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Abstract

Transposable elements (TEs) have the capacity to replicate and insert into new genomic locations.
This contributed significantly to evolution of genomes, but can also result in DNA breaks and
illegitimate recombination, and therefore posing a significant threat to genomic integrity. Excess
damage to the germ cell genome results in sterility. A specific RNA silencing pathway, termed the
piRNA pathway operates in germ cells of animals to control TE activity. At the core of the piRNA
pathway is a ribonucleo-protein complex consisting of a small RNA, called piRNA, and a protein
from the PIWI subfamily of Argonaute nucleases. The piRNA pathway relies on the specificity
provided by the piRNAs to recognize TEs targets, while effector functions are provided by the
PIWI protein. PIWI-piRNA complexes silence TEs both at the transcriptional level — by attracting
repressive chromatin modifications to genomic targets — and at the post-transcriptional level — by
cleaving TE transcripts in the cytoplasm. Impairment of the piRNA pathway leads to
overexpression of TEs, significantly compromised genome structure and, invariably, germ cells
death and sterility.

The piRNA pathway is best understood in the fruit fly, Drosophila melanogaster, and in mouse.
This Chapter gives an overview of current knowledge on piRNA biogenesis, and mechanistic
details of both transcriptional and posttranscriptional TE silencing by the piRNA pathway. It
further focuses on the importance of post-translational modifications and subcellular localization
of the piRNA machinery. Finally, it provides a brief description of analogous pathways in other
systems.
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4.1 Introduction

Of the 100 trillion cells in the body, germ cells are the only ones contributing to all future
generations, and as such are essentially immortal. It is therefore of pivotal importance to
preserve the integrity of the germ cell genome, as damage to it can result in an evolutionary
dead end — sterility.

One of the greatest internal threats to genome stability is posed by transposable elements
(TEs) — highly abundant and repetitive segments of DNA with the ability to replicate and
insert into new locations, wreaking havoc in the process. New insertions cause breaks in the
DNA, which lead to cell cycle arrest, disrupt genes and their regulatory regions, and increase
the likelihood of non-homologous recombination (Slotkin and Martienssen 2007). Various
systems have evolved in different organisms to combat and contain the expansion of TEs,
but it is the elegant mechanism employed by the germ cells of metazoans that has attracted
considerable interest in recent years: the piRNA pathway (Siomi et al. 2011).

The piRNA pathway is a germline-specific RNA silencing mechanism. The central effector
complex of the pathway, called pi-RISC (piRNA-induced silencing complex) in analogy to
canonical RNA interference pathways, consists of a protein from the PIWI subfamily of
Argonaute nucleases, and a PIWI-interacting RNA, or piRNA. The piRNA pathway relies on
the effector function of the Argonaute protein and the specificity provided by the piRNAs to
restrict TE activity. PIWI proteins comprise a clade of the Argonaute protein family that is
specific to metazoans and shows gonad-specific expression (Carmell et al. 2002; Cox et al.
1998; Kuramochi-Miyagawa et al. 2001, 2004; Lin and Spradling 1997; Houwing et al.
2007). PIWI, the protein that is the namesake of the PIWI clade of Argonautes, was
discovered in a screen for factors affecting stem cell maintenance in the Drosophila
germline. Mutants of this gene have very small gonads, and were therefore named P-element
Mnduced wimpy testis, or piwi mutants (Cox et al. 1998; Lin and Spradling 1997).

The domain structure of PIWI proteins is similar to that of Argonautes (Fig. 4.1) (Song et al.
2004; Wang et al. 2008). Like Argonautes, the mid domain anchors the 5” end of a piRNA,
and the PAZ domain lodges the 3" end of the piRNA. The PIWI domain contains catalytic
residues within an RNase H-like nucleolytic fold, providing catalytic cleavage of target
transcripts. Unlike Argonautes however, PIWIs have Arginine-rich motifs near their N-
termini. These residues are post-translationally dimethylated. Arginine methylation allows
PIWI proteins to interact with components of the pathway from the Tudor family (Kirino et
al. 2009; Liu et al. 2010a; Nishida et al. 2009; Vagin et al. 2009). Tudor family proteins
containing the eponymous Tudor domain can bind methylated arginines in PIWI1 proteins,
and this relationship appears to be conserved in many species. Many Tudor proteins have
several Tudor domains and act as a scaffold for the formation of higher-order complexes
(Huang et al. 2011a; Mathioudakis et al. 2012). In germ cells of Drosophila and in mouse
testis, this mode of protein interaction translates into formation of distinct perinuclear
granules similar to P-bodies, which harbour components of the piRNA pathway and have
been known for a long time in cell biology as “nuage” (Aravin et al. 2008, 2009; Brennecke
et al. 2007; Malone et al. 2009).
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Based on shared domain structure with Argonaute proteins, it was inferred that PIWI
proteins must also bind small RNAs. Indeed, at the emergence of high throughput
sequencing techniques PIWI-associated small RNAs from several species were sequenced
and characterized (Aravin et al. 2006; Girard et al. 2006; Grivna et al. 2006; Lau et al.
2006). piRNAs are typically 23-31 nucleotides (nt) in length and are longer relatives of
ubiquitous short interfering RNAs (siRNAs) and microRNAs (miRNAs). Based on their
sequence, piRNAs and the conserved role of PIWI proteins in taming transposable elements
in the germline of animals were elucidated.

