transposition happens in somatic cells but in germ cells Tcl transposition is completely
suppressed (Sijen and Plasterk, 2003). Two flanking TIRs (54 bp) of a Tcl DNA
transposon fold back on each other and form a hairpin structure with a 54 nt double-
stranded TIR, which is cleaved by Dicer (DCR-1) to produce 20-27 nt siRNAs. These
siRNAs destroy the Tcl mRNA by an RNAi mechanism and suppression of Tcl is
maintained in C. elegans germline. Mutants (for example mut-7) lacking Tcl siRNAs

allow transposition in germline (Sijen and Plasterk, 2003).

In S. pombe, transposon silencing is correlated with H3K9 methylation (Volpe et al.,
2002). The RNA-induced transcriptional silencing (RITS) complex, contains Chpl,
Agol, Tas3, and centromeric siRNAs. A chromodomain protein-Chpl binds to
methylated lysine 9 of histone H3 (H3K9), and Argonaute binds to specific sequences
of siRNA that base-pair with nascent centromeric mRNA. The RNA-directed RNA
polymerase complex (RDRC), composed of Rdpl, the Hrrl helicase, and the Cid12
Poly(A) polymerase family member, synthesizes double-stranded RNA and creates the
substrate for Dicer to generate siRNAs. RDRC physically associates with RITS, and
both complexes localize to noncoding centromeric RNAs and centromeric DNA

repeats, suggesting that recognition of nascent RNA transcripts may be involved in
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localization of these complexes to specific chromosome regions. The interaction
between RITS-RDRC is Dicer and Clr4 methyltransferase dependent, suggesting
siRNA and H3K9 methylation may be required for localization of RITS to the target
chromosome regions (Motamedi et al., 2004). The C-terminal domain of Dicer
physically interacts with RDRC. C-terminal truncations of Dcrl that abolish its
interaction with RDRC, but still generate siRNA in vitro, but abolish siRNA generation
and heterochromatic gene silencing in vivo. Finally, reconstitution experiments show
that the association of Dcrl with RDRC strongly stimulates the dsRNA synthesis
activity of RDRC, suggesting that heterochromatic dsRNA synthesis and siRNA
generation are physically coupled processes and siRNA-mediated heterochromatin

assembly is cis-restricted (Colmenares et al., 2007).

In A. thaliana, DNA methylation and siRNA-mediated chromatin modifications play
important roles in transposon silencing. In plants, cytosines are methylated both
symmetrically (CpG or CpNpG) and asymmetrically (CpNpNp), where N can be any
nucleotide. These methylation marks are dependent on different methyltransferases.
Met-1, a homolog of Dnmt-1 maintains CpG methylation, whereas plant-specific Cmt3
maintains CpNpG methylation. Dnmt3 homologs in Arabidopsis, Drm1 and Drm2, can
methylate cytosines de novo in all sequence contexts. Metl mutants gradually lose all
CpG methylation, causing activation of transposons (Zhang et al., 2006). Transposon
methylation is also strongly dependent upon chromatin modification and remodeling.
SWI2/SNF2-like remodeling protein DDM-1 is required for transposon silencing. ddm-
1 mutants show a reduced level of DNA methylation on transposons (Jeddeloh et al.,
1998; Lippman et al., 2004). Kryptonite (KYP) is a methyltransferase responsible for
H3K9 methylation. Kyp mutants show a reduced level of non-CpG methylation,
suggesting there is a connection between H3K9 modification and DNA methylation
(Ebbs and Bender, 2006). However, the underlying mechanism is not fully understood.
Heterochromatic silencing of transposons by siRNAs is achieved by plant-specific
RNA polymerase IV. Loss of RNA PollV can transcriptionally reactivate several
silenced transposable elements. There are two RNA Pol IV polymerase, Pol IVa

generates siRNAs and Pol IVb probably transfers the siRNAs to the Ago4 (Pontier et
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al., 2005). It has been found that Pol IVb interacts with Ago4 in the nucleus presumably
at DNA methylation target sites (Li et al., 2006), where the siRNA-loaded Ago4

complex promote silencing at different transposable elements (Qi et al., 2006).

In Drosophila, piwi, aubergine and spindle-E suppress position effect variegation
(PEV) of a white reporter gene through H3K9 methylation. Mutations of piwi,
aubergine and spindle-E genes lose H3K9 methylation and delocalize heterochromatin
protein-1 (HP1) (Pal-Bhadra et al., 2004). HP1 is conserved in eukaryotes and it binds
methylated H3K9, causing transcriptional repression (Bannister et al., 2001). HP1 also
physically interacts with Piwi and the interaction is RNA dependent (Brower-Toland et
al., 2007). However, the Lin group have been recently demonstrated that PIWI
promotes euchromatic histone modifications and piRNA transcription at subtelomeric
heterochromatin regions or telomere-associated sequences (TAS) at chromosome 3R
(Yin and Lin, 2007). Piwi binds to 3R-TAS derived piRNAs, the expression of both
3R-TASI piRNAs and a white reporter gene in 3R-TAS becomes suppressed in piwi
mutants. 3R-TAS loses euchromatic histone modifications and accumulates
heterochromatic histone modifications and heterochromatin Protein l1a (HP1a) in piwi
mutants. A P element inserted 128 base pairs downstream of the 3R-TAS1 piRNA
coding sequence restores the euchromatic histone modifications of 3R-TAS and the
expression of 3R-TAS1 piRNA in piwi mutants. These suggest that Piwi promotes the
euchromatic character of 3R-TAS heterochromatin and its transcriptional activity,
opposite to the known roles of Piwi and the RNA-mediated interference pathway in
epigenetic silencing. In Drosophila, transposon regulation has also been shown by a
master regulatory region containg piRNA clusters. flamenco was originally identified as
a locus that controls the activity of the retroviral gypsy element (Pelisson et al., 1994).
However, the molecular mechanism behind the gypsy regulation was a mystery.
Surprisingly, piRNAs map to the flamenco region, which spans around 130 kb on
chromosome X and 87% of the locus contains transposable elements, such as gypsy,
idefix and ZAM. The gypsy RNA level is increased in piwi mutants compared to Aub

and wild-type. piRNA expression is reduced specifically at the flamenco locus in
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flamenco mutants compared to wild-type, suggesting piRNAs from the flamenco locus

regulate gypsy elements (Brennecke et al., 2007).

Mammals also use DNA methylation and histone methylation to silence repetitive
elements. In total 80% of the CpGs in the mouse genome are methylated and most of
them are located close to repetitive regions (Gruenbaum et al., 1981). Unmethylated
CpGs are grouped in clusters called ‘CpG’ islands that are present in the 5’ regulatory
regions of many genes. Dnmtl is proposed as a maintenance methyltransferase that is
responsible for copying DNA methylation patterns to daughter strands during DNA
replication. Dnm¢[-null embryos reduce the methylation of IAP elements (Walsh et al.,
1998). Dnmt3a and Dnmt3b are de novo methyltransferases, which create new
methylation marks on DNA and are also responsible for methylation of IAP elements in
male germ cells and embryos (Kato et al., 2007; Walsh et al., 1998). Dnmt3L is a DNA
methyltransferase without catalytic activity that assists de novo methylation. Dnmt3L
maintains methylation of LTR retrotransposons (IAP) and non-LTR transposons
(LINE-1) in the male germline (Bourc'his and Bestor, 2004). To determine whether
DNA methylation is linked to H3K9 modification to silence repetitive sequence, studies
show that Suv39h HMTases are required for Dnmt3b-dependent DNA methylation at
pericentric repeats but that DNA methylation at centromeric repeats occurs
independently of Suv39h function, indicating additional complexity (Lehnertz et al.,
2003). In addition, ES cells lacking the H3K9-specific Suv39h histone
methyltransferase gene show upregulation of transposable elements (Martens et al.,
2005). Similarly, like DNA methytransferases mutants, mili and miwi2 knockout mice
show a substantial reduction in DNA methylation of LINE-1 and IAP elements in
testes, and activation of LINE-1 and IAP elements (Aravin et al., 2007b; Carmell et al.,
2007). These observations suggest a role of mammalian Piwi proteins in TGS of

transposable elements via an RNA-dependent DNA methylation mechanism.
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1.5 Caenorhabditis elegans, its life cycle and germ line development

Caenorhabditis elegans is a free-living nematode (roundworm), about 1 mm in length
and lives on soil. In the early 70s, Sydney Brenner started establishing Caenorhabditis
elegans as a model organism. C. elegans is used as a model system in the laboratory for
various reasons. In terms of genetic analysis, C. elegans is an attractive model for
generating mutations in the genome. Several chemical mutagens are used for generating
random mutaions in the genome. Therefore, multiple mutations such as complete
deletion, partial deletion, insertion, point mutation can be generated for a gene, and that
allows studying the complex gene functions. Overexpression study of a gene is also
possible by making transgenic lines of C. elegans. In C. elegans it is relatively easy to
disrupt the function of specific genes by RNA interference (RNAi) and that allow
finding the function of genes. C. elegans have also been used successfully for
biochemical analysis. C. elegans has the advantage of being a multicellular eukaryotic
organism that is simple enough to be studied in great detail. It has around 1000 somatic
cells in hermaphrodites and developmental fate of every single somatic cell has been
mapped. Almost all individual C. elegans are hermaphrodite but very few are males.
Therefore, major mode of reproduction is self-fertilization and easy to maintain a strain.
However to generate a new strain, hermaphrodites can mate with males. Strains are
cheap to maintain and can be frozen for long-term storage. Most importantly, C.
elegans 1s the first multicellular organism, to have its genome completely sequenced.
Complete genome sequence is approximately 100 Mb long and contains about 20,000
genes. Wormbase database attempts to collect all information about the C. elegans
genome and published information on C. elegans. In addition, Caenorahbditis Genetics
center is the great resources of all mutants and transgenic animals, which are available

for experiments.

C. elegans are easy to grow under laboratory conditions and have a short life cycle. The
life cycle is temperature-dependent. C. elegans goes through a reproductive life cycle
in 5.5 days at 15°C, 3.5 days at 20°C, and 2.5 days at 25°C. C. elegans eggs are

fertilized within the adult hermaphrodite (self-fertilization) and embryos layed within
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few hours of fertilization. After hatching, development proceeds through 4 larval stages
(L1-L2-L3-L4) to become young adults and then adults (Figure 1.4). Self-fertilizing
adults produce about 300 progeny each. C. elegans can adopt an alternative life form,
called the dauer larval stage. This stage is an adaptation to survive in extreme
conditions such as starvation. Interestingly, in improved conditions, such as availability

of food, daure worms resume normal development.
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Figure 1.4 Life cycle of C. elegans

Life cycle of C. elegans at 20°C. Numbers in blue along the arrows indicate length of the time
animal spends at a certain stage. Length of the animals is indicated next to the stage name.
Diferrent stages are indicated in bold letters namely, L1, L2, L3, L4, Young adult and Adult.
This figure is adapted from Wormatlas.
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C. elegans germline development can be divided into: specification, growth and
maintenance. In early embryogenesis, germ cells are specified and become distinct
from somatic cells. Specialized ribonucleoprotein particle, called P granules, which are
maternally provided and segregated to the P blastomeres. Unequal divisions of
germline blastomeres Py, P;, P,, P3 generate the AB, EMS, C and D somatic
blastomeres and the first primordial germ cells P4. P4 divides equally into Z2 and Z3,
which are not divide further until hatching (Sulston et al., 1983).The PIE-1 protein
plays crucial role in specification of germline fate. PIE-1 is located in the nucleus each
of the germline blastomeres, where it functions as a transcriptional repressor (Seydoux
et al., 1996). MEP-1, a component of nucleosomal remodeling complex, is also

required in somatic cells to repress germline fate (Unhavaithaya et al., 2002).

During larval stages, the germ line proliferates through mitotic divisions before
entering into meiosis (Figure 1.5). At hatching, primordial germ cells Z2 and Z3 are
flanked by Z1 and Z4 somatic gonad precursor cells. Z2 and Z3 cells begin dividing
when nutrition is available. The number of germcells increases exponentially over the
first two larval stages. During 3" larval stage, most of the proximal germline nuclei
enter into meiosis while distal nuclei are remain mitotic. Z1 and Z4 give rise to 12 cells;
2 distal tip cells and 10 proximal cells at the end of L1 stage. The 2 distal tip cells
(DTC) are critical for mitotic proliferation of the germ line during development.
Abalation of distal tip cells causes germ cells to leave mitotic cell cycle and enter into
meiosis (Kimble and White, 1981), suggesting DTCs are necessary for germline
proliferation during development and for maintenance of germline mitosis. Depletion
of core components of the Notch signaling pathway, /ag-2 (ligand) and glp-1 (receptor)
causes germ cells to leave mitosis and enter into meiosis, suggesting role of Notch
signaling pathway in germ cell proliferation (Austin and Kimble, 1987; Lambie and
Kimble, 1991). 10 proximal cells form the hermaphrodite somatic gonad primordium in
the late L2. The adult germ line possesses a ‘mitotic region’ at the distal end and a
‘transition zone’ at the proximal end (Figure 1.5). Germ cells in the mitotic region serve
as stem cells, which has a self-renewal propetry and producing differentiating gametes.

There are few key regulators, GLD-1, 2, 3 and NOS-3 regulates the entry of germ cells
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from mitosis into meiosis (Eckmann et al., 2004; Hansen et al., 2004; Kadyk and

Kimble, 1998).

Gametogenesis starts at the late L4 and adult stage. Spermatogenesis began during the
L4 stage and oogenesis during the adult stage. Spermatogenesis is similar in
hermaphrodites and males but there are some significant differences, such as, male
sperm are larger and they are stored in seminal vesicles whereas hermaphrodite sperm
are stored in the spermatheca. C. elegans spermatozoa lack of flagella, they crawl
during fertilization. In hermaphrodites, sperm are stored in the proximal gonadal arms,
upon ovulation spermatids are pushed to the spermatheca, where spermatids become
spermatozoa and fertilize the oocyte. Many spermatozoa are displaced to the uterus as
the egg leaves the spermatheca and they crawl back into the spermatheca to fertilize the
oocyte (Ward and Carrel, 1979). In males, sperm are stored in seminal vesicles and
spermatids become spermatozoa when they are mixed with seminal fluid during

ejaculation into the hermaphrodite uterus.

31



(A) (B)

oocyte a» early L1

DTC

®/ L1/L2

Z4 (or Z1)

333 > L2/3

somatic gonad primordium

zygote

4-cell stage

mitotic region
—

ComrmrS) e

A

mitosis/meiosis border

transition zone
—

= =]

late-L4

spermatogenesis

sheath nuclei

mitotic region,
 —

newly-hatched
L1 larva

Figure 1.5 Schematic representation of development of germline

(A) Schematic representation of fertilization and the embryonic germ line. Oocyte and sperm
meet and fertilization that initiates embryonic development. Germline lineages are depicted in
yellow. (B) Schematic representation of post-embryonic hermaphrodite gonad development.
Germlines are indicated in differen colours: yellow mitotic region, light green transition (early
prophase of meiosis 1), dark green pachytene, dark blue spermatogenesis, and pink oogenesis.
The mitosis/meiosis border is indicated in the late-L3 and late-L4 by light green arrows. In the
adult, the mitosis/meiosis border is not sharp (mitotic and meiotic nuclei are interspersed at the
border) as indicated here by a yellow/green colour gradient. Somatic gonad color scheme: red
DTC, blue sheath/spermatheca precursor cells, light blue sheath nuclei, grey spermatheca, and
white uterus. This figue is adapted from Wormbook.
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1.6 Aims of this thesis

So far I have discussed Arogonaute proteins, the Piwi sub-family of Argonaute proteins
and their expression patterns and functions in development in different organisms. I
have also discussed recently discovered Piwi-interacting RNAs (piRNAs) and their
possible role in transposon silencing. However, in C. elegans, functions of Piwi
proteins in development and their interacting RNAs are currently unknown. Therefore,

I have been interested to investigate functions of Piwi proteins in C. elegans.

In this study I show that 1) C. elegans Piwi proteins have a conserved role in germline
maintenance and development. 2) A class of 21 nucleotides RNAs, previously named
as 21U-RNAs are piRNAs in C. elegans and they are associated with Piwi proteins. 3)
piRNA biogenesis is independent of Dicer and genes from other small RNA pathways.
4) The expression of Piwi and piRNAs is restricted to both male and female germlines.
5) Piwi is specifically required for Tc3 transposon silencing in the germline. 6) There is
no evidence of Ping-Pong model for piRNA amplification in C. elegans. 7) A Piwi-
piRNA complex acts upstream of endogenous siRNAs in Tc3 silencing and there might

be a link between piRNAs and endogenous siRNA function.
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2. Materials and Methods

2.1 General materials

All chemicals were purchased from Sigma-Aldrich or Fisher Scientific. Restriction
enzymes and other modifying enzymes were purchased from Roche and New England
Biolabs (NEB). Radiochemicals were purchased from Amersham Biosciences or
PerkinElmer. C. elegans strains used are shown in Table 2.2. The name and source of
the antibodies used in this study are shown in Table 2.3. Oligonucleotide primers were

synthesized by Sigma (Tables 2.4, 2.5, 2.6 and 2.7).

2.2 Bacteria related techniques

2.2.1 Bacterial media and growth

Autoclaved Luria-Bertani media (LB-media) (10 g/L tryptone, 5 g/L yeast extract, 5
g/L NaCl, pH 7.5) was used to grow liquid bacterial cultures by shaking at 225
revolutions per minute (rpm) at 37°C for at least 12 hours. To select for bacteria
transformed with a plasmid conferring resistance to ampicillin or kanamycin in liquid
culture, these antibiotics were added to LB medium at room temperature prior to
inoculation at final concentrations of 50 pg/ml or 100 pg/ml. To prepare plates
containing ampicillin or kanamycin, these antibiotics were added to autoclaved LB-agar

that had been cooled to less than 50°C.

2.2.2 E. coli strains

Chemically competent XL-1 Blue (Stratagene), TOP10 (Invitrogen), DH5a

(Invitrogen) and TOP10’ (Invitrogen) cells were used in transformations for cloning
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purposes. For expression of recombinant proteins, plasmid constructs were transformed

with chemically competent BL21 (DE3)-CodonPlus cells (Stratagene).

2.2.3 Preparation of chemically competent bacteria

250 ml of SOB medium (0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KClI,
10 mM MgCl12, 10 mM MgSO4 dissolved in water and autoclaved) was inoculated with
a single colony of E. coli and the culture was grown at 19°C with vigorous shaking until
the ODggo reached 0.5 (normally it takes 20-24 hours). The culture was centrifuged at
4000 rpm for 10 min at 4°C. The bacterial pellet was gently resuspended in 80 ml of
ice-cold TB buffer (10 mM PIPES, 15 mM CaCl,, 250 mM KCI were dissolved in
nanopure water and the pH was adjusted to 6.7 and then 55 mM MnCl, was added. The
final volume was adjusted with water, followed by filter sterilization with 0.45 pum
filter and stored at 4°C), incubated on ice for 10 min and pelleted again by
centrifugation as before. The pellet was resuspended in 20 ml of ice-cold TB buffer and

1.4 ml of DMSO was added. Cells were aliquoted and stored at -80°C.

2.2.4 Bacterial transformation

Cells were thawed on ice and the plasmid (usually 100 ng) was added to the 100 pl of
competent cells in a tube, and incubated on ice for 30 min. The tube was then placed in
a water bath at 42°C for 45 sec and immediately chilled on ice minimum for 2 min. 200
pl of SOB medium was added and the bacterial culture incubated at 37°C at 225 rpm
for 1 hr before plating on LB-agar plates containing the appropriate antibiotics for

selection.

2.2.5 Induction to bacterial cells for recombinant protein expression

A single colony of bacteria was used to inoculate a 20 ml LB culture with appropriate

antibiotics and grown overnight at 37°C. The following morning, 20 ml culture was
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transferred to 500 ml - 2L LB medium containing suitable antibiotics and cells were
grown at 37°C until they reached ODgg of 0.4-0.6. Then IPTG (between 100 uM —
ImM, dependent upon expression of proteins) was added to the culture and it was
grown at lower temperature (between 20-30°C) for 4-6 hours. Cells were harvested by

centrifugation.

2.3 C. elegans strains and culture

C. elegans was grown using standard conditions (W. B. Wood and the Community of
C. elegans Researchers, 1988). Unless otherwise stated the food source used was E. coli
strain HB101 (Caenorhabditis Genetics Center, University of Minnesota, Twin Cities,
MN, USA). The wild-type strain was var. Bristol N2 (Brenner, 1974). Nematodes were
grown at 20°C, except where stated otherwise.

New deletion alleles for prg-I and prg-2 were generated as described previously
(Miska et al., 2007) and are listed in Table 3.1 and Figure 3.1. For a complete list of
mutant strains used, see Table 3.2. All strains generated in this study have been
submitted to the Caenorhabditis Genetics Center. For the developmental time course
experiments animals were synchronized through bleaching followed by starvation-

induced L1 arrest.

2.4 Molecular biology methods

2.4.1 Plasmid isolation (mini prep & midi prep)

3-5 ml (for mini prep) and 50-100 ml (for midi prep) of LB with appropriate antibiotics
was inoculated with a single colony (after transformation) and grown at 37°C overnight.
Bacteria were pelleted by centrifugation at 4000 rpm for 10 min and the plasmid was
isolated using QIAGEN plasmid mini kit (Qiagen) and QIAGEN plasmid midi kit

(Qiagen) respectively according to the manufacture’s instructions.
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2.4.2 Genomic DNA isolation from C. elegans

Animals were harvested from plates by washing with M9 buffer (3g/L KH,PO,, 6g/L
Na,HPO,, 5g/L NaCl, 1ml/L of 1MgSO4 dissolved in dH,0 and autoclaved) or from
liquid cultures by floating on a sucrose cushion followed by washes with M9 buffer.
Animals were pelleted by centrifugation at 2000 rpm for 2-3 min at RT (room
temperature) and lysed in 5 volumes of lysis buffer (200 mM NaCl, 100 mM Tris-HCI
pH 8.5, 50 mM EDTA and 0.5% SDS; aliquots were stored at -20°C) with Proteinase K
(final concentration was 0.1pg/ul) at 65°C for 1-2 hrs and followed by incubation at
95°C for 20-30 min. DNAse-free RNase (final concentration was 0.1pg/ul) was added
to the lysate, incubated for lhr at 37°C. DNA was extracted with an equal volume of
buffer saturated phenol, phenol:chloroform and phenol:cholorofom:isoamylalcohol.
The aqueous phase was collected and DNA was precipitated with 0.1 volume of 3M
sodium acetate and 2 volumes of absolute ethanol. DNA was pelleted by centrifugation
at 14,000 rpm for 15 min at room temperature; the pellet was washed with 70% ethanol

and dissolved in sterile water.