piRNAs are generated either from RNA transcripts of active TE copies or from transcripts
originating from specialized loci in the genome called piRNA clusters. Clusters are loci
harbouring dysfunctional remnants of TEs and form the basis of immunity against TE
propagation (Aravin et al. 2007, 2008; Brennecke et al. 2007). The piRNAs that are
generated from piRNA clusters are mostly antisense to TE mRNA sequences and serve as
guides for PIWI proteins to find TE transcripts by complementary base pairing. In the
cytoplasm, the identification of target MRNASs by PIWIs leads to cleavage of TE transcripts
resulting in destruction of the TE message and the concomitant amplification of defensive
sequences targeting active TEs as the cleavage product itself is processed into piRNAs. The
piRNA pathway has often been compared to an adaptive immune system, as it conveys
memory of previous transposon invasions by storing TE sequence information in piRNA
clusters. By amplifying piRNAs that are complementary to the active transposon sequence,
the piRNA pathway can respond quickly and specifically to acute TE activation. In addition
to targeted cleavage of TE mRNASs within the cytoplasm, PIWI1 proteins also function at the
chromatin level to silence TE transcription by directing deposition of repressive histone
marks and DNA methylation to copies of TEs (Le Thomas et al. 2013; Sienski et al. 2012).
Thus, the piRNA pathway acts on two levels to limit germline transposable element activity.

In this Chapter we review the most important findings about this indispensable pathway,
focusing mainly on discoveries in flies and mice. We first discuss sources of piRNAs and
known mechanistic details of their biogenesis, followed by the two main ways in which the
piRNA pathway acts to repress TEs. Furthermore, we address the localization and
composition of the protein complexes that operate within the piRNA pathway. Lastly, we
examine several mechanisms similar to the piRNA pathway that repress TE activity in
organisms other than Drosophila and mouse.

4.2 piRNA Biogenesis

piRNAs are classified into two groups based on their biogenesis: primary and secondary
piRNAs. Primary piRNAs are generated by yet poorly characterized biogenesis machinery,
while secondary piRNAs arise in an amplification mechanism termed the Ping-Pong
amplification loop to specifically enhance piRNA sequences targeting active elements. In
this section we will concentrate on what is known about biogenesis of primary piRNAs
focusing on their genomic origin, regulation of transcription and factors involved in their
processing.
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4.2.1 piRNA Cluster Architecture and Transcription

piRNA populations are highly complex: deep sequencing of piRNAs from mouse and fly
revealed millions of individual, distinct piRNA molecules. Neither piRNAs nor their
precursor sequences show any structural motif or sequence bias except for a preference for a
Uracil as the first 5" nucleotide (1U bias) of the piRNA. However, when mapped to the
genome, this highly diverse population of piRNAs can be mapped to a few discrete genomic
loci, called piRNA clusters (Brennecke et al. 2007; Aravin et al. 2006, 2007; Girard et al.
2006; Grivna et al. 2006; Lau et al. 2006; Ro et al. 2007). These clusters are transcriptional
units of up to 200 kilobases long that, at least in flies, are mostly located in pericentromeric
and subtelomeric beta-heterochromatin and are highly enriched in transposable element
sequences (Brennecke et al. 2007). Primary piRNAs are generated almost exclusively from
these piRNA clusters. It is believed that upon new transposon invasion the TE eventually
“jumps” into one of the clusters leaving a memory of the invasion. Once a transposable
element leaves a trace of its sequence in a cluster, it can be targeted by the piRNA
machinery, which will limit further propagation of the TE. Currently it is not known what
causes active transposons to preferentially integrate into clusters but the chromatin features
of clusters have been proposed to play a role.

In fly ovaries, clusters are expressed in two cell types: cells of germline origin that include
the developing oocyte and associated nurse cells in addition to somatic support cells called
follicular cells. Interestingly, the structure of clusters seems to differ depending on where
they are expressed: Germline clusters are transcribed bi-directionally, generating both sense
and antisense piRNAs in relation to the transposon mRNA. Conversely, somatic clusters
appear to be transcribed uni-directionally, producing mostly piRNAs that are antisense to TE
coding regions (Fig. 4.2a) (Brennecke et al. 2007). Overall, the source of a piRNA dictates
how it is processed.

In mouse testes, spermatogenic cells have two kinds of piRNA clusters: one class is
transcribed during embryonic development and, just like in Drosophila, piRNAs derived
from these clusters defend the germline against transposable elements. A second type of
piRNA cluster is expressed in spermatogenic cells of adolescent mice during the first
division of meiosis. These are called pachytene clusters, since piRNAs derived from these
clusters are highly abundant in the pachytene stage of meiosis. Pachytene piRNAs are not
enriched in transposon sequences and to date their function is unknown. An interesting
feature of many pachytene clusters is that they are transcribed in both directions from a
central promoter (Fig. 4.2b) (Aravin et al. 2006; Girard et al. 2006).

To date, the transcriptional regulation of piRNA clusters in flies and in embryonic stages of
mouse spermatogenesis remains elusive. Chromatin immunoprecipitation (ChIP) analysis on
histone modifications in the silkworm ovary-derived BmN4 cell line (this cell line contains a
functional piRNA pathway and is used as an analogous model for the Drosophila piRNA
pathway) revealed that piRNA clusters display features of euchromatin; they are enriched for
histone modifications associated with transcriptional activity such as H3K4 di- and tri-
methylation in addition to H3K9 acetylation and at the same time are devoid of repressive
histone H3K9 di- and tri-methyl marks (Kawaoka et al. 2013). In ChlP performed on
Drosophila ovaries, however, H3K9me3 marks are present on clusters and transposon loci
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(Rangan et al. 2011). The heterochromatin protein (HP1) homolog of Drosophila, Rhino,
seems to bind those histone marks on piRNA clusters and is essential for piRNA cluster
transcription (Klattenhoff et al. 2009). Still, it remains unresolved if these chromatin marks
are a cause or consequence of cluster transcription, and transcription factors directly
responsible for regulating cluster expression have not yet been identified. Taken together,
data about piRNA clusters in Drosophila suggests the counterintuitive idea that piRNA
clusters need to possess a repressive chromatin signature in order to generate piRNAs.

In mouse, a recent study has identified a transcription factor, A-MY B, which regulates
expression of pachytene piRNA clusters. A-MYB also controls its own transcription and that
of key genes in the piRNA pathway like Miwi, Maelstrom (Mael) and several Tudor domain-
containing genes during the pachytene stage of spermatogenesis in mouse. The involvement
of one transcription factor in the regulation of clusters and protein factors of the piRNA
pathway suggests that a feed-forward loop orchestrates the transcription of piRNA clusters
at the same time as the suite of proteins necessary to produce piRNAs from those cluster
transcripts (Li et al. 2013). Whether a similar mechanism is at work in Drosophila and
during embryonic stages of spermatogenesis remains to be elucidated.

4.2.2 Biogenesis of Primary piRNAs

piRNAs in flies are 23-25 nt in length, whereas in mouse they are slightly longer, averaging
25-28 nt. Similar to other small RNA classes, piRNAs are processed from longer precursors,
however, in contrast to miRNAs and siRNAs, the precursors are single stranded transcripts
without obvious hairpin structures. It is thought that piRNA biogenesis begins with the
endonucleolytic cleavage of the long precursor transcript, generating shorter piRNA
precursors. This cleavage event possibly specifies the 5° end of the future piRNA. Genetic
screens and structural studies suggest that the endonuclease, Zucchini (ZUC), might conduct
this first cleavage of some piRNA precursors (Fig. 4.3a) (Czech et al. 2013; Handler et al.
2013; Muerdter et al. 2013; Olivieri et al. 2010; Ipsaro et al. 2012; Nishimasu et al. 2012;
\oigt et al. 2012). After cleavage, the 5" end of piRNA precursors gets loaded into a PIWI
protein. In flies, primary piRNAs are loaded into two of the three PIWI proteins, PIWI and
Aubergine (AUB). The factors that make up the piRNA loading machinery are currently
unknown, however several studies have identified the proteins Shutdown (SHU), Vreteno
(VRET), Brother-of-Yb (BoYb) and Sister-of-Yb (SoYb) as components that are necessary
for loading of PIWI and AUB with primary piRNA (Handler et al. 2013; Olivieri et al. 2010)
(Table 4.1). Loading of PIWI seems to require some additional factors including Armitage
(ARMI) and Zucchini (ZUC) and in somatic cells, the Tudor domain protein, YB (Olivieri et
al. 2010; Szakmary et al. 2009).

Primary piRNAs show a strong bias for a uridine as their 5" terminal nucleotide. The step at
which this bias is introduced is not clear, as there are two conceivable scenarios. First,
cleavage of precursor transcripts could be random and the 5 binding pocket of PIWI
proteins could have a steric preference for binding piRNAs with a5’ terminal 1U; or
second, the nuclease conducting the first cleavage on precursor cluster transcripts could
preferably cleave upstream of uridines, thereby creating the observed bias.
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Once loaded into PIWI proteins, the piRNA precursor is trimmed at its 3" end by an
unknown 3'=5" exonuclease. This nuclease is tentatively named “Trimmer” (Fig. 4.3b). The
final length of the piRNA is determined by the piRNA-binding pocket of the PIWI protein:
PIWI associated piRNAs are 25 nt long, whereas piRNAs associated with AUB or AGO3 are
24 nt or 23 nt long, respectively. In mouse their length is slightly longer (25-31 nt) with an
average of 26 nt, 28 nt and 30 nt for MILI, MIWI2 and MIWI-bound piRNAs respectively
(Aravin et al. 2006, 2008; Grivna et al. 2006). However, piRNAs can vary in length by one
to two nucleotides, possibly as a consequence of imprecise trimming. Finally, after
trimming, piRNAs acquire a characteristic 2" methyl modification at their 3" end that is
introduced by the piRNA methyl-transferase HEN1 and leads to stabilization of the small
RNA (Kawaoka et al. 2011).