2.4.3 DNA amplification by polymerase chain reaction (PCR)

PCRs were performed using the either Taq DNA polymerase (NEB) or Phusion High-
Fidelity DNA polymerase (NEB) according to the manufacturer’s instructions. Phusion
DNA polymerase was used for cloning. For Phusion High-Fidelity DNA polymerase,
50 ul of PCR reaction contained 1 pl of cDNA or DNA template (100 ng/ ul), 10 ul of
5X HF buffer, 1 pl of 10 mM dNTPs, 2.5 pl of 10 uM of forward primer and reverse
primer, 0.5 pl (2 units/pl) of Phusion DNA polymerase and ddH,O was added to a final
volume 50 pl. Reactions were performed in an Eppendorf thermal cycler machine
according to the following program: 98°C — 30 sec (1 cycle); 98°C — 10 sec, 55°C — 30
sec, 72°C — 1 min (10 cycles); 98°C — 10 sec, 68°C — 30 sec, 72°C — 1 min (25 cycles);

72°C — 7 min for final elongation.
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For Tag DNA polymerase, 50 pl of PCR reaction contained 1 pl of DNA template (100
ng/ pl), 5 pl of 10X ThermoPol Reaction buffer, 1 pl of 10 mM dNTPs, 1 pl of 10 uM
of forward primer and reverse primer, 0.5 pl (5 units/ul) of Taqg DNA polymerase and
ddH,O was added to a final volume 50 pl.. Reactions were performed in a Eppendorf
thermal cycler machine according to the following condition: 94°C — 30 sec (1 cycle);
94°C — 20 sec, 55°C — 30 sec, 72°C — 1 min (30 cycles); 72°C — 7 min for final

elongation. PCR products were visualised through agarose gel electrophoresis.

2.4.4 Agarose gel electrophoresis and purification of DNA

DNA was resolved using horizontal agarose gels. 0.8%-2.5% agarose gels were made
in TAE buffer and ethidium bromide was added to this to a final concentration of 1
pg/ml. The gel was poured into a mould and allowed to set. The solidified gel was
placed inside the electrophoresis tank and this was filled with 1X TAE buffer. Prior to
electrophoresis, samples were diluted in 6X loading buffer (0.125% w/v bromophenol
blue, 0.125% w/v xylene cyanol and 25% glycerol). DNA was visualised by UV
illumination and DNA fragment size was estimated by comparing it to DNA markers
(Bioline), which were resolved in parallel. For DNA purification, DNA was excised the
gel with a clean razor blade. DNA was extracted from the agarose using QIAquick Gel

Extraction kit (Qiagen) according to the manufacturer’s instructions.

2.4.5 PCR product purification

PCR products were extracted from the PCR reactions using QIAquick PCR purification

kit (Qiagen) according to the manufacturer’s instructions.

2.4.6 Cloning

Genes were amplified by PCR from cDNA or genomic DNA by using specific primer

pairs approximately 25 nucleotides long harbouring 5’ end restriction enzyme sites
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appropriate for directional cloning into the target vector. The PCR product was purified
with QIAquick PCR amplification kit (Qiagen) and then digested with suitable
restriction enzymes (NEB / Roche) according to the manufacturer’s instructions. The
target vector was subsequently digested with the same restriction enzymes and
dephosphorylated. The digested PCR product and target vector were loaded onto an
agarose gel, resolved and purified via the QIAquick Gel Extraction Kit (Qiagen)
according to the manufacturer’s instructions. The purified PCR product and target
vector were ligated using a Rapid DNA ligation Kit (Roche) according to the
maufacturer’s instructions. 7.5 ul of each ligation was transformed into XL-Blue or
DH5a cells bacterial cells. Transformants were checked by either colony PCR or

restriction digestion. Positive clones were confirmed by sequencing.

The ORF of prg-1 was PCR amplified from cDNA (cDNA was made from total RNA
using random primers (Invitrogen) using SuperScript II reverse transcriptase
(Invitrogen)) and cloned into pDONR221 entry vector (Invitrogen) using Gateway
Techology (Invitrogen) according to the manufacturer’s instructions. Different
fragments of the prg-/ ORF were sub-cloned to pDEST-MBP using also Gateway
technology.

2.4.7 DNA Sequencing

DNA sequencing reactions were performed by Cogenics (Essex, United Kingdom).

Computational analysis was performed using the MacVector program.

2.4.8 RNA isolation

For total RNA isolation animals were harvested from plates by washing with M9 buffer
or from liquid cultures by floating on a sucrose cushion followed by washes with M9
buffer. Animals were pelleted and frozen in liquid nitrogen and dissolved in ten pellet
volumes of Trizol reagent (Invitrogen). Worms were broken up by three freeze-thaw

cycles in liquid nitrogen and water followed by continuous vortexing for 30-45 min at
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4°C. 0.2 volumes of chloroform was added to the Trizol solution, mixed and incubated
at room temperature for 3-5 min. The mixture was centrifuged at 14,000 rpm for 15
min at 4°C and the aqueous phase was transferred to a new tube. Isopropanol was added
to the aqueous solution to precipitae the RNA (50% of the volume of Trizol reagent
used). Additionally, 1 pl of glycogen (20 pg/ul) was added as a carrier for RNA
precipitation. Precipitation was carried out by centrifugation at 14,000 rpm for 30 min
at 4°C. The pellet was washed with 80% ethanol, dried and dissolved in RNase-free

water.

The mirVana miRNA isolation Kit (Ambion) was used to isolate small RNAs
according to the manufacturer’s instructions with some modifications. After worms
were broken up, chloroform was added to the Trizol mixture, centrifuged and the
aqueous phase was collected in a fresh tube. 1/3 volume of 100% ethanol was added to
the aqueous phase and mixed thoroughly by vortexing. The sample was passed through
the first filter cartridge (Ambion) by centrifugation at 10000 rpm for 15 sec at room
temperature and the flow through (filtrate) was collected to a fresh tube. 2/3 volume of
100% ethanol was added to the filtrate, mixed thoroughly and passed through the
second filter cartridge (Ambion). Flow-through was discarded and the filter was
washed once with 700 ul of solution I (Ambion) followed by two washes with 500 pl
of solution 2/3 (Ambion). RNA was eluted in pre-warmed (95°C) RNase-free water
from the filter. The concentration of RNAs was measured at ODys by

spectrophotometry using a NanoDrop ND-1000 spectrophotometer.

2.4.9 3'end labelling of total RNA

100 ng of total RNA was 3’ end labeled with 5'[-a’*P]5'-3" cytidine bis-phosphate
(PerkinElmer). Each reaction (final volume 50 pl) was set up as follows: 1 ul of total
RNA (100 ng/ul), 5 pl of 5'-32P 5’-3' cytidine bis-phosphate (PerkinElmer), 5 pl of
10X RNA ligase buffer (MBI Fermentas), 15 pl of 100% DMSO, 2 ul of T4 RNA
ligase (MBI Fermentas) and 24 pl of nuclease-free water was mixed and incubated

overnight at 4°C. Unincorporated radioactivity was removed through G-25 microspin
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columns (Amersham) and 2X loading buffer (§ M urea, 50 mM EDTA, bromophenol
blue and xylene cyanol) was added. For size markers, Decade marker (Ambion) was 5’
end labeled according to the manufacture’s instructions and 18/26 oligo mix was 5’ end
labeled as follows: 2 pl of 18/26 oligo mix (10 pmole/pl), 5 pl of P** y-ATP (3000
Ci/mmole, 10 pCi/ul) (Amersham), 2 pul of 10X T4 PNK buffer (NEB), 2 ul of T4 PNK
(NEB) and 9 pl of ddH,O incubated at 37 °C for 1 hr. The reaction was inactivated at
65°C for 10 min and 2X loading buffer also added. 3’ end labeling reactions were
resolved on a 18% denaturing polyacrylamide gel (Sequagel mix, National Diagnostics)
along with 5" end labeled Decade marker and the 18/26mer oligo mix. Gels were run at
20W for 4 hrs (initial voltage was 1000V and final voltage was 1498V), gels were
wrapped in cling film and exposed to a Phospholmager screen that was scanned

through the Fujiflim FLA-5000 scanner (Fuji, Japan).

2.4.10 High-throughput sequencing

12-24-hour adult animals were harvested, total RNA was extracted using Trizol and
small RNAs were isolated using the mirVana miRNA isolation Kit (Ambion). For 5'-
dependent libraries 10ug RNA of wild type and piwi (n4357; n4358), mut-7 and dcr-1
mutants were size-selected to 18-30 nucleotides on a denaturing polyacrylamide gel and
small RNA libraries were cloned through ligation of a 5'- and 3'-adapter according to
the manufacturer’s protocol (Illumina). After 5’ and 3'-adapter ligation, cDNA systhesis
was performed using specific primer against 3-adapter through reverse transcription by
superscript II reverse transcriptase (Invitrogen) according to the manufacturer’s
instructions. Then, cDNA was amplified through PCR using high fidelity Phusion DNA
polymerase (NEB). For PCR primer pairs were designed against adapter sequences.
PCR was performed according to the following condition: 98°C — 30 sec (1 cycle);
98°C — 10 sec, 58°C — 30 sec, 72°C — 20 sec (20 cycles); 72°C — 5 min for final
elongation. PCR product (~92 bp) was eluted from the gel, precipitated and dissolved
in resuspension buffer (10mM Tris-Cl, pH 8.5). The concentration of the libraries was

measured using NanoDrop at ODy¢ and crosschecked by running 1 pl of the PCR
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product on a gel. Libraries with 10nM final concentration were prepared for sequencing

using an Illumina/Solexa 1G instrument.

Generation of these libraries as described above is dependent on the presence of a
monophosphate at the 5’ end of the small RNAs. In C. elegans secondary endogenous
siRNAs carry a triphosphate at their 5" end. Therefore the method using to make the 5'-
dependent library is not useful to clone these secondary siRNAs. To avoid this
problem, a 5'-independent libraries of small RNAs were generated as described
previously (Houwing et al., 2007) but with several modifications: RNA was size-
selected to 19-29 nucleotides on a denaturing polyacrylamide gel. Small RNAs were
treated with tobacco acid pyrophosphatase (Epicenter) to convert 5'-triphosphates to 5'-
monophosphates, poly (A)-tailed using poly(A)-polymerase and ligated to a 5’-adapter.
First-strand cDNA synthesis was performed using an oligo(dT) primer and M-MLV-
RNase H' reverse transcriptase (ABI). Incubation temperatures were 42°C for 15 min,
ramp to 55°C followed by 55°C for 5 min. The resulting cDNAs were then PCR-
amplified using a high fidelity DNA polymerase and 17 PCR cycles. All libraries were

sequenced using an Illumina/Solexa 1G instrument.

2.4.11 Northern blotting of small RNAs

Small RNA northern blotting was performed using either DNA probes or LNA probes.
The protocol used for Northern blotting using DNA probes is as follows: 15% sequaGel
mix (15 ml of mix was prepared by adding 9 ml Concentrate, 4.5 ml of Diluent and 1.5
ml of Buffer (National Diagnostics) was prepared, poured the gel into criterion
cassettes (Bio-Rad) and polymerized for 1-2 hrs. Gel was pre-run for 30 min-1 hr in
0.5X TBE buffer. 20-40 ug of total RNA or small RNA was mixed with 2X loading
buffer (8 M urea, 50 mM EDTA, bromophenol blue and xylene cyanol). Samples were
heated to 80°C for 5-10 min, spun down and loaded to the wells after ensuring urea was
washed off from the wells. The gel was run in 0.5X TBE buffer at 180-200 Volts until
Bromophenol blue dye just runs off the gel and Xylene cyanol was still in the middle of

the gel. After running the gel, it was stained with Ethidium bromide solution in 0.5X
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TBE for 5 min and RNA was visualised by UV translluminator. Stains of tRNA (~78
nt) and 5S rRNA (~120 nt) bands were observed and used as a loading control. Gel was
washed briefly with 0.5X TBE for 2-3 times. Nylon membrane (Genescreen Plus) and 3
mm Whatman chromatography filter paper (Fisher Scientific Ltd) was cut according to
the size of the gel and soaked in 0.5X TBE buffer briefly just before the sandwich.
Standard sandwich was prepared as following: 3 sheets of soaked Whatman filter
papers were placed on the bottom platform of the semidry blotter (Hoefer system,
Amersham Pharmacia) then gel (upside down), Nylon membrane and 3 sheets of
Whatman filter papers. Any bubbles were removed rolling a plastic pipette over the
sandwich. RNA was transferred to the Nylon membrane at constant current (3.3
mM/cm2) for 45 min to 1 hr. Membrane was marked to indicate orientation, cross-
linked by UV radiation (1200 uJ, auto cross-linking setting) (UV Stratalinker,
Stratagene) and baked for 2 hrs at 80°C. Each membrane was pre-hybridized in 25 ml
hybridization buffer (5X SSC, 20 mM Na,HPO,4, pH 7.2, 7% SDS, 2X Denhardt’s
solution and 1 mg of denatured salmon sperm) for 1-2 hr at 50°C. In the mean time, the
probe was labelled by 5 end labelling method as following in a 50 pl reaction: 2 pl of
10 uM oligo (DNA probe), 5 ul of 10X T4 Polynucleotide Kinase buffer (PNK buffer),
2 ul of T4 PNK (NEB), 5 ul of P**y-ATP (3000 Ci/mmole, 10 pCi/ul) (either GE
healthcare or PerkinElmer) and 36 pl of water were mixed together and incubated for 1
hr at 37°C. The reaction was heat inactivated at 65°C for 10 min and purified through
G-25 MicroSpin column (Amersham Pharmacia) according to the manufacturer’s
instructions.  Half of the labelling reaction (25 pl) was added to the blot in
hybridization buffer and hybridized for overnight at 50°C. Each membrane was washed
twice with 40 ml of 1* wash buffer (3X SSC, 25 mM Na2HPO4, 5% SDS and 10X
Denhardt’s solution) for 10 min each, followed by another two washes with same
buffer for 30 min each. Finally, membrane was washed once with 80 ml of 2™ wash
buffer (1X SSC and 1% SDS) for 10 min. All the washes were done at 50°C.
Membrane was dried, saran wrapped and exposed to the Phospholmager screen and
scanned through the Fujiflim FLA-5000 scanner. Signals were quantified through Mac-

Bas program.
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Expression level of 21U-RNAs is lower compared to other small RNA species.
Therefore, conventional northern blotting method is less sensitive, time-consuming and
it needs lot of initial stating material to detect 21U-RNAs. To overcome this problem, a
newly developed northern method was used with some modifications to detect small
RNAs (Pall and Hamilton, 2008). 15% of denaturing polyacrylamide gel [60 ml mix;
22.5 ml of 40% Acrylamide (19:1) - Accugel (National Diagnostics), 25.2 gm of urea
(Fluka), 1.2 ml of 50X MOPS, pH 7 (1 M MOPS (Sigma) was dissolved in distilled
water and pH was adjusted to 7 by NaOH, stored at 4°C and water was added to make
final volume 60 ml] was poured into the criterion cassettes (Bio-Rad), polymerized for
1-2hrs. Gel was pre-run for 3-4 hrs in 20 mM MOPS, pH 7) buffer. Sample was
prepared in 2X urea loading buffer, heated at 80°C for 5-10 min and loaded into the
wells after removing urea from the wells. The gel was run at 180-200 Volt for 1-2 hrs
or 60-90 Volt for overnight in 20 mM MOPS-NaOH (pH 7) buffer. The RNA was
transferred to the neutral Nylon membrane, Hybond NX (Amersham/Pharmacia) in 20
mM MOPS-NaOH (pH 7) buffer as above. Membrane was briefly washed with water
2-3 times and placed RNA side up onto 3 Whatman filter papers saturated with freshly
prepared EDC reagent [0.16 M EDC (Sigma) was prepared in 0.13 M 1-
methylimidazole (Sigma) at pH 8. 245 ul of 12.5 M 1-methylimidazole was added to 9
ml DEPC-treated water, pH was adjusted to 8 with 1 M HCL. Immediately before use,
0.753 g EDC was added and made the volume up to 24 ml with DEPC treated water].
The membrane and Whatman filter papers were wrapped in Saran and incubated at
60°C for 2 hrs. After cross-linking, the membrane was washed with RNAse-free water,

dried. Pre-hybridization, hybridization and washing was performed as above.

Alternatively, LNA probe (Exiqon) was designed for 21UR-1 and due to their special
modification in the nucleic acid; detection of the 21UR-1 through Northern blotting is
sensitive. After RNA was transferred to the Nylon membrane (Genescreen Plus), cross-
linked through UV cross-linking followed by baking at 80°C for 2 hrs. Each membrane
was pre-hybridized in 25 ml of hybridization buffer (0.36 M Na,HPO,, 0.14 M
NaH,PO4, 1 mM EDTA, 7% SDS and Img of denatured salmon sperm DNA) at 60°C
for 1hr. 20 pmole of a P** y-ATP labelled LNA probe was added to the hybridization
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buffer and hybridized at 60°C for overnight. After hybridization, membrane was
washed once with 2X SSC, 0.2% SDS at 50°C for 15 min, once with 0.5X SSC, 0.1%
SDS at 50°C for 15 min and once with 0.1X SSC, 0.1% SDS at 65°C for 5 min.

2.4.12 RT-PCR

For small RNA RT-PCR primer design was as described previously (Chen et al., 2005).
100ng of total RNA was used for each reverse transcription reaction with 50nM stem-
loop RT primer, 1XRT buffer (Arrayscript, Ambion), 1 mM dNTPs, 3.33U/ul of
MMCV reverse transcriptase (Arrayscript, Ambion) and 0.25U/ul RNase inhibitor
(Ambion) in a final volume of 7.5ul. The reaction was incubated at 16°C for 30 min,
42°C for 30 min and 85°C for 5 min. Real-time PCR was performed using Quantitect
SYBR green PCR mix (Qiagen). For each reaction, 10ul of 2X Quantitect SYBR green
PCR mix, 0.2ul of 100uM specific forward primer, 0.2ul of 100uM universal reverse
primer, 8.27ul of RNase-free water and 1.33ul of RT product was incubated at 95°C for
10 min, followed by 40 cycles of PCR (95°C for 15s, 60°C for 1 min) on a 7300 Real
Time PCR System (Applied Biosystems, Foster City, CA, USA). All reactions were run
either in duplicate or triplicate. Alternatively, a standard PCR was carried out and
products were resolved on a 10% denaturing polyacrylamide gel and stained using
SYBR green or PCR products were cloned and sequenced. For mRNA RT-PCR, total
RNA was incubated with TURBO DNA-free, (Ambion) at 37°C according to the
manufacturer’s instruction. 100ng of DNA-free RNA was used for reverse
transcription, using random primers and Superscript RT II (Invitrogen) according to
manufacturer’s instructions and PCR was performed as described above. All primers

used for RT-PCR are listed in Table 4.

2.4.13 RNase protection assay

Fragments of Tcl, Tc3 and U6 snRNA were either cloned into pGEMTeasy (Promega,
Madison, WI, USA) or PCR product used as a template for in vitro transcription. In



case of plasmids, they were linearized, gel purified and phenol-chloroform extracted
prior to in vitro transcription. PCR products were used directly after gel purification
and phenol-choloform extraction. [n vitro transcription was performed using
MaxiScript III kit (Ambion). For each In vitro transcription reaction, 500 ng to 1 pg of
DNA template, 2 pl of 10X transcription buffer (Ambion), 1 pl of 10 mM ATP, 1 pl of
10 mM CTP, 1 pl of 10 mM GTP, 5 pl of a-p32-UTP (3000Ci/mmole) (PerkinElmer),
2 ul of either T7 or SP6 promoter (20U/ul) (Ambion) and RNase-free water (up to final
volume 20 pl) was incubated at 37°C for 1 hr. After that, each reaction was incubated
with 1 pl of TURBO-DNase to remove DNA templates, followed by addition of 1 pl
of 0.5 M EDTA to stop the DNase activity. In vitro transcribed radiolabelled RNA
probe was mixed with 2X loading buffer, resolved through denaturing polyacrylamide
gel and exposed to the X-ray film. The desired band was excised from the gel and
eluted in 350 pl of elution buffer (0.5 M NHy4 Ac, 0.2% SDS, 1 mM EDTA) at 37 °C
for overnight. The RNA was then ethanol precipitated with 3 volumes of absolute
ethanol and 1 pl of glycogen at -80°C for 30 min. The pellet was washed with 80%

ethanol, dried and dissolved in 15 pl of RNase-free water.

Probes used were Tc3-N (bases 5-212 of transposase), Tc3-464 bp (bases 270-733 of
transposase), Tc3-C (bases 698-913 of transposase), Tc1-370 bp (bases 523-893
transposase), U6 snRNA (bases 1-102). Each RNase protection assay (RPA) was
performed as follows: 15-30ug of small RNAs (usually 4-5 pg/ul), 3 pul of probe, 1 pl
of U6 probe (as an internal control) and hybridization buffer (53mM PIPES, pH6.4,
1.33mM EDTA, 0.53M NaCl, 67% formamide) (up to final volume 12 pl) was
incubated at 46°C for overnight. For each reaction, RNA was digested with 150 pl of
RNase A/T1 (1:100 dilution in RNase digestion buffer (miRVana miRNA detection kit,
Ambion)) for 30min at 37°C. The reaction was stopped by adding 225 pl of RNase
inactivation / PPT solution (miRVana miRNA detection kit, Ambion). RNA was
precipitated, pellet was dissolved in urea loading buffer, resolved in 12% Sequagel

(National Diagnostics) and exposed to X-ray film.

46



2.4.14 Microarray

Total RNA was prepared from synchronized young adults (12 hr adult) from wild-type
and two individual piwi mutants using Trizol extraction method as described in section
2.4.8. Three biological samples were used. 5 ng of total RNA was amplified and
labelled (Cogenics) according to their protocol, and hybridized to a GeneChip array
(Affymetrix) contains probes for 22,500 transcripts from Caenorhabditis elegans. The
expression of genes was normalized by expression of total number of genes and fold

change of piwi mutants was calculated relative to wild-type.

2.5 Biochemical analysis

2.5.1 Purification of Recombinant proteins

PCR products corresponds to the N-terminal first 60 amino acids (1-60 aa), 1-241 aa,
PAZ domain (218-354 aa), PIWI domain (499-810 aa) and C-terminal 738-824 aa of
PRG-1 were sub-cloned from pDONR221-PRG-1-ORF plasmid to GST containing
pGEX-5X-1 plasmid (Amersham). Simultaneously, PCR product corresponds to N-
terminal first 60 amino acids (1-60 aa) and PAZ domain (218-354 aa)were also sub-
cloned from pDONR221-PRG-1-ORF to pQE-30 and pMAL-c2X plasmid that carry N-
terminal 6X-HIS tag and MBP tag sequences respectively. PCR products corresponds
to 1-60 aa and PAZ domain of PRG-1 was cloned into different plasmids containing
different tags because of antibody purification and to test the specificity of the
antibodies against recombinant proteins. For in vitro interactions study of PRG-I
protein, various cDNA fragments of the PRG-1 protein (1-936 bp, 1-633 bp, 652-1062
bp, 1027-1575 bp, 1495-2430 bp, 1495-2007 bp, 1834-2475 bp and full-length 1-2475
bp) were sub-cloned by gateway cloning system from pDONR221-PRG-1-ORF to
pDEST-MBP (pEM105) vector, which carries an N-terminal MBP tag sequence.
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The constructs carrying pGEX-5X-1-(1-60aa) and pGEX-5X-1-PAZ were transformed
into BL21 (DE3) CodonPlus (Statagene) E. coli. A single colony of bacteria was used
to inoculate in a 20 ml LB culture with appropriate antibiotics and grown overnight at
37°C as described in section 2.2.5. Bacterial cells were induced with 250 uM IPTG at
30°C for 5 hrs and 100 uM IPTG at 25°C for 24 hrs to express GST-(1-60aa) (pGEX-
5X-1-(1-60aa)) and GST-PAZ (pGEX-5X-1-PAZ) recombinant proteins respectively.
The bacterial cells were pelleted by centrifugation at 4500 rpm for 10 min at 4°C and
resuspended in 40ml of 1X PBS (150 mM Nacl, 2.5 mM KCI, 10 mM Na,HPO,, 2 mM
K,HPO,) with EDTA-free protease inhibitor tablet (Roche). Lysozyme was added to
final concentration of 0.25mg/ml to lyse the cells for 1 hr at cold room on rotation. The
cell suspension was sonicated on ice with 30 sec pulse and 30 sec interval for 4 times
using sonicator. The lysed cells were further incubated with Triton (final concentration
1%) for 30 min, centrifuged at 14000 rpm for 10-15 min at 4°C. The supernantant was
transferred to a 50 ml falcon tube containing 2ml of 50% slurry of glutathione-
sepharose beads (GE Healthcare) and rotated for 1-2 hrs at 4°C to bind the fusion
protein to the beads. Beads were pelleted by centrifugation at 1500 rpm for 3 min at
4°C, supernatant containing unbound fractions was removed and the beads were
washed with chilled 1X PBS by centrifugation at 1500 rpm for 3 min. After that, beads
were resuspended in 1X PBS gently and poured onto a protein purification column
(Bio-Rad). Beads were washed with chilled 1X PBS (usually 10 times of the bed
volume of the beads) and GST-fusion proteins were eluted with 50mM reduced
Glutathione (Amersham Pharmacia) solution (Glutathione was dissolved in 1X PBS,
pH was adjusted to 7.4) in 1ml fractions. Fusion proteins were aliquoted and frozen in

liquid nitrogen, stored at -80°C.

For MBP (Maltose binding protein) fusion proteins, 1L of LB-ampicillin culture
containing bacterial cells were induced by 300 uM IPTG at 25°C for 5-6 hrs. Cells were
harvested and resuspended in 30 ml of column buffer (20 mM of Tris-HCI, pH 7.4; 200
mM of NaCl and ImM EDTA) with 1 mM DTT and EDTA-free protease inhibitor
tablet (1/50ml). The cells were lysed and supernantant was collected after

centrifugation. The supernatant was incubated with 6 ml 50% slurry of Amylose resin
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(NEB) to bind MBP-fusion protein to the beads and unbound fractions were removed
by washing with chilled column buffer (10 times of the bed volume of the beads). The
MBP fusion protein was eluted with 10mM maltose (Sigma) solution in 2ml fractions.

Fusion proteins were frozen and stored as above.

Protein concentration was measured using Bio-Rad protein assay solution (2.5.2).
Purity and quantity of fusion proteins were checked by SDS-PAGE, stained with
SimplyBlue Safestain (Invitrogen).

2.5.2 Determination of protein concentration

Bio-Rad protein assay solution (5X) (Bio-Rad 500-0006) was used to determine protein
concentrations. Bio-Rad protein assay solution was diluted to 1X with water. Highly
concentrated proteins were diluted in a range of 1-3mg/ml with their respective buffers.
I, 5 and 10 pl of proteins were each added to Iml of 1X Bio-Rad protein assay
solution. For blank and control, water and sample buffer were each added to Iml of 1X
Bio-Rad protein assay solution. Reactions were incubated for 10 min at room
temperature, transferred to plastic cuvettes and absorption was measured at 595 nm
using a spectrophotometer (Pharmacia Ultraspec 2100).  Alternatively, protein
concentration was estimated by comparing band intensity with a dilution series of BSA
(Bovine serum albumin) on a SDS-PAGE gel, stained with SimplyBlue Safestain

(Invitrogen).

2.5.3 SDS-PAGE

Protein electrophoresis was performed using sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) gels and the Bio-Rad Mini-Protean II gel apparatus.
Separating gels contained 330 mM Tris-HCI pH 8.8, 0.1% SDS, 6-15% polyacrylamide
mixture (Protogel- 30%: 0.8% w/v acrylamide:bisacrylamide, from National

Diagnostics). Gels were polymerized by addition of 0.1% ammonium persulphate
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(APS) (Sigma) and 0.1% TEMED (Sigma). 70% ethanol or butanol was added top of
the separating gel until gels were polymerized. After polymerization, ethanol was
removed and gels were washed with water before pouring the stacking gels. Stacking
gels layered above the separating gel contained 125 mM Tris-HCI pH 6.8, 0.1% SDS,
4% polyacrylamide mixture and water (upto final volume) polymerized with 0.1% APS
and 0.1% TEMED. Bacterial extracts, recombinant proteins and worm extracts were
mixed in 2x SDS sample buffer (100 mM Tris-HCI pH 6.8, 20% glycerol, 4% SDS,
20% p-Mercaptoethanol, 0.2% w/v bromophenol blue), denatured by incubation at
95°C for 5 min immediately before loading. Electrophoresis was performed at 100-120
Volt in 1X running buffer (25mM Tris-base, 190 mM glycine, 0.1% SDS) until protein
standard marker (prestained marker. MBI fermentas) migrated at the appropriate

position on the separating gel.

2.5.4 Protein gel staining

Protein gels were stained with either commassie blue staining solution (0.25% w/v
commassie brilliant blue R250, 10% methanol and 10% acetic acid) or using
SimplyBlue Safestain (Invitrogen) for 1-2 hr at RT. The staining solution was decanted
and replaced with either destaining solution (10% methanol, 10% acetic acid) (in case

of commassie blue staining solution) or with water (in case of SimplyBlue Safestain).

2.5.5 Antibody generation

PRG-1 GST-(1-60aa) and GST-PAZ recombinant fusion proteins were dialysed in 1X
PBS buffer to remove reduced glutathione, and injected individually into two rabbits to

generate anti-PRG1 polyclonal antibodies (PickCell Laboratories, Amesterdam, The
Netherlands).

Three different polyclonal anti-peptide antibodies were also generated by immunizing
either rabbits or guineapigs. PRG-1 peptide sequences are shown in Table 2.3. First

peptide antibody: Rabbit polyclonal PRG-1 antibody was generated injecting following

50



peptide  YTRLDYSISPLSE (Abcam  15826). Second peptide antibody:
QSKTGSSGQPQKC and RGRGSGSNNSGGKDQ peptides were co-injected into two
rabbits for immunization (Eurogentec, Belgium) and the final serum was collected after
28 days. Third peptide antibody: SGRGRGRGSGSNNSGGKDQKYL &
RQQGQSKTGSSGQPQKC peptides were co-injected into two rabbits and two
guineapigs for immunization (Peptide Speciality Laboratories, Germany) and the final

serum was collected after 28 days.

2.5.6 Western blot analysis

Proteins were resolved by SDS-PAGE and transferred onto nitrocellulose membrane
(Hybond ECL membrane, Amersham) in transfer buffer (25 mM Tris-base, 190 mM
glycine, 20% methanol) for 1 hr and 30 min at 300mA using Bio-Rad Mini-Trans-Blot
cell apparatus at 4°C. Protein transfer and loading were confirmed using Ponceau S
solution (Sigma). Ponceau staining was removed by washing with TBS-T (150 mM
NaCl, 20 mM Tris-HCI pH 7.6 with 0.5% Tween-20) buffer. Then the membrane was
blocked in TBS-T buffer supplemented with 5% non-fat dried milk for 1 hr at RT or
overnight at 4°C with gentle shaking. The membrane was incubated for 2 hr at RT or
overnight at 4°C in primary antibody diluted in TBS-T supplemented with 5% non-fat
dried milk with gentle shaking. Membrane was washed 3 times with TBS-T for 10 min
each and then incubated with either anti-rabbit (Amersham) or anti-mouse (Amersham)
horse radish peroxidase (HRP) conjugated secondary antibody diluted 1:10000 in TBS-
T supplemented with 5% non-fat dried milk for 1 hr at RT. The membrane was washed
3 times with TBS-T for 10 min each. Protein bands were detected by using either
Lumigen detection reagent (Amersham) or immobilon western kit (Millipore)

according to the manufacturer’s instructions.

Immunoblotted membranes were incubated in stripping buffer (2% SDS, 62.5 mM
Tris-HCI pH 6.8, 100 mM [-Mercaptoethanol) for 30 min at 50 °C. Stripped
membranes were washed 4 times for 10 min at RT with TBS-T (gentle shaking) and

then blocked in TBS-T supplemented with 5% milk as fresh membranes.
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2.5.7 Preparation of C. elegans extract

Synchronized animals were grown in liquid culture at 15°C and collected as young
adults by floating on a sucrose gradient, followed by extensive washing with MO.
Droplets of worm pellet were frozen in liquid nitrogen and then stored at -80°C. Frozen
droplets were crushed to powder using a chilled Biopulverizer with Spring-loaded
hammer (capacity of 1-10 gm) (BioSpec Products Inc. Bartlesville, USA), followed by
further grinding with a Cryo-cup grinder (BioSpec Products Inc. Bartlesville, USA) to
make a smooth powder. The powder was transferred to a falcon tube and dissolved in
lysis buffer (1X PBS with complete protease inhibitor tablets (Roche)), centrifuged at
14000 rpm for 15-20 min at 4°C and the supernatant was collected.

Worm extract was also prepared by dissolving small balls in suitable lysis buffer and
animals were disrupted using a One Shot cell disrupter (Constant Systems, Northants,
UK) at 200 MPa pressure. The lysate was clarified by centrifugation at 14000 rpm for

20 min at 4°C and supernatant was collected.

Small volume of worm pellet was directly dissolved in suitable lysis buffer, disrupterd
using Bio rupture on ice for 10-15 min with 30 sec interval. Then, lysate was cleared by
centrifugation at 14000 rpm for 20 min at 4°C and supernatant was collected. In all
cases clarified lysates were aliquoted, frozen in liquid nitrogen and subsequently stored

at -80°C.

2.5.8 Immunoprecipitation

Synchronized animals were grown in liquid culture at 15°C and collected as young
adults by floating on a sucrose gradient, followed by extensive washing with MO.
Animals were resuspended in two volumes of lysis buffer (100 mM PIPES pH6, 100
mM NaCl, 3 mM MgCl,, | mM EGTA, 1 mM DTT, 1 mM PMSF, 0.3M sucrose, 0.5%
Triton X-100, complete protease inhibitor tablets (Roche), phosphatase inhibitor
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cocktail 1 and 2 (Sigma)) and frozen in liquid nitrogen. Animals were disrupted using a
One Shot cell disruptor at 200MPa (Constant Systems, Northants, UK). The lysate was
clarified by centrifugation at 14,000rpm at 4°C for 20 min. For each
immunoprecipitation 20 ul of protein A agarose beads (GE Healthcare) were coupled
with 2 ul of serum (PPD2 or preimmune) by rotating for 2 hrs at 4°C in 500ul of
1XPBS, 0.5% Triton X-100. Beads were washed twice with 500 ul of IP buffer (30 mM
HEPES, 1% NP40, 100 mM NaCl, 66 mM KCl, 1 mM MgCl,, 1 mM DTT, EDTA free
complete protease inhibitor tablet (Roche), 100U of RNaseOUT (Invitrogen)). 100ug of
C. elegans lysate was diluted in IP buffer to 500ul and rotated with antibody-coupled
beads for 2 hrs at 4°C. Beads were washed three times with 1ml of IP buffer,
resuspended in 300ul of 1X proteinase K buffer (100mM Tris-HCl pH 7.4, 12mM
EDTA, 150mM NacCl, 1% SDS) with 1 ug/ul of proteinase K, rotated for 30 min at
room temperature and RNA was extracted using Trizol reagent. 10% of

immunoprecipitated RNA was used for RT-PCR.

2.5.9 Purification of a PRG-1 complex through gel-filtration
chromatography

A total worm extract was made from worm pellets using a Biopulverizer with Spring-
loaded hammer (capacity of 1-10g) and Cryo-cup grinder as described above (Section
2.3.7). The cleared total worm extract was fractionated through SuperdexHR 200
(Amersham) and Superose 6 (Amersham) columns using an AKTA chromatography
instrument (Pharmacia) according to the manufacturer’s instructions. Fractions were

analyzed by western blotting using an anti-PRG-1 antibody.
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Table 2.1 Deletion alleles described in this study

allele gene mutangen  Lg® cosmid size deletion breakpoints

n4357 prg-1 EMS 1 D2030 GTTTTCTTTCCTTGGAGAGGT//GATGCTCATATTGTAATCT
n4503 prg-1 EMS 1 D2030 TTCAAGGCTTCTGAAAATTTAT//ACTTCTGCGACAGCAGC
n4358 prg-2 EMS v C01G5 CGGTTCGTTTTCTTGAATCG//CCTTTAAGTTTTCATCTCAA
an57]’ prg-2 EMS I\ C01G5 ATCGGGATGAAGTTTGCAAA//AATCTAGAATACCGATTTCG

Strains with these deletion alleles have been submitted to the Cenorhabditis Genetics Center. * linkage group and " Deletion is
upstream of the open reading frame.
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Table 2.2 Strains used in this study

strain genotype comment
MT14034 prg-1(n4357) 4x outcrossed
MT14521 prg-1(n4503) 4x outcrossed
FX872 prg-1(tm872)
MT14035 prg-2(n4358) 4x outcrossed
MT14531 prg-2(nDf57) 4x outcrossed
FX1094 prg-2(tm1094)
“piwi(n4357;
MT14769 prg-1(n4357); prg-2(n4358) n4358)”"
“piwi(n4503;
SX9 prg-1(n4503); prg-2(nDf57) nDf57)"!
SX25 avr-14(ad1302); dcr-1(0k247) / qC1*; avr-15(ad1051) glc-1(pk54)
WM27 rde-1(ne219)
FX892 csr-1(tm892) /unc-24(el38am)
WMI158 ergo-1(tm1860)
WM126 sago-2(tm894) ppw-1(tm914); C06A41.4(tm887) F58G1.1(tm1019); M03D4.6(tm1144) sago-1(tm1195)
WM160 sago-1(tm1195)
WM154 sago-2(tm894)
NL2557 ppw-1(pkl1425)
NL5117 ppw-2(pkl1673)
NL2098 rrf-1(pk1417)
EL476 rrf-2(0k210)
MT12630 rrf-3(pk1426)
SX496 ego-1(om84) 1/ hT2 [ bli-4(e937) let-?(q782) qls48 ] (I:11])
TW332 rde-3(r459)
GR1373 eri-1(mg366)
NL917 mut-7(pk204)
JK551 unc-5(e53) fem-3(q22) ts allele’
BA17 fem-1(hcl7ts) ts allele’
CB4078 glp-1(e2144) ts allele’
GC833 glp-1(ar202) ts allele’
SS104 glp-4(bn2ts) ts allele’
SX157 prg-1(n4357); unc-22(st136)
SX166 prg-1(n4357); prg-2(n4358); unc-22(stl136)
SX171 unc-32(el89); mut-7(pk204); unc-22(st136)
SX158 prg-1(n4357); unc-22(r750)
SX165 unc-32(el89); mut-7(pk204); unc-22(r750)
SX336 prg-1(n4357); prg-2(n4358) unc-22(r750)
SX178 prg-1(n4357); unc-22(r765)
SX179 unc-32(el89); mut-7(pk204); unc-22(r765)
SX278 prg-1(n4357); prg-2(n4358); unc-22(r765)
NL3643 unc-22(st136) Tcl insertion
TR1160 unc-22(r750) Tc3 insertion
TR1175 unc-22(r765) Tc4 insertion
S$X339 prg-1(n4357); prg-2(n4358) ; ccEx7271
S$X340 unc-32(el89) mut-7(pk204); ccEx7271
PD7271 pha-1(e2123ts); ccEx7271
' Abbreviated genotypes.

? Temperature-sensitive allele.
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Table 2.3 Antibodies used in this study

anti-PRG-1 antibodies (using peptides)

Name Species Peptide synthesis &
antibody generation
Peptides
YTRLDYSISPLSE Ab15826 Rabbit Abcam (UK)
QSKTGSSGQPQKC SPY877 Rabbit Eurogentec (Belgium)
RGRGSGSNNSGGKDQ SPY878 Rabbit
SGRGRGRGSGSNNSGGKDQKYL 1932-1* Guineapig PSL (Germany)
RQQGQSKTGSSGQPQKC 1932-2* Guineapig PSL (Germany)
SGRGRGRGSGSNNSGGKDQKYL 1929-17 Rabbit PSL (Germany)
RQQGQSKTGSSGQPQKC 1929-2Y Rabbit PSL (Germany)
anti-PRG-1  antibodies  (using recombinant
proteins)
Recombinant proteins
PickCell Laboratories
GST-(1-60aa) Rb5999 Rabbit (Netherlands)
PickCell Laboratories
Rb6000 Rabbit (Netherlands)
PickCell Laboratories
GST-PAZ Rb5802 Rabbit (Netherlands)
PickCell Laboratories
Rb5803 Rabbit (Netherlands)
anti-tubulin antibody* tubulin Mouse Dako (USA)

Six different antibodies were generated against PRG-1. PRG-1 specific peptides and PRG-1 recombinant proteins were injected to
immunize rabbits or guineapigs. * antibodies highly specific to endogenous PRG-1. ¥ antibodies are specific to PRG-1 but still
reognize some unspecific bands. * Anti-tubulin antibody was commercially available and purchased from Dako. Peptides and
recombinant proteins were injected into two different rabbits or guineapigs for immunization apart from anti-PRG-1 antibody

generated with Abcam.
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Table 2.4 Oligonucleotides used for RT-PCR and northern blotting

Target Sequence (5'->3") Type
21UR-1 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGCACGGTT RV
21UR-1 ACACTCCAGCTGGGTGGTACGTACGTTAAC FwW
21UR-1353 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTACCATCA RV
21UR-1353 ACACTCCAGCTGGGTCAGAACATCACATGA FwW
21UR-2171 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGACTATCA RV
21UR-2171 ACACTCCAGCTGGGTAGTCACGTAAATTGA FW
21UR-3272 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACTTGATG RV
21UR-3272 ACACTCCAGCTGGGTGTTGAAGCTCGGCAT FwW
21UR-3442 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCACAATCT RV
21UR-3442 ACACTCCAGCTGGGTACTAGAGTGTTGAGA FwW
21UR-5045 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGCCGTTAA RV
21UR-5045 ACACTCCAGCTGGGTGCCAAACTCCATTTA FwW
21UR-5101 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCCAAGTTC RV
21UR-5101 ACACTCCAGCTGGGTAGGTACTACTTTGAA FW
21UR-5166 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGGCGAAAT RV
21UR-5166 ACACTCCAGCTGGGTAACATAGCATTGATT FW
miR-52 CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGCACGGA RV
miR-52 ACACTCCAGCTGGGCACCCGTACATATGTT FwW
(universal) CTCAAGTGTCGTGGAGTCGGCAA RV

Tc3 AATAGTCGCGGGTTGAGTTG RV

Tc3 GAGCGTTCACGGAGAAGAAG FwW

Tcl CACATGACGACGTTGAAACC RV

Tcl AACCGTTAAGCATGGAGGTG FwW
PRG-1 TGTTCCCACTCCTCCTTCAG RV
PRG-1 ATGTTTCGCCAACTTCATCC Fw
PRG-2 (1) CGTATCCGACGATCATTGTG RV
PRG-2 (1) CAATCAATGCGTGAATTTGC FW
PRG-2 (2) ACTCTGCTTGCTTTCCTTCG RV
PRG-2 (2) TCCACAGCAAAGACTTGACG FW
ACTIN-1 GTACGTCCGGAAGCGTAGAG RV
ACTIN-1 CACGGTATCGTCACCAACTG FW
21UR-1 GCACGGTTAACGTACGTACCA northern
siR-23-69 GACATCTCAGAAACATCGGCAAA northern
siR-26-263 TAGCATATGCATGCACCATAAACAAC northern
10[3) ATCTTCTCTGTATTGTTCC northern
let-7 AACTATACAACCTACTACCTCA northern
miR-52 AGCACGGAAACATATGTACGGGTG northern
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Table 2.5 Primers used for RT-PCR of Class I and Class II genes

Target Sequence (5'->3") Type
Class I

Y105C5B.21 AACCCGAAGAACATCGTGAC FW
GCTGCCAGGTTTTGAATAGC RV
Y57G11C.24 AGTATCCGATGCAGGTGTCC FW
GCGGAGCAACTCTTCCATAG RV
HO8MO01.2 TGTCAGAGATGCTGCCAAAC FwW
ATTGGGGAGCAATTGTTGAG RV
C27H2.2 AAGCTCGCTCGTCAAGTCTC FW
AGATTCGCCAATTCTGCATC RV
Y57G11C.32 ACCACTGGAATCCGATGAAG FW
ACGATTCGATTTGACCTTGC RV
F26D12.1 TCACAAGTGCTTCCAACGAG FwW
TGTCTGTGGCTGACTTCTGG RV
Class II F22B3.4 TGGTCCGGAAATAGGAGTTG FW
TGCACGTCTCTTCATCTTCG RV
Y57G11C.16 CAAGGACGGAAAGACTGGAC FW
TCTTGGTGTGCTGTCCTCTG RV
Y51H4A.3 AGGATCAGTTCCCAGACGTG FwW
GTGGACGCAGACGATCATAG RV
T06A10.4 ATGATCGAATGCGAGAATCC FW
CATTGGTGCAATACCAGTCG RV
ZK550.3 GCAAACTCGGTGGCTCTTAC FW
CAGCCAGAACTTTTGCTTCC RV
F52B11.2 ATCAATCCAGAAAGCCATCG FW
AGGCGACAAATTGATCATCC RV
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Table 2.6 Primers used for cloning of different fragments of PRG-1

Target Sequence (5'->3") Type
PRG-1-(1-60 aa) CCGGAATTCATGGCATCTGGAAGTGGTCG FW
CCGCTCGAGTTATTCAATCGGGATGAAGTTGG RV
PRG-1-(1-241 aa) CCGGAATTCATGGCATCTGGAAGTGGTCG FW
CCGCTCGAGTTATTTCTCTTGAACGCGTTGTGG RV
PRG-1-PAZ (218-354
aa) CGCGGATCCCCGAGTCGATGTACATTCTCTTTC FwW
CCGCTCGAGTTACGGAGACATGCGAGTGTGC RV
PRG-1-PIWI (499-810
aa) CCGGAATTCATGCTCGTCGTAATGCTCG FW
CCGCTCGAGTTAGTGAAGAGATTGGGCTGTC RV
PRG-1-(738-824 aa) CCGGAATTCATGGACTTCTACTTGGTTCCA FwW
CCGCTCGAGTTACAAGAAGAACAGCTTGTC RV
PRG-1-(1-60 aa) CGCGGATCCATGGCATCTGGAAGTGGTCG FW
CCCAAGCTTTTATTCAATCGGGATGAAGTTGG RV
PRG-1-PAZ (218-354
aa) CGCGGATCCATGTACATTCTCTTTCATAAGG FW
CCCAAGCTTTTACGGAGACATGCGAGTGTGC RV
PRG-1-ORF GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCATCTGGAAGTGGTC FW
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACAAGAAGAACAGCTTGTCACGAA RV
PRG-1-(1-936 bp) GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCATCTGGAAGTGGTCG FW
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATTGCTTTGGCTTTCCTTCAG RV
PRG-1-(1-633 bp) GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCATCTGGAAGTGGTCG FW
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAACGATTTTCAACGCAAAGC RV
PRG-1-PAZ (652-1062
bp) GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAGTCGATGTACATTCTCTTTC FwW
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACGGAGACATGCGAGTGTGC RV
PRG-1-(1027-1575 bp) GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATGAAGGAGATCGCAAAGC FW
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAAATGGGGCACTCGACACATAGG RV
PRG-1-PIWI (1495-
2430 bp) GGGGACAAGTTTGTACAAAAAAGCAGGCTTC ATGCTCGTCGTAATGCTCG Fw
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTA GTGAAGAGATTGGGCTGTC RV
PRG-1-(1495-2007 bp) GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCTCGTCGTAATGCTCG FW
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGACTTCGGTGTTCTTGATATACG RV
PRG-1-(1834-2475 bp) GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCAAACAAGACCTCATGAGAATCC FW
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACAAGAAGAACAGCTTGTCACG RV
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Table 2.7 Primers used for cloning of the different fragments of Tcl, Te3 and U6 for