Overall, while the exact biochemistry and the involved factors are still not fully known,
piRNA biogenesis consists of multiple consecutive steps from transcription of precursors,
through precursor cleavage and loading, to trimming and 2” O-methylation. Defects in any
of these steps leads to diminished piRNAs, upregulation of transposons and sterility.

4.3 Nuclear and Cytoplasmic Function of the piRNA Pathway

Transposons are selfish genetic elements that can be classified into DNA or retrotransposons
based on the mechanism by which they transpose in the genome. DNA transposons mobilize
by a ‘cut and paste’ mechanism that is accomplished with the help of an encoded
transposase protein. Retrotransposons propagate by reverse transcription of an RNA
intermediate. Here too, the required enzymes are encoded by the transposable elements.
Another class of TE is the semi-autonomous sequences, such as A/u repeats, that require the
protein machinery of other transposons for their replication. In either case the transposon
needs to be transcribed as an mMRNA because it encodes the enzymes necessary for
transposition, or is also required as a template for conversion to DNA by reverse
transcription. Accordingly, transposition can be regulated on multiple levels, from the
efficiency of transcription, to transcript stability and rate of translation of required factors, or
by interfering with the process of re-integration into the genome. The piRNA pathway seems
to target two steps that are required for all transposons: In the nucleus, piRNAs are
implicated in the regulation of chromatin structure that can affect transcription of targeted
loci. In the cytoplasm, the piRNA pathway directly targets and destroys RNAs of
transposons that escaped transcriptional silencing. In this section we will describe the details
of these two levels of defence against transposable elements.

4.3.1 The Role of piRNAs in Regulating Chromatin Structure

Transcriptional regulation of a specific locus is influenced by its contextual chromatin
architecture. In mammals, regulation is achieved at two levels: by methylation of DNA and
by modifications of histone proteins or even incorporation of special histone variants into
nucleosomes. In Drosophila melanogaster, histone modifications and histone variants are
mainly responsible for defining the properties of chromatin. In both flies and mice, one of
the three PIWI proteins localizes to the nucleus, suggesting a nuclear role for the piRNA
pathway possibly through transcriptional repression of targets (Cox et al. 1998; Aravin et al.
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2008). Such a mechanism is further strengthened by the observation that in flies PIWI shows
a banding pattern on polytene chromosomes of nurse cells, suggesting a direct interaction
with chromatin (Le Thomas et al. 2013).

In mouse, DNA methylation plays an essential role in silencing of transposable elements
(TEs). In mouse male germ cells, this silencing is established in a narrow developmental
window during embryonic germ cell development, following global genome de-methylation.
This is a critical point in the fate of spermatogenic cells, since the failure to methylate
sequences of retrotransposons scattered throughout the genome leads to their activation and
subsequent meiotic failure and sterility (Bourc’his and Bestor 2004). Several lines of
evidence indicate that piRNAs are responsible for directing DNA methylation to their
genomic targets. First, several proteins involved in the piRNA pathway have been described
to localize to the nucleus: MIWI2, TDRDS9, and MAEL (Aravin et al. 2008, 2009; Shoji et
al. 2009; Soper et al. 2008). While TDRD9 and MAEL are expressed throughout male germ
cell development, MIWI2 is expressed in a narrow developmental time window exactly
overlapping the time of de novo DNA methylation in the embryonic spermatocyte.
Additionally, genetic data implicate piRNAs in establishing de novo DNA methylation
patterns in the mouse male germline on regulatory regions of TEs (Aravin et al. 2008;
Carmell et al. 2007; Kuramochi-Miyagawa et al. 2008). DNMT3L is an accessory factor for
the de novo DNA methyl-transferases DNMT3A and DNMT3B, and is essential for de novo
DNA methylation. The defects observed in DNMT3L knockout animals are strikingly
similar to those observed in animals deficient in many piRNA pathway components,
including the two PIWI proteins, MILI and MIWI2: all result in meiotic arrest of
spermatogenesis and apoptosis of germ cells. Furthermore, methylation patterns were not re-
established on retrotransposon sequences in mice lacking MILI or MIWI2 (Kuramochi-
Miyagawa et al. 2008). In contrast, piRNAs are still produced in DNMT3L mutants (Aravin
et al. 2008). These observations indicate that the piRNA pathway directs DNA methylation
of TEs and functions upstream of the methylation machinery.

A second PIWI protein, MILI is also expressed in the embryonic stage of spermatogenesis.
While it localizes to the cytoplasm, its expression is necessary for piRNA loading and
nuclear localization of MIWI2. The phenotype of Mi/imutants is similar to that of Miwi2
suggesting that piRNAs serve as sequence-specific guides that direct MIWI2 to sites where
DNA methylation is established (Kuramochi-Miyagawa et al. 2001, 2004, 2008; Aravin et
al. 2008). Biochemically, this process remains unexplored due to the restriction of de novo
DNA methylation to a small number of germ cells in a narrow developmental window
during embryogenesis. It is not clear whether MIWI2 associates directly with chromatin and
it seems not to interact directly with DNA methyltransferases. In fruit flies, the piRNA
pathway participates in deposition of repressive histone marks on TEs (see below). It
remains to be determined whether this mechanism is conserved in mice. If so, it will be
interesting to see if histone modifications lead to subsequent DNA methylation, or vice versa
(Fig. 4.4).