RNase Protection (RPA) assay

Probes

name Sequence (5'->3") Type comment RPA

Tc3-464 TGCTTCAAAAAGGACCATCC FW pGEMTeasy yes
AATAGTCGCGGGTTGAGTTG RV

Tc3-N ter TAATACGACTCACTATAGGGAGA-CTCGAGGATCTGCCCTTTC T7-FW PCR product  yes
ATTTAGGTGACACTATAGAAGGG-CGAATCACATTTCGTTCGTC SP6-RV
CTCGAGGATCTGCCCTTTC FW pGEMTeasy
CGAATCACATTTCGTTCGTC RV

Tc3-Cter TAATACGACTCACTATAGGGAGA-CGACAATCCATGTGAGCAAC T7-FW PCR product  yes
ATTTAGGTGACACTATAGAAGGG-GCTGGTTGTCCGGAATAGAC SP6-RV
CGACAATCCATGTGAGCAAC FW pGEMTeasy
GCTGGTTGTCCGGAATAGAC RV

Tc3-TIR TAATACGACTCACTATAGGGAGA-CCCCCTAATTTGAAGGTTTG T7-FW PCR product
ATTTAGGTGACACTATAGAAGGG-GTTTTGGCATTACCGAGAGC SP6-RV
CCCCCTAATTTGAAGGTTTG FW pGEMTeasy yes
GTTTTGGCATTACCGAGAGC RV

Tcl1-370 TAATACGACTCACTATAGGGAGA-CCTGTTGGCTCTAGGTACTCTCC T7-FW PCR product
ATTTAGGTGACACTATAGAAGGG-GAAGCCCGAATACCTCCAAG SP6-RV
CCTGTTGGCTCTAGGTACTCTCC FW pGEMTeasy yes
GAAGCCCGAATACCTCCAAG RV

Tcl-TIR TAATACGACTCACTATAGGGAGA-GCTGGCCAAAAAGATATCCAC T7-FW PCR product
ATTTAGGTGACACTATAGAAGGG-CAAATTTGCGTTTCGTTTGC SP6-RV
GCTGGCCAAAAAGATATCCAC FW pGEMTeasy yes
CAAATTTGCGTTTCGTTTGC RV

U6 TAATACGACTCACTATAGGGAGA-TCCGAGAACATATACTAAAATTGGAAC T7-FW PCR product  yes
ATTTAGGTGACACTATAGAAGGG-AAAATTTGGAACGCTTCACG SP6-RV

Primers were used to clone different parts of the Tcl and Tc3 either from genomic DNA or ¢cDNA library (prepared from total
RNA). T7-FW primers and SP6-RV primers are with T7 and SP6 promoter sequence respectively at their 5’ flanking end followed
by a sequence that corresponding to their targets for amplification. PCR products carrying T7 and SP6 promoter sequences were
used directly for in vitro transcription, or otherwise PCR product was cloned into pGEMTeasy plasmid (which contains T7 and SP6
promoter sequences flanking the MCS), linearized and then used for in vitro transcription. In vitro transcribed probes were used for

RPA assay. ‘yes’ indicating probes, which were used for RPA assay.
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3. Results

3.1 Introduction

Argonaute proteins associated with distinct classes of small RNAs form the core of the
RNA induced silencing complex (RISC) (Carmell et al., 2002; Tolia and Joshua-Tor,
2007). The superfamily of Argonatue proteins can be divided into the Ago sub-family
and the Piwi sub-family. The Ago sub-family is found in fission yeast, plants and

animals, whereas the Piwi sub-family found in ciliates, slime moulds and animals.

Expression of the Piwi sub-family of Argonaute proteins is restricted mostly to germ
cells in animals (Carmell et al., 2007; Deng and Lin, 2002; Houwing et al., 2007;
Kuramochi-Miyagawa et al., 2004; Kuramochi-Miyagawa et al., 2001). In flatworms,
Piwis are expressed in germ cells and somatic cells (Reddien et al., 2005). In
Drosophila, Piwis (Piwi, Aubergine and AGO3) are expressed both in male and female
germ lines. Additionally, Piwi is expressed in somatic cells (Cox et al., 1998; Cox et
al., 2000; Lin and Spradling, 1997). Drosophila Piwi is required for germline stem cell
maintenance. In Tetrahymena, a Piwi protein called Twil is required for DNA
elimination in the macronucleus (Mochizuki et al., 2002). In Zebrafish, Ziwi is
expressed both in male and female gonads and Ziwi is also required for germ cells
maintenance (Houwing et al., 2007). In mice, expression of three Piwi proteins, Miwi
(Piwill), Mili (Piwil2) and Miwi2 (Piwil4) - is mainly restricted to testes (Carmell et
al., 2007; Deng and Lin, 2002; Kuramochi-Miyagawa et al., 2004; Kuramochi-
Miyagawa et al., 2001). However, expression of Mili in prenatal ovaries has also been
reported (Kuramochi-Miyagawa et al., 2001). Loss of function alleles of the mouse
Piwi genes, miwi and mili, affect meiotic progression of developing sperm but do not
affect the maintenance of mitotic germ cells (Deng and Lin, 2002; Kuramochi-
Miyagawa et al., 2004). Additionally, Piwi proteins are also required for
retrotransposon silencing in Drosophila and mice (Aravin et al., 2001; Aravin et al.,

2007b; Savitsky et al., 2006).
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3.2 Piwi is required for normal germline development

The Piwi proteins in C. elegans, PRG-1 and PRG-2 are 90% similar at their amino acid
level. Due to their similarities at the amino acid level, it is thought that prg-7 and prg-2
might have been generated by a recent gene duplication and act redundantly. To
investigate the roles of Piwi proteins in C. elegans, in collaboration with Eric Miska, I
generated two deletion alleles of both prg-1 (n4357, n4503) and prg-2 (n4358, nDf57)
(Figure 3.1A and 3.1B) by (ethane methyl sulfonate) EMS mutagenesis. This is a
process by which EMS, a chemical mutagen, is used to introduce point mutations
and/or insertions and/or deletions into the genome randomly. Then we mapped the
deletions for prg-1 and prg-2, followed by outcrossing to wild-type animals eight times
to remove background mutations. I also used other alleles of prg-1 (tm872) and prg-2
(tm1094) (Figure 3.1C and 3.1D) obtained from the Caenorhabditis Genetics Center
(CGC). In collaboration with Marloes Bagijn, I generated doubly mutant strains after
outcrossing of the single mutants of prg-/ and prg-2, which I will refer to as prg-1;
prg-2 double mutants or piwi mutants, i.e. piwi (n4357; n4358) and piwi (n4503;
nDf57). Single mutants of prg-1 (n4357, n4503) and prg-2 (n4358, nDf57) are viable.
Progeny numbers were counted at 20°C and the average progeny number was
approximately 250 in the case of wild-type animals. However, progeny numbers were
dramatically reduced in prg-/ mutants to 20% - 25% of that of wild-type animals at the
same temperature (Figure 3.2A). The fertility defects were enhanced in piwi (n4357;
n4358 and n4503; nDf57) mutants to 12% -16% of wild-type animals (Figure 3.2A).
These observations agreed with previous observations where RNAi of prg-/ showed a
reduced number of progeny to 50% of wild-type animals (Cox et al., 1998). Previous
studies of RNAI of prg-1 also showed a dramatic shortening of the mitotic proliferative
zone (MPZ) and a 50% reduction in the number of mitotic nuclei as compared to
control animals (Cox et al., 1998). Therefore, hermaphrodite sperm was counted in
wild-type and prg-1 and prg-2 mutant animals. Sperm counts were reduced to
approximately 50% in both single and piwi mutants (Figure 3.2B). However, fertility of
piwi mutants was not completely rescued by introducing wild-type sperm through

mating (Figure 3.2C). This finding suggests that Piwi function is not restricted to
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spermatogenesis but is also required during oogenesis and early germline development,
including mitotic germ stem cell proliferation and maintenance. Altogether, these data
confirm a conserved role of PRG-1 and PRG-2 in germline development in C. elegans

like other Argonautes proteins in Piwi sub-family.
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n4503
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B prg-1 (D2030.6)
alleles tm872 exon
deletion
C
prg-2 (C01G5.2)
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n4358 exon
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D
prg-2 (C01G5.2)
1N 3 4 5 6 7°)8 9
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alleles tm1094 exon
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AAACAAGTGTTTAACAATTAAACAAGT  (27bp insertion)

Figure 3.1 Schematic representation of prg-1 and prg-2 alleles

(A, B, C, D) Blue/Green boxes and black lines are representing exons and introns respectively.
Orange boxes represent deletions, gray boxes represent untranslated regions. In D, 27bp sequence
is an insertion between the deletion breakpoints.
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Figure 3.2 Piwi is required for normal germline development in C. elegans

(A) Total progeny were counted at 20°C by transferring adults to new plates every 24 hours. Progeny
of at least 50 animals were counted for each strain. Error bars correspond to the standard error of the
mean. (B) 12-hour adult animals were stained with DAPI and sperm were counted in both gonad arms.
At least 40 animals were counted for each genotype shown. Error bars correspond to the standard error
of the mean. (C) Wild-type and piwi mutants hermaphrodites were mated with sperms from wild-type
males carrying a GFP transgene to distinguish cross- progeny. piwi mutants males very rarely mated
successfully with piwi mutant hermaphrodites, therefore piwi mutants self-progeny are shown for
comparison. Data shown are of atleast 20 different single-hermaphrodite matings. " hermaphrodites
and ™ males. This figure was created in collaboration with Heeran Buhecha and Eric Miska.
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3.3 PRG-1 is not part of a stable protein complex

In order to invesitigate potential PRG-1 containing complexes, I generated a number of
PRG-1 polyclonal antibodies in rabbits and guineapigs (Table 2.3). Specificity of a-
PRG-1 antibodies was tested using wild-type extract and prg-1 (n4357) mutant extracts.
I was able to detect endogenous PRG-1 protein at the expected size (~93KDa) in wild-
type extract and not in prg-/ mutant extract using anti-PRG-1 antibody (1932-1) (Table
2.3) (Figure 3.3A). Tubulin was used as an internal control and endogenous tubulin
expression was detected by anti-tubulin antibody in both wild-type and prg-/ mutant
extract, suggesting that a-PRG-1 antibody is specific to endogenous PRG-1. To test the
temporal expression of endogenous PRG-1 protein levels, I prepared total extract from
different stages of wild-type animals and performed a western blot using a-PRG-1
antibody (1932-1). The result showed that PRG-1 expression is highest in young adult
stages (24 hr) (Figure 3.3B). Therefore, for further experiments, I prepared extract from
young adult animals (either 12 hr or 24-48 hr).

To investigate whether PRG-1 forms any endogenous protein complexes, wild-type
total extract was passed through a Superdex 200HR gel-filtration column (optimal
separation range 600kDa to 10kDa; exclusion limit 1.3MDa). Fractions were collected
and a western blot was performed for PRG-1 (Figure 3.4A). PRG-1 eluted with an
apparent molecular weight of 100kDa, close to its estimated molecular weight
(93.8kDa), suggesting that PRG-1 might be present as a monomer. To verify if PRG-1
is contained in a higher molecular weight complex, I subjected wild-type total extract to
a Superose 6 gel filtration column (optimal separation range 5000kDa to S5kDa;
exclusion limit- 40MDa). Fractions were collected and a western blot of PRG-I
performed (Figure 3.4B), also indicating that PRG-1 eluted as a monomer. Taken
together, these data suggest that PRG-1 might not be part of larger protein complex.
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Figure 3.3 Specificity of anti-PRG-1 antibody (1932-1) and expression of endogenous PRG-1
(A) Total protein lysate was prepared from wild-type and prg-1 mutants. Endogenous expression
of PRG-1 was examined using anti-PRG-1 antibody (1932-1) by western blot analysis. Anti-

Tubulin was used as loading control.

(B) Total protein lysate was prepared from different stages of wild-type animals. An equal amount
of protein lyaste was used for western blot analysis. Anti-PRG-1 antibody was used to detect
endogenous PRG-1 protein. Anti-Tubulin was used as loading control.
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Figure 3.4 Monomeric form of PRG-1

8mg of total extract from wild-type animals was prepared and subjected to Superdex 200 HR (A) and
Superose 6 (B) gel filtration columns. Fractions were collected and endogenous PRG-1 was analyzed
by western blot using an anti-PRG-1 antibody (1932-1). Fraction numbers are indicated on the top and
size standards are on the bottom.
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3.4 The 21U-RNAs are the piRNAs of C. elegans

In Drosophila, zebrafish, mice and rats, Piwi proteins are associated with 24-30 nt of
non-coding small RNAs, namely piRNAs (Piwi-interacting RNAs) (Aravin et al., 2006;
Brennecke et al., 2007; Girard et al., 2006; Gunawardane et al., 2007; Houwing et al.,
2007; Lau et al., 2006; Saito et al., 2006; Vagin et al., 2006; Watanabe et al., 2006). To
search for the piRNAs in C. elegans 1 prepared total RNA (40ug) from wild-type
animals and piwi mutants, resolved the RNA on a denaturing gel and stained with
SYBR green. I was not able to detect an abundant class of small RNA in the range of
26-31nt, the size range of piRNA (Figure 3.5A). The same amount of mouse testis total
RNA was used as positive control, where I was able to detect an abundant 29-30nt
small RNA population. Additionally, I performed 3’ end labeling of total RNA to
increase the sensitivity of the assay. Again, I was not able to detect any small RNAs in
the apropriate size range in RNA from C. elegans (Figure 3.5B). In contrast, I could
detect populations of small RNAs ranging from 21-23 nt in C. elegans, which include
miRNAs and endogenous siRNAs.

Failing to identify an abundant class of small RNAs at the correct size range I next
searched for piRNAs among the small RNAs previously identified in C. elegans:
miRNAs, endogenous siRNAs and 21U-RNAs (Ambros et al., 2003; Lee and Ambros,
2001; Ruby et al., 2006). As a first criterium for piRNAs I tested if any of the known
classes of small RNAs was dependent on Piwi. Surprisingly, I found that the 21U-RNA
21UR-1 is absent in two different independent piwi mutants (n4357; n4358 and n4503;
nDf57) by northern blotting (Figure 3.6).

69



oY)
S
¥ Y
P /\.QNQ
"\\: SA S
6 & 20 OF
A 5w EE &
. :
N - e
9
\8)
:
5 o 100nt—
A A 90nt—
g » 8 80nt —
R —
g 3 Q\é 70nt 2 v
' 2 > 60nt— i. k
' 50nt—
29-31nt A0nt — '
21-23nt
30nt—l — 30nt (piRNA)
' — 21-23nt
20nt—

Figure 3.5 There are no abundant 25-32 nt small RNAs in C.elegans

(A) 40 pg of total RNA from wild-type and piwi (n4357; n4358) mutant animals was resolved on
15% denaturing PAGE and stained with SYBR green. Mouse testes total RNA was used as positive
control. (B) 100 ng of total RNA was labeled with pCp (5'-p32 5'-3' cytidine bis-phosphate) by 3'end
labeling, purified through G-25 spin column and resolved through 18% denaturing PAGE and
exposed to phophoimager screen.
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The same blot was stripped and hybridized with a probe for the miRNA miR-52, a
ubiquitously expressed miRNA in C. elegans. 1 found that the expression of miR-52
was unaffected (Figure 3.6). Expression levels of endogenous siRNAs were also
checked by northern blotting. The expression levels of two additional endogenous
siRNAs (siR23 and siR26) were unaffected in piwi mutants (Figure 3.7A & B). To
check whether 21U-RNAs were generally absent in piwi mutants, I generated 5’
monophosphate small RNA libraries from wild-type animals and piwi (n4357,;n4358)
mutants. High-throughput sequencing of these libraries was performed using Solexa
sequencing technology (Seo et al., 2004). The libraries were run three times
individually. 2,719,949 reads (wild-type) and 764,960 reads (piwi mutants) aligned to
the C. elegans genome (version WS170 - downloaded from UCSC genome browser)
with at least one perfect match. Computaional analysis in collaboration with Leonard
Goldstein, I found 1398 out of 5454 previously known 21U-RNAs (Ruby et al., 2006)
and approximately 8000 novel 21U-RNAs. The global expression of 21U-RNAs was
dramatically reduced or absent in piwi mutants compared to wild-type animals (Figure
3.8). Highest number of reads obtained was for 21UR-548 (3921 reads) in the wild-type
library. Frequencies of the 400 most abundant 21U-RNAs in wild-type compared to
piwi mutants library were plotted. The most abundant 21U RNA in a piwi mutant was
21UR-3224, which had 8 reads, whereas 21UR-3224 had 2127 reads in wild-type
(Figure 3.8). I also used the Solexa sequencing data to check the expression levels of
miRNAs, endogenous siRNAs including 26nt siRNAs (SiR26), in wild-type and piwi
mutants and found no difference in their expression levels, as I had observed previously
(Figure 3.6, 3.7A & B). Altogether these data suggested that 21U-RNAs might be the
piRNAs of C. elegans.
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Figure 3.6 21U-RNA-1 is absent in piwi mutants

Northern blot showing that 21UR-1 is not detected in RNA (40 ug) isolated from two indepedent
piwi double-mutants: piwi (n4357; n4358) and piwi (n4503; nDf57), whereas miR-52 is expressed
in both mutants (same blot re-probed). Antisense DNA probes were used for 21UR-1 and miR-52.
piwi(n4357; n4358) is an abbreviation for prg-1(n4357); prg-2( n4358). piwi(n4503; nDf57) is an

abbreviation for prg-1(n4503); prg-2( nDf57).
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Figure 3.7 Expression of endogenous siRNAs were not affected in piwi mutants

(A & B) 40 pg of total RNA was resolved through 15% denaturing PAGE. Northern blot was
performed by using specific probes to detect endogenous siRNAs (SiR23-69 and SiR26-263).
Expression of a 23 nucleotide antisense RNA (siR23-69) and a 26 nucleotide antisense RNA
(siR26-263) was not affected in piwi mutants. U6 was used as an internal control.
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Figure 3.8 Expression of 21U RNAs was dramatically reduced in piwi mutants (high
throughput sequencing)

High-throughput sequencing reveals that the expression of many 21U-RNAs is dramatically
reduced in piwi mutants. 21U-RNAs detected by high-throughput sequencing of 5'-dependent
wild-type and piwi(n4357; n4358) mutant libraries. Frequencies are shown for wild-type (blue)
and piwi mutant (red) for the 400 most abundant 21U-RNAs in wild-type, plotted in the order of
their wild-type frequency. Read frequencies were obtained by dividing the number of reads for a
given 21U-RNA by the total number of reads from the same library (left-hand y-axis). The corre-
sponding absolute number of reads are indicated in the right-hand y-axes. 21U-RNAs for which
frequencies are shown include the 21U-RNA with most reads in the piwi mutant library (21UR-
3224), which was sequenced 8 times in the piwi mutant and 2,127 times in wild-type. This figure
was created in collaboration with Leonard Goldstein.
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To further test this hypothesis, I used an anti-PRG-1 serum (Rb5999) (Table 2.3) to
immunoprecipitate endogenous PRG-1 from wild-type total extract of young adult
stage animals (12 hr adult), followed by RNA extraction and RT-PCR of specific 21U-
RNAs, 21UR-5101 and 21UR-5045. I was able to detect specifically 21UR-5101 and
21UR-5045 in the immunoprecipitate from wild-type extract. However, expression of
21UR-5101 and 21UR-5045 was not detected from piwi mutant total extract or when

using pre-immune serum (Figure 3.9).

High-throughput sequencing data suggested that levels of 21U-RNAs were reduced in
piwi mutants, but not completely absent. Therefore, expression levels of seven
individual 21U-RNAs were quantified by quantitative RT-PCR. The expression levels
of most 21U-RNAs were undetectable in piwi mutants (Figure 3.10). However,
expression of a few 21U-RNAs, such as 21UR-1, was still detectable at a very reduced
level in piwi mutants (Figure 3.10). For 21UR-1, this was verified by cloning and
sequencing of the RT-PCR product.

Studies from Drosophila, zebrafish and mice have shown that piRNAs are modified at
the 3" end with a 2-OMe group (Horwich et al., 2007; Houwing et al., 2007; Kirino and
Mourelatos, 2007; Ohara et al., 2007; Saito et al., 2007; Vagin et al., 2006). To test
whether 21U-RNAs are modified at the 3’ end, total RNA was treated with sodium
periodate (NalOy) for f-elimination, followed by northern blotting with probes for miR-
52 and 21UR-1. For miRNAs the 3’ end of the terminal ribose sugar carries a 2-
hydroxyl group. Upon periodate treatment and f-elimination miRNAs (miR-52) lose
the terminal ribose sugar and base from the 3’ end and therefore, miRNAs migrate
faster in denaturing polyacrylamide gels than NalOs-untreated RNA (Figure 3.11).
However, in the case of piRNAs the 2'-hydroxyl group is modified to a 2'-OMe group
at the 3’ end. Therefore, piRNAs are insensitive to periodate treatment and the
subsequent f-elimination reaction and migrate with the same speed as NalO4 untreated
RNAs. A northern blot of 21UR-1 showed that migration of 21UR-1 was unaffected by
NalOj treatment and the S-elimination reaction (Figure 3.11), indicating 21U-RNAs are
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modified at their 3’ terminal nucleotide. Taken together these data suggest that 21U-
RNAs are the piRNAs of C. elegans. Henceforth, I will refer to them as piRNAs.
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Figure 3.9 21U-RNAs are associated with PRG-1

Immunoprecipitation of endogenous PRG-1 using anti-PRG-1 serum (Rb5999) followed by
RT-PCR of 21UR-5101 and 21UR-5045 reveals that 21U-RNAs are associated with PRG-1 in C.
elegans extracts. Pre-immune serum and piwi mutant extracts were used as control.
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Figure 3.10 Piwi might not be essential for 21U-RNA biogenesis or stability

Quantitative RT-PCR of seven 21U-RNAs demonstrates that Piwi is not essential for 21U-RNA
biogenesis or stability. Total RNA was extracted from 12 hour adult C. elegans. Expression levels
shown are relative to levels in wild-type RNA. miR-52 expression was used as an internal control.
Expression of 21U RNAs are normalized by miR-52 expression. After normalization, expression
of 21U RNAs are set to 1 for wild-type and fold change is calculated in piwi mutants compared
to wild-type. Data are from three independent biological replicates. Error bars represent standard
error of the mean.
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Figure 3.11 21U-RNAs are modified at their 3' end

20 ng of total RNA was treated with sodium periodate and subjected to beta-elimination reaction.
RNA was precipitated and 10 pg of RNA was used for northern blotting. First, miR-52 was detected
and then same blot was stripped and probed with anti-21UR-1. (*) indicates RNAs unmodified at
their 3' terminal ribose sugar.
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3.5 piRNA biogenesis is independent of other small RNA pathways

To identify if additional genes are involved in the piRNA pathway in C. elegans, 1
tested several genes involved in oher small RNA pathways in C. elegans by using
mutants or by RNAi. The expression of piRNAs was checked by northern blotting or
quantitative RT-PCR (Table 3.1). First, I checked the expression of piRNAs in three
independent mutants of prg-1 (n4357, n4503 and tm872) and prg-2 (n4358, nDf57 and
tm1094). 1 found that only PRG-1 is required for piRNA biogenesis or stability and not
PRG-2 (Figure 3.12 and Table 3.1). Next, I checked whether other Argonaute proteins
are involved in piRNA biogenesis or stability. Therefore, I tested RDE-1, which is
required for exogenous RNAi (Tabara et al., 1999), ALG-1 and ALG-2, which are
required for miRNA biogenesis (Grishok et al., 2001), ERGO-1 required for
endogenous RNAI (Yigit et al., 2006), and CSR-1, an essential Argonaute required for
chromosome segregation and germline RNAi (Yigit et al., 2006). None of the above
Argonaute proteins were found to be involved in piRNA expression (Figure 3.12 and
Table 3.1). Then, I tested secondary Argonaute proteins, including SAGO-1, SAGO-2,
PPW-1, and PPW-2, which are involved in secondary siRNA production (Yigit et al.,
2006). None of the secondary Argonautes was required for piRNA expression (Table
3.1). In addition, I tested all four RNA-dependent RNA polymerases (RdRPs) of C.
elegans, RRF-1, RRF-2, RRF-3 and EGO-1, which are required for secondary siRNA
generation (Sijen et al., 2001; Smardon et al., 2000). None of these was required for
piRNA expression (Figure 3.12 and Table 3.1). I also tested several Dicer-related
helicases DRH-1, DRH-2 and DRH-3. DRH-1 and DRH-2 are closely related helicases
and act redundantly. DRH-1 physically interacts with RDE-4, which interacts with
DCR-1 (Duchaine et al., 2006). None of these helicases was involved in piRNA
expression (Table 3.1). Next, I checked several nucleases that give an enhanced RNA1
(Eri) response when mutated, ERI-1, ERI-3, and ERI-5. It was shown previously that
ERI-3 and ERI-5 promote an interaction between ERI-1 and DCR-1 (Duchaine et al.,
2006). None of these nucleases were required for piRNA expression (Table 3.1).
Drosha (DRSH-1) is an important component of the miRNA biogenesis pathway.
Drosha is required for the processing of primary miRNA (pri-miRNA) transcripts into
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precursor miRNA (pre-miRNA) hairpins (Denli et al., 2004). However, I found that
DRSH-1 is also not involved in piRNA biogenesis or stability (Table 3.1). I checked
whether the RNase III ribonuclease enzyme DCR-1 (Dicer) is required for piRNA
expression. DCR-1 is essential for siRNA production and germline development
(Grishok et al., 2001; Ketting et al., 2001). dcr-1 mutants are sterile, therefore these
experiments were performed using homozygous mutants animals from heterozygous
mothers or using RNAi. I found that DCR-1 is not required for piRNA expression
(Figure 3.13). Expression of the let-7 miRNA, was checked in dcr-I mutants. An
accumulation of precursor miRNA and a reduction of mature miRNA were observed in
dcr-1 mutants compared to N2 and piwi mutants as expected (Figure 3.13). However,
mutation of dcr-1 was not completely able to abolish the processing of pre-miRNA to
mature miRNA due to maternal contribution of DCR-1. These data were also confirmed

by high-throughput sequencing of dcr-1 mutants (Figure 3.14).
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Figure 3.12 piRNA biogenesis is independent of many genes in other small RNA pathways

21UR-1 northern blotting of total RNA of wild-type and mutant young adult of C. elegans. For
alg-1; alg-2(RNAI1), alg-1 mutant L1 larvae were transferred to alg-2 RNAi feeding plates and
young adult animals were harvested. A U6 northern blot is shown as loading control. Fold change
is calculated after normalization with U6 expression. Expression of 21UR-1 after normalization is
set to 1 for wild-type and relative fold change is calculated compared to wild-type. ‘0’ represents

no detectable expression of 21UR-1.
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Table 3.1 Many proteins involved in small RNA pathways are not required for piRNA

biogenesis or stability

Genotype Functional class Fold change
21U-RNA
qRT
northern PCR
wild-type 1 1
prg-1(n4357) Piwi 0 0
prg-1(n4503) Piwi 0
prg-1(tm872) Piwi 0
prg-1(RNAI) Piwi 0.3
prg-2(n4358) Piwi 1.5 1.2
prg-2(nDf57) Piwi 1.2
prg-2(tm1094) Piwi 1.3
piwi(n4357; n4358)" Piwi 0
piwi(n4503; nDf57)" Piwi 0
der-1° Type IIT RNase 0.9 0.8
drsh-1" Type III RNase 0.8
drh-1(RNA1) helicase 1.3
drh-2(RNA1) helicase 1.3
drh-3(RNA1) helicase 1.6
rde-1 Argonaute 1.5
rde-2 novel 0.9
rde-3(RNA1) nucleotidyltransferase 2.6
rde-4 dsRBP* 2.4
alg-1; alg-2(RNAI) Argonaute 0.8
csr-1 Argonaute 1
ergo-1 Argonaute 1.8
sago-1 Argonaute 0.7
sago-2 Argonaute 1
mago Argonaute 1.2
ppw-1 Argonaute 1.2
ppw-2 Argonaute 0.7
rrf-1 RdARP* 1.2
rrf-2 RdARP* 1.2
rrf-3 RdARP* 2.4
ego-1" RdRP® 1
eri-1 nuclease 1.5
eri-3 nuclease 1
eri-5 nuclease 1.8
mut-2 (RNAI1) helicase 2.1
mut-7 helicase 1.9 1

Relative 21U-RNA expression is shown as fold change with respect to wild type.
Empty field: not tested.

* Abbreviated genotypes.

® Homozygous animals derived from heterozygous mother.

¢ double-stranded RNA binding protein
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Figure 3.13 piRNA biogenes is Dicer independent

21UR-1 northern blotting of total RNA of wild-type and mutant young adult agnimals of C.
elegans. dcr-1 mutant animals used were homozygous animals derived from heterozygous moth-
ers. To test for loss of DCR-1 activity in dcr-1 mutants, mature let-7 miRNA and pre-miRNA is
shown. A U6 northern blot is shown as loading control.
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As most of the 21U-RNAs originated from chromosome IV (Ruby et al., 2006), the
distribution of 21U-RNAs was mapped onto chromosome IV from the high-throughput
sequencing analysis of 5’ dependent libraries of wild-type, piwi and dcr-I mutants
(Figure 3.14). The result showed that dramatic reduction of 21U-RNAs in piwi mutants,
as | mentioned previously (Figure 3.8). However, the frequency of 21U-RNAs was not
affected in dcr-1 mutant animals, supporting the conclusion that piRNA expression is
independent of DCR-1 (Figure 3.14). Finally, I tested whether heterochomatin protein-
1 (HP-1) was required for piRNA expression. In Drosophila, Piwi interacts directly
with HP-1a, which is a key player of heterochomatin mediated gene silencing (Brower-
Toland et al., 2007; Pal-Bhadra et al., 2004). In C. elegans, HPL-1 and HPL-2 encode
two HP1-like proteins, HPL-1 and HPL-2. Northern blot analysis showed that there was
a significant reduction of 21UR-1 expression in /pl-I mutants as compared to wild-type
animals and Apl-2 mutants (Figure 3.15). Therefore, these data suggest that piRNAs are
independent of many other proteins involved in other small RNA pathways in C.
elegans, including DCR-1. An initial result suggests that HPL-1 promotes piRNA

biogenesis or stability.

85



wild-type
> 107 - yp
o
8 92
= 10
o
; 10-2
z
E‘I: 10 -
-]
N 100 - |
I 1 1 1 1 1 1 1 1 1 1 1 T 1 T 1 T 1 1
OMb 5Mb 10Mb 15Mb
Chr IV coordinates
B
1 piwi(n4357,n4358)
g- 10-
&
2 107 1
o
< 10°
&
:|3 10 4
N 105 4 il Ih“lllll.m
I 1 1 1 1 1 1 1 1 1 1 1 T 1 T 1 T 1 1
OMb 5Mb 10Mb 15Mb
Chr IV coordinates
—— der-1
c 2
e 2
= 102 o
o
:: 102 S
e
| 10_4 N
-
a 10-5 -I | III | 1 1 1 1 1 1 1 L 1 1 | 1 | 1
OMb 5Mb 10Mb 15Mb

Chr IV coordinates

Figure 3.14 Expression of 21U-RNAs is Dicer independent

Distribution of 21U-RNAs on chromosome IV as detected by high-throughput sequencing of 5'
dependent wild-type, piwi (n4357; n4358) and dcr-1 mutant libraries. The frequency for a given
21U-RNA and locus was obtained by correcting the number of reads for multiple alignments and
dividing by the total number of reads from the same library. Cumulative frequencies were plotted
for non-overlapping 100 kb window along chromosome IV. This figure was created in collabora-
tion with Leonard Goldstein.
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Figure 3.15 HPL-1 may be involved in the piRNA pathway

21UR-1 northern blotting of total RNA of wild-type, Ap/-1 and hpl-2 mutant young adults (12 hr
adult) of C.elegans. RNA from prg-1 and prg-2 mutants (12 hr adult ) was also used. U6 is shown
as loading control.
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3.6 Piwi and piRNAs are expressed in the C. elegans male and female

germline

The developmental dynamics of piRNAs was examined by northern blotting using
probes specific to 21UR-1. The expression level was low in the L1 to L3 larval stages,
higher in the L4 larval stage, and reached its highest expression level at the young adult
and adult stages, the adult stages also containing embryos (Figure 3.16A). Quantitative
RT-PCR (qRT-PCR) of another piRNA (21UR-5101) showed a similar pattern of
expression (Figure 3.16B). Interestingly, qRT-PCR analysis of prg-/ and prg-2
mRNAs showed a similar expression pattern to piRNAs during development (Figure
3.17A & B). The temporal expression pattern of both piRNAs and piwi mRNAs

correlated with the proliferation of the germline.

Previous studies showed that expression of piRNAs and Piwi are restricted to germ
cells of most animals, apart from Drosophila (Carmell et al., 2007; Cox et al., 1998;
Deng and Lin, 2002; Houwing et al., 2007; Kuramochi-Miyagawa et al., 2004;
Kuramochi-Miyagawa et al., 2001; Lau et al., 2006). The above expression study of
two individual piRNAs (21UR-1 and 21UR-5101) correlated with the proliferation of
germ cells (Figure 3.16A & B). This observation encouraged me to investigate further
whether piRNAs are expressed exclusively in the germline in C. elegans. Therefore, I
tested piRNA expression in two temperature sensitive mutant animals, g/p-4(bn2ts) and
glp-1(e2144lf), both of which are almost completely devoid of germ cells at the
restrictive temperature (25°C) (Beanan and Strome, 1992). Expression of piRNA
21UR-1 was absent in these two mutants (Figure 3.18). This result suggests that
piRNAs are expressed exclusively in the germ cells of C. elegans, as observed in other

organisms.

To check whether piRNAs are expressed at the mitotic stage of early germline
development, glp-1 (ar202gf,ts) temperature sensitive mutant animals were grown at
the restrictive temperature (25°C). At this temperature, mutants accumulate mitotic

germ cells but these do not enter into meiosis (Pepper et al., 2003). Expression of
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21UR-1 was unchanged in glp-1 (ar202gf, ts) mutants at the restrictive temperature
compared to wild-type animals (Figure 3.18). Next, I tested whether the expression of
piRNAs is male or female germline specific. Two temperature sensitive mutants, fem-1
(hcl7ts) (Kimble et al., 1984) and fem-3 (q22sd,ts) (Barton et al., 1987), which are
devoid of sperm and oocytes respectively at the restrictive temperature (25°C), were
grown at 25°C. RNA was prepared and a northern blot was performed to detect 21UR-
1. Expression of 21UR-1 was detected in both mutants (Figure 3.18).

Expression of prg-I mRNA was also examined in these germline mutants at the
restrictive temperature and the same expression pattern was observed as for the 21UR-1
piRNA. Expression of prg-/ mRNA was absent in glp-4 (bn2ts) mutants. However,
expression of prg-I mRNA was detected in RNA from fem-1 (hcl7ts), fem-3 (q22sd,
ts), and glp-1 (ar202gf, ts) mutant animals at the restrictive temperature (Figure 3.19A).
prg-2 mRNA expression was also dramatically reduced in glp-4 (bn2ts) mutants
(Figure 3.19B). Taken together, these data suggest that piRNAs and Piwi mRNAs are

expressed specifically in the female and male germline.
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Figure 3.16 Profile of 21UR-1 expression during development

(A) Equal amount of total RNA was prepared from different developmental stages from wild-type
and piwi mutants. E, embryo. L1-L4, larval stages 1-4. YA, 12-hour adult. A, 24-48-hour adult.
Northern blot was performed and probed for 21UR-1. U6 used as loading control. (B) Quantitative
RT-PCR of 21UR-5101. miR-52 expression was used as internal control. Data are from three inde-
pendent biological replicates. Error bars represent standard error of the mean.
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Figure 3.17 Temporal expression of PRG-1 and PRG-2 during development

Quantitative RT-PCR of prg-1 mRNA (A) and prg-2 mRNA (B). Actin mRNA was used as an inter-
nal control for normalization. Data are from three independent biological replicates. Error bars
represent standard error of the mean. E, embryo. L1-L4, larval stages 1-4. YA, 12-hour adult. A,
24-48-hour adult.
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Figure 3.18 piRNA expression is restricted to the male and female germline
Total RNA was prepared from young adult animals of wild-type and mutants. glp-1(gf), gip-1(1f),
glp-4, fem-1 and fem-3 L1 larvae were grown to 12-hour adult stage at 25°C. 20 ug of total RNA

was loaded in each lane, northern blot was performed using 21UR-1 probe. U6 and miR-52 northern
blots are shown as loading controls.

92



<
£ 35 -
5 3
® 25 A
Q.
© 2
S 15 -
()]
i
< 05 A
2 0 NoD Q )
© 7/ 7/ / @ %
3 & & f\\q@ S b(o;
= 0 A

o S A
o
X
N
O
Q\

B
<
£
c 1.2 7
Al
g, 1
5 0.8
S 06 1
[%)]
S 04 -
o
3 02 A
()
E 0 - T 1
& wild-type glp-4

Figure 3.19 Expression of prg-1 and prg-2 is restricted to germline
Quantitative RT-PCR of prg-1 mRNA (A) and prg-2 mRNA (B) was performed using total RNA
isolated from 12 hour adult animals grown at 25°C. Actin mRNA was used as an internal control.
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3.7 The role of Piwi and piRNAs on gene expression

I have demonstrated that 21U-RNAs or piRNAs are absent or dramatically reduced in
piwi mutants compared to wild-type (Figure 3.8). On chromosome IV hundreds of
protein-coding genes are present and 21U-RNAs are dispersed both intergenically and
within introns of genes. The vast majority of 21U-RNAs were mapped to two broad
regions of chromosome IV, 4.5-7Mbp and 13.5-17.2Mbp respectively (Ruby et al.,
2006). Therefore, I decided to investigate the role of Piwi and piRNAs in the regulation
of gene expression, either on chromosome IV or globally. To address this question,
total RNA was prepared from synchronized young adult animals of wild-type and
piwi(n4357; n4358 and n4503 nDf57) mutant animals and hybridized to an Affymetrix
gene expression array. This experiment was carried out using three independent
biological samples. Surprisingly, I observed few changes in global gene expression
between wild-type and piwi mutants (Figure 3.20A). Specifically, gene expression
differences of biological replicates of the same genotype were of similar in magnitude
to gene expression differences between samples of different gentotype. In parrticular,
genes located within and around the 21U RNA loci on chromosome IV were not
significantly altered their expression. However, major sperm protein (msp) genes were
downregulated in piwi mutants compared to wild-type animals (Figure 3.20B). This
observation may be explained by the reduced number of sperm in piwi mutant animals
(Figure 3.2B). I was expecting to observe increased gene expression of some genes in
the piwi mutants compared to wild-type animals; however, no such upregulation was
observed. As mentioned above, the vast majority of 21U-RNAs were mapped to two
clusters of chromosome IV (Ruby et al., 2006). To investigate this further, I tetsed
expression of a panel of genes located within or around 21U RNA loci and classified
them into 2 classes. Class I contained protein-coding genes present at one of the
clusters of chromosome IV with a high number of 21U-RNAs within their genomic
loci. Class II contained protein-coding genes present at one of the clusters of
chromosome IV with no or few 21U- RNAs within their genomic loci. Expression of
these genes was checked by qRT-PCR on isolated gonads of wild-type and piwi

mutants. These experiments clould have revealed gene expression changes in the
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gremline, which might have been masked by analyzing RNA from whole animals. No
significant changes were observed among class II genes (Figure 3.21B). However, an
increased level of gene expression was observed for two genes, eps-8, which encodes
an epidermal growth receptor kinase substrate (Figure 3.21A), and the open reading
frame HO8MO1.2, which is predicted to encode a RhoGAP protein. The significance to
these results remains to be determined. However, there is no clear evidence suggesting

that piRNAs regulate local gene expression in ther germline in C. elegans.
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Figure 3.20 C. elegans piwi mutants show few differences in global gene expression

RNA was prepared from synchronized young adults (12 hr adult) from wild-type and piwi mutants,
equal amount of total RNA used for Affymetrix analysis.Three different biological samples were
used. Heat map is representing upregulated and downregulated genes. A significant part of the heat
map is enlarged to show the unregulated genes and name of the genes are listed. Increased and
decreased levels of gene expression are indicated in red and blue in colour. Scale bar represents
log, intensity change. This figure is created in collaboration with Eric Miska.
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Figure 3.21 Gene expression within and around major clusters of 21U-RNA loci are unaffected
by Piwi and piRNAs

lysate were prepared from gonads of wild-type and piwi mutants and used for quantitative RT-PCR
analysis of class I and II genes. Expression of indiviual genes was normalized with Actin mRNA
expression. Normalized values were set to one for wild-type and fold changes were calculated for
piwi mutants relative to wild-type.
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3.8 Piwi is specifically required to silence Tc3 DNA transposons

It has previously been shown that Piwi proteins are required for transposon silencing in
Drosophila and mice (Aravin et al., 2001; Aravin et al., 2007b; Kuramochi-Miyagawa
et al., 2008; Savitsky et al., 2006; Vagin et al., 2006). Therefore, I examined whether

Piwi is required for transposon silencing in C. elegans.

Seven different families of DNA transposons exist in C. elegans, named Tcl to Tc7.
Tcl and Tc3 are the most well-characterized and abundant transposons in C. elegans
(Consortium, 1998). The Tcl element is 1,610 bp long and contains two 54 bp terminal
inverted repeats (TIRs) (Rosenzweig et al., 1983) (Figure 3.22A). The Tc3 element
comprises 2,335 bp with 462 bp TIRs (Figure 3.22A). The genome of the Bristol N2
strain contains 31 and 22 copies of Tcl and Tc3 respectively (Fischer et al., 2003) as
shown in Figure 3.22B. Tc1l and Tc3 both encode transposases that bind to the TIRs of
the respective transposon and catalyse excision and reinsertion of the transposon into
target DNA (a TA dinucleotide). Transposition leaves behind double-strand breaks that
are repaired by the DNA repair machinery (van Luenen et al., 1994; Vos et al., 1996;
Vos and Plasterk, 1994; Vos et al., 1993).

I decided to focus on testing Tcl and Tc3 DNA transposon regulation by Piwi proteins.
First, expression of Tcl transposase mRNA was checked by quantitative RT-PCR using
a Tcl-specific pair of primers, which can recognize 15 copies of the 31 copies of the
Tcl transposase mRNA encoded in the genome. I did not observe any elevated
expression of Tcl transposase mRNA in three independent mutants of prg-/ and prg-2
nor in two independent mutants of piwi compared to wild-type (Figure 3.23A).
However, expression of Tcl transposase mRNA was elevated approximately 50-fold in
mut-7 mutants compared to wild-type. mut-7 mutants have previously been shown to be

defective in transposon silencing. (Ketting et al., 1999).

Next, I checked the expression of Tc3 transposase mRNA by qRT-PCR using a Tc3-

specific primer pair, which can detect 20 copies out of 22 copies of the Tc3 transposase
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mRNA encoded in the genome. The result showed that Tc3 transposase mRNA
expression increased approximately 1.5-3 fold in two independent mutants of prg-1
(n4357 and n4503) and 3-5 fold in two independent piwi (n4357; n4358 and n4503;
nDf57) mutants when compared to wild-type (Figure 3.23B). However, the expression
level of Tc3 transposase mRNA remained unchanged in three independent mutants of
prg-2(n4358, nDf57 and tm1094) compared to wild-type (Figure 3.23B). Additionally, I
observed higher expression of Tc3 transposase mRNA in the tm872 allele compared to
the other two alleles of prg-1(n4357 and n4503), which might be an allele specific
effect or perhaps due to background mutations. Tc3 transposase mRNA expression
increased 5-fold in mut-7 mutants compared to wild-type as expected (Ketting et al.,
1999). Therefore, these data suggest that PRG-1 and Piwi are required for transposon

silencing.

To strengthen the quantitative RT-PCR data, which suggest that PRG-1 and Piwi
required for Tc3 transposon silencing, a genetic analysis of transposition was
performed in collaboration with Marloes Bagijn. Animals carrying unc-22::Tcl, unc-
22::Tc3 or unc-22::Tc4 alleles have a twitching phenotype due to the insertion of
transposons into the unc-22 muscle gene. This twitching phenotype can be easily
scored. Therefore, unc-22::Tcl, un-22c::Tc3 and unc-22::Tc4 transgenic animals were
crossed to prg-1 (n4357 and n4503) or piwi (n4357; n4358 and n4503; nDf57) or mut-7
(pk204) mutants. Reversion of unc-22 transposon insertion alleles by transposon
excision from the unc-22 gene caused restoration from a twitching phenotype to normal
movement of animals, those moving animals were plated again to observe germline
transmission of the transposition event. The reversion rate was calculated as the number
of normal moving animals to the number of twitching animals on a plate. unc-22
reversion rates of Tcl, Tc3 or Tc4 insertion alleles were less than 10 in a wild-type
background (Table 3.2). In mu¢-7 mutant animals, the reversion rate was increased 100
fold (10™*) (Table 3.2), as reported previously (Ketting et al., 1999). Transposition rates
of Tcl and Tc4 were not affected in prg-1 (n4357) and piwi (n4357,n4358) mutants.
However, the reversion rate of Tc3 was increased 100 fold in prg-1 (n4357) mutants

and 1000 fold in two independent piwi (n4357,n4358 and n4503;nDf57) mutants
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(Table 3.2). The reversion rate of Tc3 in the prg-1(tm872) allele background was higher
than for the prg-1(n4357) allele, again suggesting an allele-specific effect observed
previously in qRT-PCR analysis.