Male germ cells also establish new methylation patterns at imprinted loci. Interestingly, the
piRNA pathway is involved in methylation of at least one imprinted locus, Rasgrfl
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(Watanabe et al. 2011a). This process depends on a solo-LTR transposon located in the
Rasgrf1 locus and might be a consequence of piRNA-mediated retrotransposon methylation.

In contrast to mammals, DNA methylation in Drosophila does not play a major role in the
regulation of chromatin structure and gene expression. In fruit flies it is believed that the
piRNA pathway induces transcriptional repression by initiating deposition of repressive
histone marks. Indeed, multiple studies have shown that the piRNA pathway
transcriptionally represses at least some transposons. In cell culture experiments, deletion of
PIWI’s nuclear localization signal leads to failure of transposon silencing, even though PIWI
proteins are loaded with piRNAs in the cytoplasm (Saito et al. 2009a). Similarly, in flies the
deletion of the N-terminus of PIWI leads to its delocalization from the nucleus and a slight
increase in active histone marks (di-methylation of H3K79 and H3K4) and a decrease of
repressive marks (di-/tri-methylation of H3K9) over several transposons (Klenov et al.
2007). Additionally, an increase in transcription and accumulation of several telomeric
retrotransposons was observed in Drosophila ovaries upon mutation of piRNA pathway
components (Chambeyron et al. 2008; Shpiz et al. 2009, 2011). The telomeric transposons,
which had increased transcription showed slight changes in their chromatin marks (Shpiz et
al. 2011). These observations all indirectly pointed towards an involvement of PIWI in
transcriptional regulation of transposable elements. Recently, three genome-wide studies
confirmed this assumption: knockdown of Piwileads to transcriptional derepression of a
significant fraction of TEs both in cell culture and in ovaries as assessed by Pol Il ChIP-seq
and by GRO-seq (Le Thomas et al. 2013; Sienski et al. 2012; Rozhkov et al. 2013). Upon
Piwrknockdown transcript levels of transposable elements increase significantly, indicating
that PIWI primarily, if not solely, represses transposons at the transcriptional level.

While it seems likely that transcriptional silencing of transposable elements is achieved
through establishment of a repressive chromatin state, this correlation between repressive
chromatin marks and silencing has not been shown directly yet. Likewise, factors involved
in mediating PIWI’s repressive function are not known. Recently, two factors have been
proposed to be involved in inducing transcriptional silencing. Maelstom (MAEL) is a
conserved factor that has been implicated in TE silencing in both mouse and flies (Aravin et
al. 2009; Sienski et al. 2012; Soper et al. 2008). Knockdown of Mae/in flies leads to
increased Pol Il occupancy over TEs similar to changes observed upon Piwi knockdown
(Sienski et al. 2012). Interestingly, while Piwiknockdown resulted in strong reduction of
H3K9me3 signal at and downstream of target sequences Mae/ knockdown resulted in
increased spreading and only a modest reduction in H3K9me3 signal, indicating that MAEL
does not act in establishing the repressive H3K9me3 mark over targets. Another recent study
identified Asterix (CG3893) as a factor required for PIWI-mediated establishment of
H3K9me3 mark over at least a subset of TEs (Muerdter et al. 2013).

A study using a cell culture model showed that PIWI silences a significant number of novel
TE insertions through tri-methylation of H3K9 (Sienski et al. 2012). This silencing mark
does not only cover the site of the novel TE insertion, but spreads up to 15 kb downstream in
the direction of transcription. This observation indicates that transcription plays a role in
establishing repressive chromatin. The spreading of repressive marks upon insertion of a
transposable element can even lead to repression of proximal protein coding genes. In fly,
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however, similar new insertions in proximity to protein coding genes were not observed (Le
Thomas et al. 2013). It is conceivable, that while in cultured cells the silencing of nearby
genes is tolerated and can be detected, in a living organism there is a strong selective
pressure against insertions that would compromise functional gene expression.

The piRNA sequences bound to PIWI identify the sequences that are targeted for PIWI-
mediated transcriptional repression. This is in agreement with the observation that host
genes are generally unaffected by the pathway and that PIWI requires piRNAs to repress
TEs (Le Thomas et al. 2013). Additionally, PIWI loaded with artificial sequences mapping
to the lacZ transgene leads to silencing of lacZ-expressing loci in vivo. While the
mechanism of target recognition remains unresolved, it is likely that piRNAs recognize
nascent transcript targets through sequence complementarity. This is supported by the
observation that Piwrsknockdown results in decreased H3K9 tri-methylation of the genomic
environment of active transposons, while non-transcribed fragments of transposable
elements throughout the genome remained unaffected (Sienski et al. 2012).