Taken together, quantitative RT-PCR and genetic analysis data demomstrate that PRG-

1 and Piwi are specific and powerful suppressors of Tc3 transposition in the germline

of C. elegans.
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Figure 3.22 Schematic diagram of the genomic structure of Tcl and Tc3

(A) Tcl and Tc3 are encode a single spliced transcript for transposase, and flanked by terminal
inverted repeats (TIRs) (solid coloured boxes). bp, base pairs. n, number of copies in the wild-type
strain N2. (B) Distribution of Tc1 and Tc3 transposons in the C.elegans genome. Red and blue
lines are indicating genomic positions of Tc3 and Tc1 on the chromosomes of Bristol N2 strain.
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Figure 3.23 (A & B) Quantitative RT-PCR of Tcl and Tc3 transposase mRNA

Quantitative RT-PCR of Tc1 or Te3 transposase mRNA. As the genomic copies of Tc1 and Tc3 have
minor sequence variations, the number of transposon loci amplified by each qRT-PCR primer pair
are shown (n). Actin mRNA was used as internal control. Expression levels shown are relative to
levels from wild-type RNA. Data are from three independent biological replicates. Error bars repre-
sent standard error of the mean.
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Table 3.2 PIWI is required to inhibit Te3 transposition in the germline

unc-22::Tcl unc-22::Tc3 unc-22::Tc4
wild-type <10°* <10°* <10°*
prg-1(n4357) 10 10 10
prg-1(tm872) nd. 10° n.d.
piwi(n4357; n4358) 10° 10° 10°
piwi(n4503; nDf57) nd. 10° n.d.
mut-7 10* 10* 10

Transposition rates were estimated by scoring unc-22 reversion rates. Germline excision events were verified by scoring the
progeny of revertants. Animals were grown at 20°C. * No unc-22 reversions were observed. n.d.: not determined.

103



3.9 Piwi acts upstream of an endogenous siRNA pathway

Previous work demonstrated a role of MUT-7 (Ketting et al., 1999) and endogenous
siRNAs in germline transposon silencing (Sijen and Plasterk, 2003). Our findings
suggested that Piwi proteins and piRNAs are also required for germline transposon
silencing. To determine how these two pathways might be connected, I first tested
whether MUT-7 and endogenous siRNAs act upstream of piRNAs. Northern blotting
and high-throughput Solexa sequencing data showed that piRNA expression was not
affected in mut-7 mutants (Figure 3.24A & data not shown). Next, I examined whether
Piwi proteins and piRNAs might act upstream of MUT-7 and endogenous siRNAs. For
that, I mapped piRNAs to transposons in the genome and none of the piRNAs mapped
to the Tcl and Tc4 DNA transposons. However, a single piRNA (21UR-139) mapped
to the sense strand of the Tc3 DNA transposon at 20 of the 22 copies of the insertion in

the wild-type genome.

Two distinct populations of endogenous siRNAs are involved in RNAI in C. elegans:
primary siRNAs and secondary siRNAs. Secondary siRNAs constitute the vast
majority of endogenous siRNAs (Pak and Fire, 2007; Sijen et al., 2007). Secondary
siRNAs carry 5’ di- or tri-phosphates and are thought to be generated by RdRPs
through unprimed RNA synthesis (Pak and Fire, 2007; Sijen et al., 2007). To determine
how siRNAs are distributed throughout the genome, 5’ independent small RNA
libraries of wild-type and piwi (n4357; n4358) mutants were prepared, which capture
also secondary siRNAs. After high-throughput sequencing, analysis was done in
collaboration with Leonard Goldstein. A large number of endogenous siRNAs were
found to map to Tcl and Tc3 DNA transposons. The distribution of endogenous
siRNAs to the Tcl transposase and TIRs was not affected in piwi (n4357; n4358)
mutants when compared to wild-type (Figure 3.25B). However, endogenous siRNAs
mapping to the Tc3 transposase and TIRs was dramatically reduced in piwi (n4357;
n4358) mutants compared to wild-type (Figure 3.25A).
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Figure 3.24 piRNA expression is independent of MUT-7
21UR-1 northern blotting of total RNA (40 pg) of wild-type, two indepedent piwi double
mutants: piwi (n4357; n4358) and piwi (n4503; nDf57), mut-7 mutants (12 hr adult) of C.
elegans. Total RNA is shown as loading control (GelStar).
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Figure 3.25 Tc3-associated endogenous siRNAs are almost absent in piwi mutants
Endogenous siRNAs mapping to the loci of Tc3 (A) and Tcl (B) on chromosome I as identified by
high-throughput sequencing of 5° independent wild-type (left) and piwi mutant (right) libraries.
Inverted repeat and exon sequences are indicated in green and pink respectively. The number of
aligned sequence reads (blue) and number of aligned unique sequences (red) were plotted for each
base pair position, with the top and bottom graph in each panel corresponding to the antisense and
sense strand relative to the transposase transcript. Read and sequence counts were corrected for
multiple alignments to the genome. The total number of reads from wild-type and piwi mutant librar-
ies were comparable (2,963,895 and 3,017,027 of reads with perfect matches to the reference genome
respectively).This figure was created in collaboration with Leonard Goldstein.
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To confirm these data, I performed RNase protection assays (RPA) using sense and
anti-sense probes for both the Tcl and Tc3 transposons. Both sense and antisense
probes were generated through in vitro transcription of cloned DNA templates of Tcl
and Tc3 using T7 or SP6 RNA polymerase (Figure 3.26A). Probes were gel purified
and hybridized against small RNAs from wild-type animals. Anti-sense endogenous
siRNAs were detected using sense probes for both Tcl (370) and Tc3 (464)
transposases. However, endogenous sense siRNAs were not detected using antisense
probes of Tcl and Tc3 (Figure 3.27). These results demonstrated that most of the
endogenous siRNAs mapping to Tcl and Tc3 transposases are antisense, which is in
agreement with my high-thorughput sequencing data (Figure 3.25A & B). To control
small RNA loading for each RPA assay, a U6 probe was used as an internal control
(Figure 3.26C). RPA conditions were optimized in the absence or presence of the U6
probe with two independent Tc3 probes (Figure 3.26C & 3.28). Next, I performed a
similar RPA experiment using small RNAs either from wild type, piwi (n4357; n4358)
mutants or mut-7 mutants using both the Tcl or Tc3 sense probes. I found that both Tcl
and Tc3 endogenous siRNAs are almost absent in mut-7 mutants (Figure 3.29), as
shown previously for Tcl (Sijen and Plasterk, 2003). Tcl endogenous siRNAs were
present in both wild-type and piwi (n4357; n4358) mutants. However, Tc3 endogenous
siRNAs were absent in piwi (n4357; n4358) mutants compared to wild-type (Figure
3.29). Unfortunately, I was not able to detect endogenous siRNAs from Tc3-TIR using
the same assay (data not shown), which might indicate a lower number of endogenous
siRNAs generated from the TIR region of Tc3. Indeed, high-throughput sequencing
identified a lower number of siRNAs mapping to the TIRs as compared to the
transposases (Figure 3.25). Therefore, it might be technically difficult to detect TIR
endogenous siRNAs by RPA.

Taken altogether, both high-throughput sequencing data and biochemical data suggest
that Tc3 siRNAs are Piwi dependent. I therefore speculate that Piwi and piRNAs act
upstream of a MUT-7 dependent endogenous siRNA pathway for Tc3 silencing.
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Figure 3.26 Tcl, Tc3 and U6 probes used for RNase Protection A assay (RPA)

(A, B, C and D) alpha-p32 UTP labeled sense and antisense probes were prepared by in vitro
transcription (IVT). Probes were resolved through denaturing PAGE and exposed to X-ray film.
All probes were gel purified prior to hybridization to RNA. Tcl (370, TIR) represents 370bp of the
transposase and TIR of the Tc1 transposon and Tc3 (464, N-ter, C-ter and TIR) represents 464 bp,
N-terminal, C- terminal of Tc3 transposase and TIR of the Tc3 transposon, used as a DNA
template for IVT.
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Figure 3.27 Tcl and Tc3 antisense siRNAs were detected by sense probes of Tcl and Tc3

RNase protection assay was performed using wild-type RNA and sense and antisense probes for
Tcl and Tc3 as indicated (red). Endogenous sense siRNAs were not detected above background

levels in this assay.
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Figure 3.28 Optimization of RNase protection assays using U6 as an internal control

RNase protection assays were performed using wild-type RNA and two different sense probes for
the Tc3 transposase (Tc3-N ter and Tc3-C ter), shown in red. U6 used as an internal control. Tc3
probes hybridized in presence or absence of U6 probe against small RNAs in solution to check the
specificity of the probes.
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Figure 3.29 Endogenous Te3 antisense siRNAs are dramatically reduced in piwi mutants

Tc3 transposase antisense siRNAs are dramatically reduced in piwi mutants. RNase protection
assay using sense fragments of Tcl and Tc3 transposase. Sense siRNAs were not detected above
background levels using this assay. U6 was used as an internal control.

111



3.10 Regulation of endogenous siRNAs by Piwi-piRNA complex

These findings raised the possibility that piRNAs might be generally linked to
endogenous siRNAs. To test this hypothesis, in collaboration with Leonard Goldstein,
all cloned endogenous siRNAs were mapped relative to all piRNA loci (6021 loci for
5454 21U-RNAs) (Figure 3.30A). From the deep sequencing data (5" independent
libraries), small RNAs were categorized according to their length, and most of them
have G residues at their 5’ end, indicating they are secondary endogenous siRNAs
(Figure 3.31). Each row corresponds to each 21U RNA locus. Different colours
represent different chromosomes. Each dot corresponds to the relative position of the
nearby 5’ end of a cloned anti-sense endogenous siRNAs (Figure 3.30A) or sense
endogenous RNAs (Figure 30B) to the 5’ end of the 21U RNA/piRNA (sense). The
graph above the map represents the frequency of distances between the 5’ end of 21U
RNA/ piRNA (sense) and 5’ end of anti-sense or sense endogenous siRNAs (Figure
3.30A & B). We observed anti-sense endogenous siRNAs mostly positioned 25-100bp
downstream of the sense piRNA loci in wild-type and the number of anti-sense
endogenous siRNAs was significantly reduced in piwi mutants (Figure 3.30A).
However, the distributions of sense endogenous siRNAs either centered or equally
positioned both up and downstream of piRNA loci in wild-type, and the number of
sense endogenous SsiRNAs were also reduced in piwi mutants (Figure 3.30B).
Therefore, it indicates that the endogenous siRNA pathway might be Piwi and piRNA
dependent.
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Figure 3.30 Mapping of antisense (A) and sense (B) endogenous siRNAs relative to piRNA loci
Rows corresponds to each 6021 piRNA loci, ordered by genomic position with colours represents
different chromosomes. For a given row (21U RNA locus), dots correspond to the relative position of
nearby antisense (A) and sense (B) small RNAs as defined by the distance of the 5' end of the cloned
endogenous siRNAs relative to 21U RNA 5' end. This figure was created in collaboration with Leonard
Goldstein.
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Figure 3.31 Nucleotide bias at 5' independent small RNA sequences
Small RNAs were identified by 5' independent sequencing from wild-type libraries show no A bias
at 10 th position. Sequence Logos were generated separately for sets of unique sequences with iden-
tical length (1). The number of unique sequences (n) is given in brackets. 28 nt sequence reads were

not shown.
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4. Discussion

4.1 Introduction

To date, studies of the Piwi sub-family of Argonaute proteins in several animals have
shown that their expression is restricted to germ cells. Piwi proteins are associated with
non-coding small RNAs (26-31nt), called piRNAs (Piwi-interacting RNAs). Piwi and
piRNAs have conserved roles in germ cell maintenance and genome stability through
transposon silencing (Aravin et al., 2007a; O'Donnell and Boeke, 2007). Plants and
yeast, which lack Piwi proteins, employ siRNA pathways to silence repetitve elements
(Buhler and Moazed, 2007; Slotkin and Martienssen, 2007; Zhang et al., 2008). In
C. elegans, PRG-1 and PRG-2 are the only members of the Piwi sub-family of
Argonaute proteins. This Piwi sub-family of Argonautes and their associated small
RNAs have not been explored. In this study I have shown that PRG-1, a Piwi sub-
family Argonaute interactes with 21U-RNAs, which are 21 nt long, begin with a
uridine monophosphate and are modified at their 3’ terminal ribose, and these 21U-
RNAs are the piRNAs in C. elegans. Piwi proteins and piRNAs are both expressed in
the germline and play important roles in germline development. In addition, I have
shown that Piwi and piRNAs are involved in silencing Tc3 transposons in the
C. elegans germline. The molecular mechanism of Tc3 transposon silencing is not well
understood. To explore how Tc3 transposon might be regulated by piRNAs, all piRNAs
were mapped to the C. elegans genome, but only one piRNA mapped to Tc3
transposons. Interestingly, the sequence of each piRNA is unique; there is no sequence
similarity between individual piRNAs and no sequence-specific targets for piRNAs
have been found in the C. elegans genome. Therefore, it might be possible that piRNAs
regulate Tc3 transposon silencing via endogenous siRNAs. I have shown by both high-
throughput sequencing and RNase protection experiments that endogenous siRNAs
mapping to the Tc3 transposase and terminal inverted repeats are present in wild-type
animals but are absent in piwi mutants, suggesting a link between a piRNA and

endogenous siRNAs. Additionally, I have shown that piRNAs can act upstream of an
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endogenous siRNA pathway. Remarkably, many of these endogenous siRNAs mapped
antisense and 25-100nt downsteam of piRNAs and these endogenous siRNAs were
found to be dramatically reduced in piwi mutants. These data indicated that the link
between piRNAs and siRNAs might not be restricted to Tc3 transposon silencing but

might also play a potential role in global gene regulation.

4.2 21U-RNAs are piRNAs with surprising features

I have identified 21U-RNAs as the piRNAs of C. elegans (Figure 3.5-3.11).
Immunoprecipitation of anti-PRG-1 was able to precipitate endogenous 21U-RNAs
(Figure 3.9). A parallel study in the Mello lab also found that PRG-I
immunoprecipitates are 100-fold enriched in 21U-RNAs, strongly supporting our
findings. C. elegans 21U-RNAs/piRNAs share several features with piRNAs from
other species. Firstly, piRNAs from C. elegans carry a 5" end uridine monophosphate,
as do piRNAs from Drosophila, zebrafish and mice (Farazi et al., 2008; Klattenhoff
and Theurkauf, 2008). Secondly, C. elegans piRNAs are modified with 2’ or 3'-O-
methyl groups at their 3’ terminal ribose (Figure 3.9) (Ruby et al., 2006). Again, this
feature is shared by piRNAs from Drosophila, zebrafish and mice (Horwich et al.,
2007; Houwing et al., 2007; Kirino and Mourelatos, 2007; Ohara et al., 2007; Saito et
al., 2007). However, 3’ end modification is not an unique feature of piRNAs as plant
miRNAs, siRNAs and Drosophila siRNAs also carry this modification (Ghildiyal et al.,
2008; Kawamura et al., 2008; Li et al., 2005; Okamura et al., 2008).

Otherwise piRNAs from C. elegans are quite different from piRNAs of other species.
piRNAs from C. elegans are smaller (21nt) as compared to piRNAs from Drosophila
(23-28nt), zebrafish (~29nt) , mice (26-31nt) and rat (29-30nt). Most of the piRNAs
from mice and rat are clustered in intergenic regions. The distribution of mammalian
piRNAs is very different from piRNAs in C. elegans. Uniquely, C. elegans piRNAs
map to two broad but distinct regions of chromosome IV, one spanning between 4.5-
7M and other spanning between 13.5-17.2M (Ruby et al., 2006). The role of these

clusters is still unclear and also not conserved in related nematode species (data not
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shown). Finally, unlike in other species, C. elegans piRNAs are not generally derived
from transposons. Only a single piRNA (21UR-139) maps to the sense strand of the

Tc3 transposon.

4.3 Biogenesis of piRNAs

It is still unclear how piRNAs are generated and what their precursors are. To date there
is no evidence that piRNAs are generated from a dsRNA precursor. The strong strand
bias of clustered piRNAs from mice suggests that they might be generated from a
single-stranded precursor. Supporting this notion, strand specific RT-PCR experiments
detected putative sense primary transcripts but failed to detect any antisense transcripts
(Watanabe et al., 2006). Unlike miRNA precursors, the regions covering piRNAs do
not fold into stem-loop structures. Therefore, the biogenesis pathway of piRNAs
appears to be distinct from that of miRNAs. The striking difference in the genomic
organization of C. elegans piRNA clusters compared to vertebrates and Drosophila
might suggest a divergent mechanism of biogenesis. Northern blotting and high-
throughput sequencing data suggest that C. elegans piRNAs are Dicer independent, as
is the case for piRNAs in mice, zebrafish and Drosophila (Grivna et al., 2006b;
Houwing et al., 2007; Vagin et al., 2006) (Figure 3.13 & 3.14). The distribution of
piRNAs in the genome and the lack of a local strand bias in C. elegans suggests that it

is unlikely that piRNAs are generated from double stranded precursors.

In C. elegans, RNA-dependent RNA polymerase (RdRP) is required for the unprimed
synthesis of secondary siRNAs (Pak and Fire, 2007; Sijen et al., 2001; Sijen et al.,
2007) and could be involved in piRNA biogenesis. However, two observations do not
support this hypothesis. Firstly, northern blotting and quantitative RT-PCR analysis
suggests that piRNA expression is independent of RARPs (Table 3.1 and Figure 3.12).
Secondly, RdRPs generate secondary siRNAs with a triphosphate at their 5" end and
this does not fit with the characteristics of piRNAs, which carry a 5" monophosphate.



In C. elegans, 21U-RNAs/piRNAs map to both sense and antisense strands but rarely
overlap with each other, suggesting that piRNAs are not generated from a dsRNA
precursor (Ruby et al., 2006). Instead they may be generated from a single stranded
primary transcript. Most of the 21U-RNA genomic loci share two upstream sequence
motifs. The large motif is A-T rich, 34 bp long and contains an 8 nt core consensus
sequence CTGTTTCA. The small motif has a YRNT core sequence, in which T
corresponds to the 5" U of the 21U RNA. The large and small motifs are separated by
approximately 20 bp (Ruby et al., 2006). These upstream motifs are conserved between
C. elegans and C. briggsae, but the 21U-RNA sequences themselves are not conserved
(Ruby et al., 2006). The conserved upstream motifs may together serve as individual
piRNA promoters to drive expression of each 21U-RNA or may act as a signal for
targeted cleavage of a precursor RNA by an as yet unidentified exo- or endonuclease.
Interestingly, piRNA loci in mice are also conserved among mammals, but individual
piRNA sequences are not (Aravin et al., 2006; Girard et al., 2006). Having linked a
conserved sequence motif to piRNAs in C. elegans it will be important to search for
such motifs in other organisms and this might help our understanding of piRNA
biogenesis. If 21U-RNAs act as individual transcription units, searching for

transcription factors binding to this upstream motif would be of great interest.

It is equally mysterious how the 3’ end of C. elegans piRNAs is generated. Mature
piRNAs may be generated by two cleavage events and then loaded into the Piwi
complex or could be generated by initial 5’ end formation, loading into Piwi, followed

by resection at their 3’ end by a 3’ exonuclease.

I have shown using northern blotting, quantitative RT-PCR and high-throughput
sequencing that the expression of piRNAs is dramatically reduced in piwi mutants
(Figure 3.6, 8 and Table 3.1). However, piRNAs are not completely absent in piwi
mutants (Figure 3.8 and Figure 3.10), suggesting Piwi is not absolutely essential for
piRNA biogenesis. This observation is similar to alg-I; alg-2 mutants, in which

miRNA expression is reduced but not completely absent (Grishok et al., 2001). These
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data suggest that Piwi might not be an essential component of the piRNA biogenesis

pathway, but that it is required for piRNA stability.

To search for more genes, which might be involved in piRNA biogenesis, I tested genes
from small RNA pathways in C. elegans (Figure 3.12 & Table 3.1). It appears that
piRNA biogenesis is independent of many other genes that are involved in small RNA
pathways including dcr-1. Therefore, it will be interesting to look for new genes that
are required for piRNA biogenesis. Genome-wide RNAI screening in C. elegans might

identify these genes.

4.4 No evidence for ping-pong in C. elegans

Two groups have proposed a ‘ping-pong’ model for piRNA production in Drosophila
(Brennecke et al., 2007; Gunawardane et al., 2007). In this model Piwi and Aub bind to
antisense strand piRNAs, while Ago3 binds to sense strand piRNAs. Piwi- and Aub-
interacting piRNAs have a 5" uridine (U), while Ago3 interacting piRNAs often have
adenine (A) at their 10th nucleotide. Some Ago3-interacting piRNAs show
complementary to the first 10 nt of the Piwi/Aub-interacting piRNAs. Based on these
observations, the ‘ping-pong’ model proposes that Ago3-interacting sense piRNAs
mediate antisense strand cleavage at an A:U base pair that generates the 5’ end of the
antisense piRNAs, which are associated with Piwi/Aub followed by 3’ end processing
to generate mature antisense piRNAs. The mature antisense piRNAs together with
Piwi/Aub then generate sense strand piRNAs. However, this model does not explain
how the 3’ end of mature piRNAs is generated. Mutants for two Drosophila nucleases,
zucchini and squash, showed a loss of piRNA production (Pane et al., 2007) indicating
zucchini and squash may process the 3’ end of the precursor of mature piRNAs. Data
from mice and zebrafish suggest a similar ‘ping-pong’ mechanism might exist in these

organisms for a subset of piRNAs (Aravin et al., 2007b; Gunawardane et al., 2007).

To investigate whether a ‘ping-pong’ mechanism exists in C. elegans, high-throughput

sequencing was performed of 5" independent small RNA libraries prepared from wild-

119



type animals. Sequence analysis showed no ‘A’ bias at the tenth position of the
endogenous small RNAs (Figure 3.31) and there was only rare overlap of piRNAs (data
not shown). Therefore, I conclude that there is no exsistance of ‘ping-pong’
mechanism in C. elegans for the ampification of piRNAs. Mammals, fish and flies are
lacking RdRPs, which mediate secondary siRNA production in fission yeast, plants and
C. elegans. Therefore, mammals, fish and flies might have developed a ‘ping-pong’
mechanism for the amplification of piRNAs as an alternative to a secondary siRNA

amplification pathway.