Transcriptional repression by PIWI occurs in both germ cells and follicular cells of
Drosophila ovaries. Follicular cells are the somatic support cells in fly ovaries, and while
they are not germline cells, they do express a uniquely tailored version of the piRNA
pathway. Out of the three PIWI proteins in Drosophila, only PIWI is expressed in follicular
cells. In these cells it specifically loads with piRNAs generated from the unidirectional
cluster, Flamenco (Malone et al. 2009). The Flamenco cluster appears to primarily target the
LTR retrotransposon, Gypsy, whose expression can lead to the formation of viral particles
that might infect the germ line (Song et al. 1997). Therefore, transcriptional repression of
Gypsy loci by PIWI in follicular cells is crucial for germline survival.

In summary, while little is known about the mechanism of piRNA-mediated transcriptional
silencing, it is apparent that both in mouse and in Drosophila, PIWI proteins play an
essential role in inhibiting TE transcription and establishing a repressive genomic
environment.

4.3.2 Ping-Pong: The Cytoplasmic Function of the piRNA Pathway

The beauty and power of the piRNA pathway lies in its ability to store information of
previous TE invasions within piRNA clusters and to specifically respond to TE activation by
distinctively amplifying sequences complementary to active elements. The latter function is
achieved through the interplay of two cytoplasmic PIWI proteins — in Drosophila, Aubergine
and Argonaute 3 — in a process termed the Ping-Pong cycle. Since these two proteins are
only expressed in the germline, the Ping-Pong cycle is also restricted to germ cells
(Brennecke et al. 2007).

In Drosophila, Aubergine (AUB) and Argonaute-3 (AGO3) act as partners in the defence
against active transposable elements, with AUB binding to piRNAs mainly coming from
piRNA cluster transcripts and AGO3 enriched in piRNAs from transposon mRNAs. Unlike
PIWI, both AUB and AGO3 can catalytically cleave RNA targets. At the beginning of the
pathway, AUB loads with primary piRNA sequences that are derived from piRNA clusters
and are antisense to TE transcripts (see Sect. 2.2). These primary piRNAs guide AUB to
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scavenge the cytoplasm for complementary transcripts. When a TE mRNA with sequence
complementarity to an AUB-bound piRNA is identified, AUB cleaves the target RNA ten
nucleotides downstream of the piRNA 5 end. This cleavage of transposon mRNA serves
two purposes: first, it destroys the transposon transcript and second, it generates the 5” end
of a new piRNA precursor (Fig. 4.3c). This new precursor gets incorporated into AGO3 and
is processed into a so-called secondary piRNA (Fig. 4.3d). Due to the fact that AGO3-bound
piRNAs are sense to the transposable element, these piRNAs can promote the production of
a new round of cluster-derived piRNAs by recognizing complementary cluster transcripts
(which then get cleaved and incorporated into AUB) (Fig. 4.3e). As the cycle can only
function if transposon mMRNA is present, the Ping-Pong cycle shapes a specific piRNA
repertoire against active TEs.

Since AUB-bound piRNAs have a strong bias for uracil at their 5° ends, the piRNAs that are
loaded into AGO3 have a bias for adenosine at position 10 (10A bias) and are
complementary to the AUB-bound piRNAs over a 10-nucleotide stretch. This relationship
between AUB piRNAs and AGO3 piRNAs is termed the Ping-Pong signature.

The precise mechanism of how AUB and AGO3 are coordinated in the Ping-Pong cycle is
not yet fully understood. Protein components that are implicated in the Ping-Pong cycle
include not only AUB and AGO3, but also the Tudor domain-containing proteins QIN,
Krimper (KRIMP), and Spindle-E (SPNE) in addition to the essential germline helicase,
VASA. SPNE and VASA are both putative DEAD-box RNA helicases, and QIN contains a
RING E3 ligase domain with unknown function (Malone et al. 2009; Li et al. 2009; Anand
and Kai 2012; Zhang et al. 2011). While the exact role of these additional proteins is not
known, mutating them leads to aberrations in the Ping-Pong cycle and sterility. For example,
in Q/nmutant ovaries, Ping-Pong signatures between AUB and AGO3 are decreased and
instead a homotypic Ping-Pong signature (i.e. Ping-Pong between sequences associated with
the same PIWI protein) and AUB appears to predominate (Zhang et al. 2011). The biological
function of homotypic Ping-Pong, if any, is currently unknown.

In spermatogenic cells of mouse embryos, Ping-Pong occurs between the two PIWI proteins
MILI and MIWI2. MILI binds primary piRNAs and MIWI2 is bound to secondary piRNAs.
A difference to Ping-Pong in Drosophilais that the MILI-bound primary piRNAs are mainly
in sense orientation relative to TE coding sequences, which suggests that in mouse, active
transposable elements initiate the cycle (Aravin et al. 2008). In embryonic mouse germline
cells the PIWI proteins MILI and MIWI2 participate also in homotypic Ping-Pong.

4.3.3 Suppressor of Stellate Is a Specialized piRNA Mechanism in Drosophila Testis

Beyond transposon control, the piRNA pathway seems to have been adopted for alternative
functions: Drosophilatestes employ a unique piRNA pathway mechanism whose primary
role is to provide “quality control” during spermatogenesis. The Stellate locus on
chromosome X is comprised of a tandemly repeated gene that encodes a protein, Stellate,
whose hyper-expression is responsible for the formation of large crystalline needle-like
fibers of Stellate protein that are toxic to the cell. Due to their high copy humber, unchecked
expression of Stellate kills primary spermatocytes and results in male sterility. The antidote
to Stellate toxicity is provided by the Crystal locus on chromosome Y, which encodes
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another set of tandem repeats named Suppressor-of-Stellate, Su(Ste) (Aravin et al. 2001;
Bozzetti et al. 1995). Interestingly, the Su(Ste) gene shares 90 % homology to Stellate and
produces both sense and antisense transcripts. The antisense transcripts play an integral role
in silencing Stellate mMRNA and the mechanism of silencing requires many of the same
components as the piRNA pathway in ovaries.

Repression of Stellate in testes requires AUB and AGO3 while PIWI appears to be
dispensable (Li et al. 2009; Aravin et al. 2001; Schmidt et al. 1999; Vagin et al. 2006).
Additionally, the testes of mutants for piRNA pathway components SPNE, QIN, ARMI,
TEJ, and VREt also express Stellate and/or appear to have meiotic abnormalities (Zhang et
al. 2011; Vagin et al. 2006; Aravin et al. 2004; Handler et al. 2011; Patil and Kai 2010;
Stapleton et al. 2001). The piRNA pathway in testes also directs TE repression through both
AUB and PIWI, with PIWI being required for fertility in males (Lin and Spradling 1997;
Vagin et al. 2006). It is unlikely that Ping-Pong plays a significant role in testis biology,
since AGO3 mutant males are sub-fertile, even though crystals of Stellate do accumulate
within spermatocytes, and male germ stem cell maintenance is only partially defective (Li et
al. 2009; Kibanov et al. 2011). Many pathway components localize to perinuclear areas of
spermatocytes forming piRNA nuage giant bodies, or piNG-bodies (Kibanov et al. 2011).
These components likely have a similar structure to nuage in ovary, as discussed below.

The implied biological function of Stellate and Su(Ste) remains ambiguous. Certainly, this
system does appear to ensure that spermatocytes develop with an intact piRNA pathway, in
addition to preventing Y chromosome aneuploidy during spermatogenesis. Currently, a
homologous “quality assurance” mechanism is not known to exist in the female germline of
the fly, or in mouse. The existence of such alternative functions of the piRNA pathway raises
the question whether it has unidentified functions in the germline or in other tissues.
Although expression of the core components of the piRNA pathway — PIWI proteins —
seems to be restricted to the germline, it can not be excluded that specified cells do express
and employ the piRNA pathway for yet uncharacterized functions beyond transposon
control.

4.4 Cytoplasmic Granules: Components, Structure and Function

4.4.1 Introduction to Germ Granules

Molecules involved in the same cellular process often assemble into granules —
membraneless subcellular compartments — in order to increase the local concentration of
factors and enhance the efficiency and specificity of processes. Germ granules are conserved
germ cell components present in most if not all sexually reproducing metazoans, and are
essential in ensuring the reproductive potential of the individual (Al-Mukhtar and Webb
1971; Eddy and Ito 1971; Mahowald 1968).

Germ granules were discovered more than a century ago, as darkly staining structures that
could be traced from gametes of one generation into germ cells of the next in the fly (Hegner
1912). The importance of these granules for embryonic germ cell development and fertility
was highlighted with experiments showing that their destruction by UV irradiation resulted
in the so-called grandchild-less phenotype, i.e. sterility of the next generation (Hegner 1911,
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Hathaway and Selman 1961). Furthermore, transplanting germ plasm, which contains germ
granules from a healthy donor strain into oocytes that had previously been treated with UV
irradiation could rescue the fertility defect (Okada et al. 1974).

Detailed analysis of the constituents of germ granules reveals interesting relationships. In
both mouse and fly, germ granules are frequently in close association with mitochondria and
their constituent proteins have functions that are linked to the piRNA pathway (Aravin and
Chan 2011). Interestingly, several mitochondrial proteins including Zucchini (ZUC) and
GASZ are critical piRNA pathway components. Furthermore, many components that
localize to germ granules contain Tudor domains (Ponting 1997). Tudor domains bind
symmetrically di-methylated arginine (SDMA) residues, such as ones present in the N-
terminal region of PIWI proteins. It is believed that Tudor domain proteins might serve as a
scaffold to bring together PIWI proteins and other components of the piRNA pathway in
germ granules.

4.4.2 Germ Granules in Flies

In flies, germ granules can be identified in almost all stages of germ cell development.
Whether in testes or ovaries, granules have various names depending on their protein
constituents, localization and stage of expression. Only recently has it been uncovered that
many components of the granules operate to ensure successful transposon repression.