4.5 Piwi and piRNAs acts upstream of secondary siRNA pathways

I have demonstrated that Tc3 transposon silencing is associated with endogenous
siRNAs that depend on Piwi and piRNAs. Mapping of piRNAs to transposons showed
that only one piRNA (21UR-139) mapped to the Tc3 transposase and may act in cis. A
parallel study also found another piRNA, 21UR-15703 that also maps to Tc3
transposons, but to the 3" UTR of the transposase mRNA, just upstream of the TIR
(terminal inverted repeats) (Batista et al., 2008). Both piRNAs map to the sense strand
of the Tc3 transposon. Endogenous siRNAs map to the transposase and TIRs of the Tc3
transposon in wild-type, but are dramatically reduced in piwi mutants (Figure 3.25 &
3.29). A parallel study found a loss of endogenous siRNAs exclusively from the TIR
but not from the transposase of Tc3 in prg-/ mutants compared to wild-type (Batista et
al., 2008). These results strongly suggest that PRG-1 and PRG-2 have different
functions in Tc3 transposon silencing. To explain these data, a speculative model was
proposed to explain how sense piRNAs might be required for antisense siRNA
production at the Tc3 locus. Sense piRNAs loaded onto Piwi might stimulate RARP
activity using Tc3 antisense transcripts as a template, in a manner analogous to siRNAs
in RNAi amplification. The sense transcripts would be targeted by antisense siRNAs,
and might act as a template for a second round of RdRP activity (Figure 4.1). Such a
loop would function to maintain high levels of Tc3 siRNAs. TIR-associated siRNAs
might be functionally distinct from the siRNAs derived from the Tc3 transposase and

they might act through two independent pathways. In the case of the Tc3 transposase,
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siRNAs might regulate Tc3 transposons through PTGS. In addition, TIR siRNAs might
regulate Tc3 through chromatin-mediated TGS. Both quantitative RT-PCR and
transposition analysis show synergistic effects of PRG-1 and PRG-2 in the regulation of
Tc3, which need to be investigated further. The amplification loop described here is
independent of the sequence of the initiating 21U-RNAs. Therefore, the link between
piRNAs and siRNAs might not be restricted to Tc3. Indeed, a positional bias was
observed for antisense siRNAs downstream of piRNA loci (Figure 3.30A).
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Figure 4.1 A speculative model of the role of Piwi in Tc3 silencing.

TGS, transcriptional gene silencing. PTGS, post-transcriptional gene silencing. 2° AGO, secondary
Argonautes. TIR, terminal inverted repeats. Model is described in discussion (section 4.5).
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4.6 Potential roles of piRNASs in cis and in trans

In C. elegans, uniquely, 21U-RNAs/piRNAs are clustered to two broad regions of
chromosome IV and few map elsewhere in the genome. These piRNAs are either
present in intergenic regions or within introns. Therefore, piRNAs might regulate gene
expression locally (in cis), or globally (in trans), or both. To test this hypothesis, first
global gene expression profiling was performed comparing wild-type and piwi (prg-1;
prg-2) mutants. No striking changes in gene expression were observed (Figure 3.20A &
B). However, parellel studies in the Mello lab showed that expression of number of
genes might be altered in prg-/ mutants (Batista et al., 2008). This discrepancy may
reflect either a genuine difference between prg-1; prg-2 double mutants and prg-1
single mutants or possibly due to differences in the gene expression profiling

technologies used.

Next, I tested gene expression of few class I (genes with high number of piRNAs in
their introns) and class II genes (genes with no or few piRNAs in their introns) by qRT-
PCR from isolated gonads. No significant changes in these genes expression was found
between wild-type and piwi mutants (Figure 3.21A & B). A parallel study from the
Reinke lab, using dissected gonads from wild-type and prg-/ mutant males show that
some spermatogenesis-enriched genes on chromosome IV are downregulated, and
many of the spermatogenesis-enriched genes on chromosome IV and genes located
other than chromosome IV are unaffected in prg-/ mutant males, including msp genes
(Wang and Reinke, 2008). However, my studies demonstrated downregulation of msp
genes in piwi mutant hermaphrodites (Figure 3.20B). This might be due to the low
sperm counts (Figure 3.2), or analyzing gene expression from RNA prepared from

whole animals instead of isolated gonads.

It might be possible that piRNAs regulate gene expression both in cis and trans. To
explain this paradox, I speculate that PRG-1/piRNA complex may base pair imperfectly
with its targets, like animal miRNAs on their target mRNAs. Deep sequencing studies

from this work and the Mello lab proposed almost 15000 different piRNAs encoded in
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C. elegans. If all of the piRNAs are involved in piRNA-mediated regulation through
partial matches, then the entire transcriptome is probably under piRNA-directed
regulation. Perhaps piRNAs collectively regulate gene expression globally through
partial matches. Therefore, it remains to be answered how piRNAs regulate gene
expression, whether in cis, or in trans, and what are the rules governing piRNAs and

their target interactions.

4.7 A potential role for C. elegans piRNAs in transcriptional gene

silencing?

To address the possible mechanism of Piwi function, their localization has been studied
in different species. In Drosophila, Piwi is localized in the nucleus of germ cells and
somatic cells, whereas Ago3 and Aubergine are mostly detected in the cytoplasm and in
perinuclear germanium granules called the nuage (Brennecke et al., 2007; Cox et al.,
2000; Gunawardane et al., 2007). A zebrafish Piwi protein, Ziwi, is also localized to
nuage (Houwing et al., 2007). The mouse Piwi proteins Miwi, Mili and Miwi2 are also
localized to the cytoplasm (Deng and Lin, 2002). It has also been shown that Miwi is a
component of the chromatoid body (Kotaja et al., 2006). In rat, Riwi has been found
associated with a RecQ helicase and piRNAs, suggesting that they may function at the
DNA level (Lau et al., 2006). In C. elegans, both endogenous PRG-1 and PRG-1::GFP
localized to the germline nuage equivalent, the P granules (Batista et al., 2008; Wang
and Reinke, 2008) and this expression pattern is consistent with the localization of the
Piwi family of proteins to germ granules in Drosophila, zebrafish and mammals.
Similar to other organisms, piRNA expression also tightly correlated with the
expression of the Piwi subfamily of Argonaute proteins, including PRG-1 (Figure 16
and 17).

Both transposition assays and quantitative RT-PCR analysis show that Piwi protein in

C. elegans specifically suppresses Tc3 transposons (Figure 3.23 and Table 3.2).

Endogenous siRNAs are dramatically reduced from the Tc3 transposase and TIR
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regions in piwi mutants (Figure 3.25 & 3.29), whereas endogenous siRNAs are absent
exclusively from the TIRs of the Tc3 transposon but not from the transposase in prg-1
mutants (Batista et al., 2008). These data suggest that endogenous siRNAs might
regulate Tc3 transposons through TGS or PTGS in a Piwi/piRNA dependent manner. In
additon, I have shown that piRNAs expression was reduced dramatically in hpl-1
mutants (Figure 3.15), suggesting there may be a connection between Piwi and HPL-1
(HP1) in TGS of Tc3 transposons. Interestingly, the reduced number of TIR siRNAs in
prg-1 mutants suggests that PRG-1 might regulate Tc3 at TIRs through chromatin-
mediated TGS. Perhaps PRG-1 suppresses Tc3 mobility at TIRs along with TIR
siRNAs and HP1, maintaining a heterochromatic state. Loss of PRG-1 or HPL-1 might
lead to alteration of chromatin structure at TIRs and activation of Tc3. In Drosophila it
has been shown that Piwi physically interacts with HP1 in an RNA-dependent manner
and it has been suggested that this complex might regulate heterochromatin formation
(Brower-Toland., 2007; Pal-Bhadra., 2004). In contrats, the Lin group has
demonstrated that Piwi promotes the euchromatic character of 3R-TAS, a telomeric
repeat (Yin and Lin, 2007). Ago proteins in yeast and plants are nuclear and
cytoplasmic and play crucial roles in TGS through heterochromatin formation and/or
DNA methylation at repetitive regions of the genome (Buhler and Moazed, 2007)
(Lippman and Martienssen, 2004; Slotkin and Martienssen, 2007). In mice, Mili and
Miwi2 null mutants show derepression of LINE-1 and IAP retrotransposons in male
germ cells (Kuramochi-Miyagawa et al., 2008). In contrast, immunohistochemisry and
biochemical data show that Miwi, Mili and Miwi2 are localized to the cytoplasm.
Therefore, it is possible that these proteins might shuttle between nucleus and

cytoplasm, and are involved in both TGS and PTGS.

In C. elegans, PRG-1 localizes to the perinuclear region of germ cells. In order to
understand the potential role of PRG-1 in TGS, further studies are needed. For
example, it would be interesting to test whether HPL-1 and PRG-1 co-localize in the
nucleus. If so, how does PRG-1 shuttle from the nucleus to the cytoplasm? Perhaps
post-translational modification of PRG-1 regulates shuttling. In addition, it will be

interesting to further investigate the mechanism of Tc3 transoposon silencing by Piwi

125



proteins in C. elegans. Finally, it would be important to determine the function of Piwi

and piRNAs in the control of germline development.
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SUMMARY

The Piwi proteins of the Argonaute superfamily
are required for normal germline development in
Drosophila, zebrafish, and mice and associate with
24-30 nucleotide RNAs termed piRNAs. We identify
a class of 21 nucleotide RNAs, previously named
21U-RNAs, as the piRNAs of C. elegans. Piwi and
piRNA expressionis restricted to the male and female
germline and independent of many proteins in other
small-RNA pathways, including DCR-1. We show
that Piwi is specifically required to silence Tc3, but
not other Tc/mariner DNA transposons. Tc3 excision
rates in the germline are increased at least 100-fold in
piwi mutants as compared to wild-type. We find no
evidence for a Ping-Pong model for piRNA amplifica-
tion in C. elegans. Instead, we demonstrate that Piwi
acts upstream of an endogenous siRNA pathway
in Tc3 silencing. These data might suggest a link
between piRNA and siRNA function.

INTRODUCTION

Piwi proteins are part of a superfamily of Argonaute proteins that
is defined by the presence of PAZ and Piwi domains (Cerutti
et al., 2000). The PAZ domain has been shown to bind to 3
ends of short RNAs, and the Piwi domain is similar to the catalytic
domain of RNase H. The Argonaute superfamily can easily be di-
vided into two clades according to sequence similarity (Carmell
et al., 2002). The AGO clade is found in fission yeast, plants, and
animals, whereas the Piwi clade is found in ciliates, slime molds,
and animals. Members of the AGO clade directly bind to siRNAs
and miRNAs, are involved in many aspects of transcriptional
(TGS) and posttranscriptional gene silencing (PTGS) in many

species, and are generally ubiquitously expressed (Joshua-Tor,
2006).

The expression of proteins of the Piwi clade might be re-
stricted to germ cells in vertebrates (Carmell et al., 2007; Deng
and Lin, 2002; Houwing et al., 2007; Kuramochi-Miyagawa
et al., 2001, 2004), but not in Drosophila, where Piwis are also
found in somatic cells associated with the germline (Brennecke
et al., 2007; Cox et al., 1998; Gunawardane et al., 2007; Saito
et al., 2006). In flatworms, Piwis are expressed in germ cells
and somatic stem cells (Reddien et al., 2005). A number of func-
tions have been assigned to Piwi proteins: Drosophila Piwi is
required for oogenesis and stem cell maintenance (Cox et al.,
1998, 2000; Lin and Spradling, 1997); a Tetrahymena Piwi pro-
tein, Tiwi, is required for DNA elimination in the macronucleus
(Mochizuki et al., 2002); in planaria the Piwi protein SMEDWI-1
is required for stem cell regulation (Reddien et al., 2005); and,
in vertebrates, Piwi proteins are required for germline develop-
ment in the zebrafish (Houwing et al., 2007) and male germline
development in the mouse (Aravin et al., 2006; Deng and Lin,
2002; Girard et al., 2006; Grivna et al., 2006; Kuramochi-Miya-
gawa et al., 2001). Piwi proteins are also required for transposon
silencing in the Drosophila germline (Aravin et al., 2001; Savitsky
et al., 2006; Vagin et al., 2006), and several studies suggest that
many of the phenotypes observed in piwi mutants might be due
to loss of germline integrity (Chen et al., 2007; Klattenhoff et al.,
2007; Pane et al., 2007).

Recently, a class of 24-30 nucleotide RNAs has been found to
interact with Piwi proteins in Drosophila, zebrafish, mice, and
rats and has been named Piwi-interacting RNAs or piRNAs (Klat-
tenhoff and Theurkauf, 2008). piRNA populations are complex;
there are hundreds of thousands of unique piRNAs in mammals.
The identification of piRNAs has improved our understanding of
Piwi function, in particular with regard to transposon silencing:
for example, in Drosophila the piRNAs of the flamenco locus con-
trol the gypsy retrotransposon (Brennecke et al., 2007; Desset
et al., 2003; Prud’homme et al., 1995).
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The best-studied transposable elements of C. elegans are the
DNA transposons of the Tc/mariner superfamily (Moerman and
Waterston, 1984), in particular Tc1 and Tc3 (van Luenen et al.,
1994; Vos et al., 1996). Tc1 and Tc3 are also the most abundant
transposons of the Tc family in the N2 Bristol strain of C. elegans
with 31 and 22 copies, respectively (C. elegans Sequencing Con-
sortium, 1998). Tc1 and Tc3 are autonomous elements encoding
a transposase specific to each element (van Luenen et al., 1993;
Vos et al., 1993).

Here we demonstrate a role for C. elegans Piwi in germline
development and germline transposon silencing. We identify
the recently named 21U-RNAs as the piRNAs of C. elegans.
We demonstrate that in C. elegans piRNAs act upstream of an
endogenous siRNA pathway for Tc3 silencing. These data
shed light on piRNA function.

RESULTS

Piwi Is Required for Normal Germline Development

To investigate the roles of Piwi proteins in C. elegans we gener-
ated mutants lacking Piwi function. The C. elegans genome en-
codes two Piwi-related genes, prg-1 and prg-2. These genes
are likely the result of a recent gene duplication, as the genomes
of the related nematode species C. briggsae and C. remanei
each contain asingle prg gene. PRG-1 and PRG-2 are 91% iden-
tical at the amino acid level, which suggests that they might act
redundantly. We generated two deletion alleles each for prg-1
(n4357, n4503) and prg-2 (n4358, nDf57) and generated double
mutant strains after outcrossing of the single mutants (see the
Supplemental Data available online). For brevity, we will refer
to PRG-1 and PRG-2 as Piwi, and we will refer to prg-1; prg-2
double mutants as piwi mutants, i.e., piwi(n4357; n4358) instead
of prg-1(n4357); prg-2(n4358). prg-1 and prg-2 single mutants
and piwi mutants were homozygous viable and showed neither
a defect in exogenous RNAI in either the soma or germline nor
defects in miRNA biogenesis or function (data not shown). How-
ever, all mutant strains showed reduced fertility (Figure S1A). Of
the single mutants, prg-7 mutant animals showed the most pro-
nounced effect, with fertility reduced to 25% of that of wild-type
animals (Figure S1A). The fertility defect is enhanced in piwi
mutants (Figure S1A). These observations agreed with previous
studies of prg-7 using RNAi and an independent prg-1 allele
(Cox et al., 1998; Yigit et al., 2006). As prg-1 RNAi had suggested
a role for PRG-1 in spermatogenesis (Cox et al., 1998), we
counted hermaphrodite sperm in wild-type and prg-1 and prg-
2 mutant animals. Sperm counts were reduced to approximately
50% in both single and double mutants (Figure S1B). However,
fertility of piwi mutants was not restored to wild-type levels by
introducing wild-type sperm through mating, suggesting that
Piwi function is not restricted to spermatogenesis (Figure S1C).
Finally, piwi mutant germlines showed abnormal mitotic to mei-
otic transitions (data not shown). These data confirm a conserved
role for PRG-1 and PRG-2 in C. elegans germline development
(Cox et al., 1998).

The piRNAs of C. elegans Are 21 Nucleotide RNAs

In Drosophila, zebrafish, mice, and rats, Piwi proteins are asso-
ciated with 24-30 nucleotide piRNAs (Aravin et al., 2006; Bren-
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necke et al., 2007; Girard et al., 2006; Grivna et al., 2006; Guna-
wardane et al., 2007; Houwing et al., 2007; Lau et al., 2006; Saito
et al., 2006; Vagin et al., 2006; Watanabe et al., 2006). Searching
for piRNAs in C. elegans, we were unable to identify an abundant
class of RNAs in this size range (data not shown). We therefore
searched for piRNAs among the small RNAs previously identified
in C. elegans: miRNAs, tncRNAs, endogenous siRNAs, and 21U-
RNAs (Ambros et al., 2003; Lau et al., 2001; Lee and Ambros,
2001; Lim et al., 2003; Ruby et al., 2006). To identify candidate
piRNAs, we tested if any of these short RNAs were dependent
on Piwi. Surprisingly, we found that a 21U-RNA, 21UR-1, which
was detected in RNA from wild-type animals, was absent in RNA
from two independent piwi mutants by northern blotting
(Figure 1A). In contrast, expression of a ubiquitous mMiRNA,
miR-52, was unaffected. To test if 21U-RNAs were generally ab-
sent in piwi mutants we generated libraries of 5 monophosphate
small RNAs from wild-type and piwi(n4357; n4358) mutants.
High-throughput sequencing identified 1398 out of 5454 previ-
ously known 21U-RNAs (Ruby et al., 2006). We also identified
a large number of candidate 21U-RNAs (data not shown). 21U-
RNAs were either absent or dramatically underrepresented in
the piwi mutant library as compared to the wild-type library
(Figure 1B). The most abundant 21U-RNA in the piwi sample
had eight reads as compared to 2127 reads in wild-type. We
also assessed the expression levels of other small RNAs in
wild-type versus piwi mutants and found no differences in
miRNA expression, thcRNA expression, or a number of siRNA
species including a 26 nucleotide siRNA (Figure 1C and data
not shown). These data suggest that 21U-RNAs might be
the piRNAs of C. elegans. To test this hypothesis directly, we
generated a rabbit polyclonal antibody against PRG-1. After im-
munoprecipitation of PRG-1 using «PRG-1 serum from wild-type
C. elegans adult whole-cell extracts, we detected 21U-RNAs by
RT-PCR but were not able to detect them from piwi mutant
extracts or when using preimmune serum (Figure 1D). Overall,
21U-RNAs are 100-fold enriched in PRG-1 immunoprecipitates
(Batista et al., 2008 [this issue of Molecular Cell]; see Discussion).
As the high-throughput sequencing data suggested that
21U-RNAs were dramatically reduced in piwi mutants, we inde-
pendently quantified the expression of seven 21U-RNAs by
quantitative RT-PCR. As shown in Figure 1E, while the expres-
sion of a number of 21U-RNAs is dramatically reduced, some
21U-RNAs, including 21UR-1, were still detected in piwi
mutants. For 21UR-1 we verified that the signal was specific
by cloning and sequencing of RT-PCR products (data not
shown). Taken together, these data suggest that the 21U-
RNAs are the piRNAs of C. elegans, and we will refer to them
as piRNAs below.

piRNA Biogenesis Is Independent of Many Genes

in Other Small-RNA Pathways

To identify additional genes involved in piRNA pathways in
C. elegans, we tested a panel of genes using mutants and
RNAI for their effect on piRNA expression by northern blotting
or quantitative RT-PCR (Figure 2 and Table S1). First, we
checked piRNA expression in prg-1 and prg-2 single mutants.
Using three independent alleles and RNAi experiments, we
found that only PRG-1 but not PRG-2 is required for piRNA
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Figure 1. The 21U-RNAs Are C. elegans
piRNAs

(A) Northern blot showing that 21UR-1 is not de-
tected in RNA (40 png) isolated from two indepen-
dent piwi double mutants: piwi(n4357; n4358)
and piwi(n4503; nDf57), whereas miR-52 is
expressed in both mutants (same blot reprobed).
Antisense DNA probes were used for 21UR-1
and miR-52. A U6 northern blot is shown as load-
ing control. piwi(n4357; n4358) is an abbreviation
for prg-1(n4357); prg-2(n4358). piwi(n4503; nDf57)
is an abbreviation for prg-1(n4503); prg-2(nDf57).
(B) High-throughput sequencing reveals that the
expression of many 21U-RNAs is dramatically
reduced in piwi mutants. 21U-RNAs cloned from
5' dependent wild-type and piwi(n4357; n4358)
mutant libraries. Frequencies are shown for wild-
type (blue) and piwi mutant (red) for the 400 most
abundant 21U-RNAs in wild-type, plotted in the
order of their wild-type frequency. Read frequen-
cies were obtained by dividing the number of
reads for a given 21U-RNA by the total number
of reads from the same library (left-hand y axis).
The corresponding absolute number of reads
are indicated in the right-hand y axes. 21U-RNAs
for which frequencies are shown include the
21U-RNA with most reads in the piwi mutant
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expression (Figure 2 and Table S1). Next, we tested other Argo-
naute proteins; these included RDE-1, which is required
for exogenous RNAI (Tabara et al., 1999), ALG-1 and ALG-2,
which are redundantly required for miRNA function (Grishok
et al., 2001), ERGO-1, SAGO-1, SAGO-2, and a group of five
“MAGO” Argonaute proteins associated with endogenous
siRNA pathways (Yigit et al., 2006). None of these Argonaute
proteins were required for piRNA expression, emphasizing the
specificity of the requirement for PRG-1. In addition, we tested
a number of other proteins involved in small-RNA biology in
C. elegans, including all four known RNA-dependent RNA poly-
merases (RdRPs), RRF-1, RRF-2, RRF-3, and EGO-1 (Simmer
et al., 2002; Smardon et al., 2000), none of which were required
for piRNA expression. We also tested if the RNase Il enzyme
DCR-1, which is essential for the generation of siRNAs and
germline development (Grishok et al., 2001; Ketting et al.,
2001; Knight and Bass, 2001), is required for piRNA expression.

(siR26-263) is not affected in piwi mutants (north-
ern blotting, 40 pg total RNA, antisense DNA
probes).

(D) Immunoprecipitation followed by RT-PCR for
21UR-5101 reveals that 21U-RNAs are associated
with PRG-1 in C. elegans extracts.

(E) Quantitative RT-PCR of seven 21U-RNAs dem-
onstrates that Piwi is not essential for 21U-RNA
biogenesis. Total RNA was extracted from 12 hr
adult C. elegans. Expression levels shown are
relative to levels in wild-type RNA. miR-52 expres-
sion was used as an internal control. Data are from
three independent biological replicates. Error bars
represent standard error of the mean.

immune

As dcr-1 mutants are sterile, these experiments were carried out
using homozygous mutant animals derived from heterozygous
mothers or using RNAi. We found that DCR-1 is not required
for piRNA expression (Figure 2B; Table S1). These data were
also confirmed by high-throughput sequencing in dcr-1 mutants
(Figure 2C). These data suggest that piRNAs are independent of
many proteins involved in other small-RNA pathways, including
DCR-1.

Piwi and piRNAs Are Restricted to the Male

and Female Germline

We found that 21UR-1 expression is developmentally regulated
with highest expression detected in young adults and adults by
northern blot (Figure 3A). Additional piRNAs showed a similar ex-
pression pattern, as determined by quantitative RT-PCR (e.g.,
21UR-5101; Figure 3B). Interestingly, prg-1 and prg-2 mRNAs
show a similar pattern (Figure 3C; Figure S2). The observed
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Figure 2. piRNA Biogenesis Does Not
Require Many Known Small-RNA Pathway
Proteins

& .\éq (A) 21UR-1 northern blotting of total RNA of wild-
type and mutant young adult C. elegans. In the
case of alg-1; alg-2(RNAI), alg-1 mutant L1 larvae
were transferred to alg-2 RNAi feeding plates,
and young adult animals were harvested. A U6
northern blot is shown as loading control. See Ta-
ble S1 in the Supplemental Data for quantification
of these results.

(B) 21UR-1 northern blotting of total RNA of wild-
type and mutant young adult C. elegans. dcr-1
mutant animals used were homozygous animals
derived from heterozygous mothers. To test for
loss of DCR-1 activity in dcr-1 mutants, let-7
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(C) Distribution of 21U-RNAs on chromosome IV
as detected by high-throughput sequencing of 5’
dependent wild-type, piwi(n4357; n4358), dcr-1,
and mut-7 mutant libraries. Frequencies for a given
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Piwi Is Specifically Required for
Silencing of Tc3 DNA Transposons

mut-7
As Piwi proteins are required for trans-
poson silencing in Drosophila (Aravin
et al., 2001; Savitsky et al., 2006; Vagin
I | et al., 2006), we examined transposon
---- o o e silencing in piwi mutants in C. elegans.

expression pattern for piRNAs and piwi mRNA is consistent with
expression in the germline. As Piwi proteins and piRNAs are
thought to be exclusively expressed in germ cells in vertebrates
(Carmell et al., 2007; Deng and Lin, 2002; Kuramochi-Miyagawa
et al., 2004; Kuramochi-Miyagawa et al., 2001), but not in Dro-
sophila (Brennecke et al., 2007; Cox et al., 1998; Gunawardane
et al., 2007; Saito et al., 2006), we decided to test their germline
restriction in C. elegans using a set of temperature-sensitive mu-
tants (Figure 3D). 21UR-1 was absent from glp-4(bn2ts) and glp-
1(e2144lf) mutant animals at the restrictive temperature, which
are devoid of germ cells (Beanan and Strome, 1992). However,
21UR-1 levels were unchanged in glp-1(ar202gf,ts) mutants at
the restrictive temperature, which are highly enriched in germ
cells that have not yet entered meiosis (Pepper et al., 2003).
21UR-1 RNA was also detected in RNA from fem-1(hc17ts) (Kim-
ble et al., 1984; Nelson et al., 1978) and fem-3(q22sd,ts) (Barton
et al.,, 1987) mutants at the restrictive temperature that are
devoid of sperm and oocytes, respectively. The same restricted
pattern was also observed for piwi mRNA (Figure 3E and
Figure S2). Together these data suggested that C. elegans Piwi
and piRNAs are restricted to the male and female germline.
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We focused on the two most abundant
DNA transposons in C. elegans, Tc1
and Tc3 (Figures 4A and 4B) (C. elegans Sequencing Consor-
tium, 1998). First, we examined Tc1 transposase expression
by quantitative RT-PCR using primers specific for 15 Tc1 loci
(Figure 4C). We observed an approximately 50-fold increase
in Tc1 transposase MRNA levels in mut-7 mutants, which
show an elevated rate of transposition of Tc/mariner elements
in the germline (Ketting et al., 1999). We did not, however, ob-
serve an increase in Tc1 transposase mRNA in piwi mutants.
Surprisingly then, we found increased Tc3 transposase mRNA
in two independent piwi mutants and three independent prg-1
mutants using primer pairs specific for 20 Tc3 loci (Figure 4D).
Next, we assayed the germline excision rate of Tc1 and Tc3
transposons directly by the phenotypic reversion of unc-22
transposon insertion alleles (Ketting et al., 1999). As shown
in Table 1, unc-22 reversion rates of Tc1, Tc3, or Tc4 insertion
alleles were less than 107° in an otherwise wild-type back-
ground. In mut-7 mutant animals the reversion rate was in-
creased 100-fold, as reported previously (Ketting et al., 1999).
Strikingly, in prg-1 and piwi mutants Tc1 and Tc4 excision
rates were not affected, but reversion of the Tc3 allele was
increased 100- and 1000-fold, respectively (Table 1). These



Molecular Cell

Roles of Piwi and piRNAs in Caenorhabditis elegans

A wild-type
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piwi(n4357; n4358)
EL1L2L3L4YAA
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Figure 3. Piwi and piRNAs Are Restricted to the Male
and Female Germline

(A) Profile of 21U-R1 expression during development. E, em-
bryo. L1-L4, larval stages 1-4. YA, 12 hr adult. A, 24-48 hr
adult. A U6 northern blot is shown as loading control.

UB _| S p———— 1 (B) Quantitative RT-PCR of 21UR-5101. miR-52 expression
was used as an internal control. Data are from three indepen-
dent biological replicates. Error bars represent standard error

B C of the mean.
5 5 (C) Quantitative RT-PCR of prg-1 mRNA. Actin mRNA was
25 @ % 600 used as an internal control. Data are from three independent
L 300 o s biological replicates. Error bars represent standard error of
%n': 200 %E e the mean.
e 2 100 2 ‘é) fgg (D) Northern blot showing that piRNA expression is restricted
E 5 0 ‘_ﬁ _f_)- 0 to the male and female germline. glp-1(gf), glp-1(f), glp-4,
£ E L1 L2 L3 L4 YA A &J © ELIL2L3L4YA A fem-1, and fem-3 L1 larvae were grown to 12 hr adult stage
at 25°C. Total RNA (20 ng) was loaded in each lane. U6 and
miR-52 northern blots are shown as loading controls.
D b:g::@\ b‘.’-"& (E) Quantitative RT-PCR of prg-7 mRNA. Actin mRNA was
L A used as an internal control.
@ F e & o
& A8 N A D S AN
R AR R
21UR-1—| . - - - | - —21UR-1
upstream of piRNA expression. However, we
mrse— DA & & & & [ o n aers found that piRNA levels were not affected in
mut-7 mutants by northern blotting and high-
germeells + + + -+ 4 + + - throughput sequencing (Figure 2C; Figure 5A).
sperm + + - - -+ T u - Next, we tested if Piwi and piRNAs might act up-
oocytes + 4+ - -+ - L stream of MUT-7 and endogenous siRNAs. We
searched for piRNAs mapping to Tc/mariner trans-
E § < 4 posons and found that no known piRNAs mapped
g% 3 directly to Tc1 or Tc4. However, a single piRNA,
%E 2 21UR-139, mapped to the sense strand of the
o <) ; transposase gene of 20 out of the 22 Tc3 inser-
B g tions in the N2 genome (Table S2; Figure 5B). A
i 0 N ) second 21U-RNA in the Tc3 locus has also been
KQ,((" ,\@d"Q,'\@&Q'\b:c\QOQQ identified (Batista et al., 2008; see Discussion).
O 0 To identify endogenous siRNAs mapping to Tc
.\@(b transposons, we generated 5' independent small-
Q\‘“ RNA libraries from wild-type and piwi mutants,

data suggest that PRG-1 and Piwi are powerful and specific
suppressors of Tc3 transposition in the germline of C. elegans.
As we found that Piwi and MUT-7 were both involved in germ-
line transposon silencing, we wondered if these proteins shared
additional functions. We therefore tested if Piwi, like MUT-7,
is required for germline transgene silencing (Kim et al., 2005).
However, we found that germline transgene silencing is intact
in piwi mutants (Figure S3). These data suggest that Piwi and
MUT-7 have overlapping and distinct roles in the C. elegans
germline.

Piwi Acts Upstream of an Endogenous siRNA Pathway

Previous work demonstrated a role for MUT-7 (Ketting et al.,
1999) and endogenous siRNAs (Sijen and Plasterk, 2003) in
germline transposon silencing. Our findings suggested a role
for Piwi and piRNAs in the same process. We therefore wanted
to determine how these two pathways related to each other.
First, we tested if MUT-7 and endogenous siRNAs might act

as we expected these RNAs to carry 5’ di- or tri-

phosphates (Pak and Fire, 2007; Ruby et al.,
2006; Sijen et al., 2007). High-throughput sequencing identified
a large number of endogenous small RNAs that map to Tc1 and
Tc3 loci (Figure 5B; Supplemental Data). Interestingly, small
RNAs mapping to the terminal inverted repeat (TIR) and the
transposase open reading frame (ORF) of Tc3 were nearly
absent in piwi mutants, but those mapping to Tc1 were un-
affected. We confirmed these observations for small RNAs an-
tisense to the transposase transcripts using an RNase protec-
tion assay (Figure 5C). While Tc1 and Tc3 antisense siRNAs
were dependent on MUT-7, only Tc3 siRNAs were also
dependent on Piwi. Unfortunately, we were unable to detect
endogenous small RNAs from the TIRs using the same assay
(data not shown). These data suggest that Piwi and piRNAs
act upstream of a MUT-7-dependent endogenous siRNA path-
way for Tc3 silencing. This finding raised the possibility that ad-
ditional piRNAs are functionally linked to endogenous siRNAs.
To test this hypothesis we examined piRNA loci for nearby en-
dogenous siRNAs. Interestingly, we observed a local positional
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Table 1. PIWI Is Required to Inhibit Tc3 Transposition in the
Germline

unc-22::Tc1 unc-22::Tc3 unc-22::Tc4
Wild-type <1062 <1062 <1072
prg-1(n4357) 107° 1074 107
prg-1(tm872) n.d. 1072 n.d.
piwi(n4357; n4358)  107° 1073 107
piwi(n4503; nDf57)  n.d. 1073 n.d.
mut-7 104 10~ 107

Transposition rates were estimated by scoring unc-22 reversion rates.
Germline excision was verified by scoring the progeny of revertants.

Animals were grown at 20°C.
2No unc-22 reversions were observed. n.d., not determined.
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Figure 4. Piwi Is Required to Inhibit Tc3
Transposase Expression

(A) Diagram of the genomic structure of the two
most common DNA transposons in C. elegans,
Tc1, and Tc3. Te1 and Te3 are flanked by inverted
repeats and encode a single spliced transcript for
transposase. bp, base pairs. n, number of copies
in the wild-type strain N2.

(B) Distribution of Tc1 and Tc3 transposons in the
C. elegans genome.

(C and D) Quantitative RT-PCR of Tc1 or Tc3 trans-
posase mMRNA. As the genomic copies of Tc1 and
Tc3 have minor sequence variations, the number
of transposon loci amplified by each qRT-PCR
primer pair are shown (n). Actin mRNA was used
as an internal control. Expression levels shown
are relative to levels from wild-type RNA. Data
are from three independent biological replicates.
Error bars represent standard error of the mean.
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bias of antisense siRNAs downstream
of piRNA loci, and their accumulation
appears to be dependent on Piwi
(Figure 6A; see Discussion).

D
&
N

DISCUSSION

21U-RNAs Are piRNAs with
Surprising Features

We identify the piRNAs of C. elegans as
21 nucleotide RNAs (Figure 1). Our obser-
vations are strongly supported by the
finding that PRG-1 immunoprecipitates
are 100-fold enriched for 21U-RNAs (Ba-
tista et al., 2008). The C. elegans 21U-
RNAs/piRNAs share several features
with piRNAs of other species. First,
C. elegans piRNAs have 5’ uridines. This

Q bias is common to piRNAs from Drosoph-

ila and vertebrates (Klattenhoff and

Theurkauf, 2008). Second, several C. ele-

gans piRNAs have a 5 monophosphate
and a 3’ modification blocking the 2’ or 3’ oxygen, likely a 2’-O-
methyl group (data not shown; Ruby et al., 2006). This modifica-
tion is shared by piRNAs from Drosophila (Horwich et al., 2007;
Saito et al., 2007; Vagin et al., 2006), zebrafish (Houwing et al.,
2007), and mice (Kirino and Mourelatos, 2007; Ohara et al.,
2007). However, 3’ ends with 2’-O-methyl groups are not a
unique feature of piRNAs, as plant miRNAs and siRNAs and Dro-
sophila siRNAs also carry this modification (Ghildiyal et al., 2008;
Li et al., 2005).

The piRNAs of Drosophila, zebrafish, mice, and rats are 24-30
nucleotides in length, and as such are distinct from miRNAs or
endogenous siRNAs (Klattenhoff and Theurkauf, 2008). The rea-
son for the size difference between 21U-RNAs and piRNAs of
other organisms is unclear. Another distinction of C. elegans
piRNAs is their genomic location and organization: while
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Figure 5. Piwi Acts Upstream of Endogenous siRNAs in Tc3 Silencing

(A) piRNA expression is independent of MUT-7. 21UR-1 northern blotting of total RNA of wild-type and mutant young adult C. elegans. Total RNA is shown as
loading control (GelStar).

(B) Tc3-associated small RNAs are absent in piwi mutants. Small RNAs mapping to the loci of Tc3 (top) and Tc1 (bottom) on chromosome | as identified by high-
throughput sequencing of 5" independent wild-type (left) and piwi mutant (right) libraries. Inverted repeat and exon sequences are indicated in green and pink,
respectively. The number of aligned sequence reads (blue) and number of aligned unique sequences (red) were plotted for each base pair position, with the top
and bottom graph in each panel corresponding to the antisense and sense strand relative to the transposase transcript. Read and sequence counts were
corrected for multiple alignments to the genome. The total number of reads from wild-type and piwi mutant libraries were comparable (2,963,895 and
3,017,027 of reads with perfect matches to the reference genome, respectively).

(C) Tc3 transposase antisense siRNAs are dramatically reduced in piwi mutants. RNase protection assay using sense fragments of Tc1 and Tc3 transposase.
Sense siRNAs were not detected above background levels using this assay (see Figure S4 in the Supplemental Data). U6 was used as an internal control, but
its concentration had to be titrated down due to some interference with small-RNA detection (Figure S5).
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Drosophila and vertebrate piRNAs map to regions devoid of
protein-coding genes (Klattenhoff and Theurkauf, 2008), some
C. elegans piRNAs are interspersed with protein-coding genes
(Ruby et al., 2006).

Biogenesis of piRNAs

The striking difference in genomic organization of C. elegans
piRNA clusters compared to vertebrates and Drosophila might
suggest a divergent mechanism of biogenesis. We found that
C. elegans piRNAs are Dicer independent (Figure 2B), as are
Drosophila and zebrafish piRNAs (Houwing et al., 2007; Vagin
et al., 2006). Taken together with the strong local piRNA strand
bias in all three species (Brennecke et al., 2007; Houwing
et al., 2007; Ruby et al., 2006; Vagin et al., 2006), it is unlikely
that piRNAs are generated through a double-stranded RNA in-
termediate. Instead, piRNAs might be generated directly as pri-
mary transcripts. In C. elegans, this could be achieved by an
RdRP. However, two observations argue against this hypothe-
sis. First, we found no evidence for the dependence of piRNA ex-
pression on RdRPs (Table 1), although we cannot exclude redun-
dancy. Second, piRNAs lack 5’ triphosphates, a hallmark of
other RARP-derived small RNAs. We therefore favor a model in
which piRNAs are derived from longer primary transcripts as is
the case for miRNAs (Bartel, 2004). Interestingly, we show that
Piwi is not essential for piRNA biogenesis, but that piRNA levels
are dramatically reduced in piwi mutants (Figure 1E). This is anal-
ogous to C. elegans miRNAs, whose levels are reduced but are
not absent in alg-1; alg-2 Argonaute mutants (Grishok et al.,
2001). We therefore postulate that Piwi is not an essential
component of the piRNA biogenesis pathway but is required
for piRNA accumulation or stability.

The piRNA genomic organization in Drosophila suggests that
whole piRNA clusters could be transcribed as single primary
transcripts and then processed into many mature piRNAs (Bren-
necke et al., 2007). Our finding that 21U-RNAs are piRNAs now
suggests an alternative model. Many 21U-RNA loci are associ-
ated with a conserved upstream motif containing an eight nucle-
otide core consensus sequence CTGTTTCA (Ruby et al., 2006;
see Supplemental Data). This motif is located approximately 38
bases upstream of the base corresponding to the 5’ uridine of
the 21U-RNA. Ruby et al. have postulated that this motif is part
of a 21U-RNA promoter. We conclude that piRNAs might be
transcribed as individual transcripts in C. elegans and perhaps
other species. Alternatively, these motifs might also be involved
posttranscriptionally in piRNA biogenesis. Having linked a
conserved motif to piRNAs in C. elegans, it will be important to
search for such motifs in other species. Perhaps such a motif

might be found only for a subset of “primary” piRNAs in
Drosophila or vertebrates.

No Evidence for Ping-Pong in C. elegans

Recently, a compelling model for piRNA production in Drosoph-
ila named the Ping-Pong ampilification loop has been put forward
(Brennecke et al., 2007; Gunawardane et al., 2007). In this model
Piwi/Aub is bound by a primary piRNA with a 5" uridine. Target
slicing by this complex followed by 3’ end processing results
in the generation of a secondary piRNA that is antisense to the
primary piRNA, overlaps by ten complementary nucleotides,
and has an adenine at position 10. The loop is completed by
AGO3, the third Piwi protein of Drosophila, which binds the sec-
ondary piRNA and, given a suitable template, in turn generates
piRNAs with 5’ uridines. This model is supported by the finding
that Piwi/Aub-bound piRNAs have a strong bias for 5 uridine
and AGO3-bound piRNAs have a strong bias for adenine at po-
sition 10 (Brennecke et al., 2007; Gunawardane et al., 2007). To
test the Ping-Pong hypothesis in C. elegans, we analyzed the
overlap among 21U-RNAs and between 21U-RNAs and other
C. elegans small RNAs (Figure 6A). We found few cases of over-
lap and no adenine peak at position 10 (Figure S6). We conclude
that there is currently no evidence for a role of Ping-Pong to
generate piRNAs or to couple piRNAs to endogenous siRNA
pathways in C. elegans.

Piwi and piRNAs Act Upstream of Secondary siRNA
Pathways in Tc3 Silencing

We suggest that C. elegans and Drosophila share primary
piRNAs, but while amplification of small RNAs in Drosophila
might be achieved through a Ping-Pong ampilification loop, in
C. elegans amplification might be achieved through secondary
siRNAs and RdRPs (Figure 6B). We demonstrate that Tc3 trans-
poson silencing and associated siRNAs depend on Piwi and
MUT-7. However, we cannot directly implicate a specific piRNA
in Tc3 transposon silencing. One attractive candidate might be
21UR-139, which maps to the Tc3 transposase ORF and might
actin cis. Asecond 21U-RNA also maps to the Tc3 locus (Batista
et al., 2008). Both are sense relative to the transposase gene. We
propose a speculative model to explain how sense piRNAs might
be required for antisense siRNA production at the Tc3 locus. Piwi
loaded with sense piRNAs might stimulate RARP activity using
Tc3 antisense transcripts as templates, in a manner analogous
to siRNAs in RNAi amplification (Baulcombe, 2007). The sense
transcripts would be targeted by antisense siRNAs and act as
a template for a second round of small RNA-stimulated RdRP
activity (Figure 6B). Such a loop would maintain high levels of

Figure 6. Piwi and piRNAs May Act Upstream of siRNAs

(A) Small RNAs mapping to the opposite strand of nearby 21U-RNA loci show a preference for locations downstream of the 21U-RNA locus and were reduced in
the piwi mutant (right) as compared to wild-type (left). Proximate small RNAs on the same strand as the 21U-RNA were also reduced in the piwi mutant (Figure S7).
(Bottom) Rows correspond to 6021 21U-RNA loci, ordered by genomic position with colors representing different chromosomes. For a given row (21U-RNA
locus), dots correspond to the relative position of nearby antisense small RNAs as defined by the distance of the 5’ end of the cloned small RNA relative to
the 21U-RNA 5’ end. (Top) Shown is the frequency of distances between 5 ends of 21U-RNAs and antisense small RNAs. Frequencies were based on the

normalized number of loci for 5" unique sequences.

(B) A speculative model of the role of Piwi in Tc3 silencing. TGS, transcriptional gene silencing. PTGS, posttranscriptional gene silencing. See Discussion for an

explanation.
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Tc3 siRNAs. In the case of the Tc3 transposase, this might lead
to PTGS against the mRNA. This is in agreement with the low
number of siRNAs mapping to the intron as compared to the
two exons of the Tc3 transposase (Figure 5B). In the case of
the Tc3 TIR, this might involve chromatin-mediated TGS. If the
TIR-associated siRNAs are functionally distinct from the
siRNAs mapping to the Tc3 transposase ORF, these two path-
ways might be separable. Indeed, Batista et al. (2008) observed
that prg-1 mutants lack only TIR-associated siRNAs, but not
siRNAs associated with the transposase ORF (Batista et al.,
2008). Together, these data suggest that PRG-1 and PRG-2
might have functionally distinct roles in Tc3 silencing. This is
particularly intriguing as PRG-1, but not PRG-2, is required for
piRNA accumulation (Figure 2A).

The ampilification loop we propose is sequence independent,
given an initiating 21U-RNA. Therefore the link between piRNA
and siRNA pathways might not be restricted to Tc3. Indeed,
we observe a positional bias for antisense siRNAs close to
21U-RNAs to map downstream of the 21U-RNA locus (Fig-
ure 6A). piRNA and siRNA pathways might be linked in other spe-
cies too. Drosophila and vertebrates have lost secondary siRNAs
and RdRPs, which are found in plants, yeast, and C. elegans.
However, recently endogenous siRNAs in mouse oocytes were
shown to map to the same loci as piRNAs (Tam et al., 2008).

Other Roles of Piwi in C. elegans?

We demonstrate a role for Piwi in inhibiting Tc3 mobility. How-
ever, it seems unlikely that the defects in germline development
observed in piwi mutants are solely due to Tc3 activity. It has
been proposed that mobile element excision and excessive
DNA breaks result in meiotic catastrophe in piwi mutants in Dro-
sophila (Klattenhoff and Theurkauf, 2008). We cannot exclude
the possibility that other mobile elements in addition to Tc3 are
hyperactivated in piwi mutants in C. elegans, with similar conse-
quences. Alternatively, Piwi/piRNAs might be involved in gene
regulation during germline development in C. elegans. Surveying
whole-animal gene expression in wild-type and piwi mutant adult
C. elegans using Affymetrix mRNA profiling, we did not observe
striking changes in gene expression (data not shown). However,
changes might only be revealed by studying gene expression in
germ cells. Indeed, a recent study suggests that the expression
of a subset of MRNAs expressed during spermatogenesis is de-
regulated in male gonads isolated from prg-1 mutants (Wang
and Reinke, 2008). The striking clustering of piRNAs on chromo-
some IV (Ruby et al., 2006) raises a number of interesting ques-
tions. Do piRNAs act in cis, or do they act in trans, analogous
to miRNA function? If piRNAs act in trans, what are the rules for
piRNA:piRNA target interaction? Do piRNAs always act through
siRNA pathways as we have demonstrated for Tc3? Having
identified piRNAs in C. elegans, we hope to address these ques-
tions using the powerful genetic tools that this organism offers.

EXPERIMENTAL PROCEDURES
C. elegans Strains and Culture

See the Supplemental Data and Tables S3 and S4 for strain information and
culture conditions.
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High-Throughput Sequencing and Data Analysis
We generated 5'-dependent libraries for N2 (2,719,949 reads), piwi(n4357;
n4358) (764,960 reads), mut-7 (3,475,722 reads), and dcr-1 (149,997 reads)
and 5'-independent libraries for N2 (2,963,895 reads) and piwi(n4357; n4358)
(3,017,027 reads) that were sequenced using the lllumina/Solexa platform.
See the Supplemental Data for additional information.

RNAIi Experiments

RNAI experiments were carried out as reported previously (Fire et al., 1998;
Timmons et al.,, 2001). Bacterial strains carrying plasmids expressing
double-stranded RNA for the gene of interest were obtained from the Ahringer
Laboratory genome-wide RNA library (Fraser et al., 2000; Kamath et al., 2003).
All RNAI library inserts were confirmed by sequencing.

Transposon Excision Experiments
Transposon excision assays were carried out as described previously (Ketting
et al., 1999).

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures, eight
figures, and five tables and can be found with this article online at http://www.
molecule.org/cgi/content/full/31/1/79/DC1/.
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