Nuage Are Composed of Many piRNA Pathway Components in Ovarian Nurse
Cells—In nurse cells of the fruit fly ovary, nebulous perinuclear structures termed ‘nuage’
(after the French word for “‘cloud’) are visible in negative stained electron micrographs
(Eddy and Ito 1971). The constituents of these granules include many cytoplasmic piRNA
pathway components, including AUB and AGO3 (Fig. 4.5a; Table 4.1). The cytoplasmic
functions of the piRNA pathway, such as piRNA loading and the Ping-Pong mechanism are
believed to occur within these granules. Delocalization of any of the piRNA pathway
components from nuage leads to impairment of the pathway, indicating the significance of
these granules in proper TE silencing.

The composition and requirements of nuage granule assembly is not yet fully understood.
However, some general trends for nuage assembly have been worked out. First, the
components of nuage granules seem to assemble in a fashion dependent on piRNA
biogenesis. This is made evident by the fact that components including AUB and AGO3,
which would normally localize to nuage, are cytoplasmically dispersed in ovaries mutant for
piRNA biogenesis factors such as cluster-associated factors Rhino and Cutoff and the
MRNA export protein UAP56 (Klattenhoff et al. 2009; Pane et al. 2011; Zhang et al. 2012).
Second, the assembly of proteins that make up nuage granules appears to be hierarchical.
For example, it is apparent from mapping pair-wise genetic interactions that some protein
components only localize to nuage if other factors have already ‘built’ on the nuage
complex. Some proteins may not localize to nuage in the absence of one or more upstream
protein components, while the localization of these upstream components is unperturbed by
mutations in downstream components (Malone et al. 2009; Anand and Kai 2012; Patil and
Kai 2010; Lim and Kai 2007).
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Lastly, arginine-rich motifs typically found near the N-termini of PIWI proteins are modified
to symmetrical di-methyl arginines (SDMA) by the PRMT5 methylosome complex (Kirino
et al. 2009, 2010a; Nishida et al. 2009; Anne and Mechler 2005). Methylated arginines can
bind Tudor domains, which are a prevalent domain in piRNA pathway components (Table
4.1) (Kirino et al. 2010a, b; Liu et al. 2010b). It is believed that Tudor domain proteins might
form a scaffold in nuage that helps bring together functional components of the pathway.
While the role of arginine methylation in the function of the piRNA pathway is not entirely
clear, AUB requires SDMA modifications to accumulate at the pole plasm during oogenesis
indicating its requirement for proper localization. Additionally, SDMA modifications on
AGO3 appear to be required for interactions with another component, PAPI (Liu et al.

2011). Further information regarding the “interactome’ of nuage is currently lacking, but will
likely be required to understand how nuage components operate together to execute their
biological functions.

The Pole Plasm: Germ Granules in the Oocyte—The pole plasm is defined by an
accumulation of maternally deposited RNA, mitochondria and piRNA-associated granules at
the posterior pole of the oocyte. Much of the material that adheres to the pole plasm will be
inherited by pole cells, which are among the first cells to cellularize during embryogenesis
(Hay et al. 1988). Pole cells migrate during gastrulation to the mid-gut and give rise to
primordial germ cells of the developing larvae. AUB is among the hand-full of piRNA
pathway proteins that localize to the pole plasm (Fig. 4.5b; Table 4.1). The enrichment of
AUB at the pole plasm depends on sSDMA modifications that allow it to bind Tudor, which
itself is anchored to the pole plasm by the PRMT5 methylosome complex and the body-
patterning-associated factor Oskar (Anne and Mechler 2005; Anne 2010; Arkov et al. 2006;
Anne et al. 2007; Thomson and Lasko 2004; Kugler and Lasko 2009; Liang et al. 1994).

The accumulation of AUB at the pole plasm by a devoted mechanism, i.e. post-translational
sDMA modification, suggests that AUB is required for the biology of primordial germ cells.
Whether the role of AUB in primordial germ cells is solely palliative in destroying
transposable element transcripts, as in the context of Ping-Pong, or whether its role in
primordial germ cells serves a deeper purpose, one required for the establishment of the
primordial gonad, remains to be understood. The idea that PIWI or AGO3 might also
participate in germ cell development has been proposed, although direct evidence for their
involvement in primordial gonads is still sparse (Nishida et al. 2009; Malone et al. 2009;
Megosh et al. 2006).

4.4.3 Germ Granules in Mouse

Like in flies, mouse germ cells contain granular electron dense structures in their cytoplasm
termed pi-bodies (Aravin et al. 2009). These structures were first cytologically described in
rat germ cells and termed ‘intramitochondrial cement” (IMC) (Eddy 1974). Studies using
immunofluorescence microscopy showed that mouse piRNA pathway proteins, including
MILI, MIWI2, MVH, and several Tudor proteins, accumulate in pibodies, which localize in
the vicinity of mitochondria (Aravin et al. 2008, 2009; Shoji et al. 2009; Kuramochi-
Miyagawa et al. 2010).
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The functional importance of the integrity of pi-bodies and their spatial proximity to
mitochondria was highlighted in studies that showed involvement of a mitochondrial protein
mitoPLD in the piRNA pathway (Huang et al. 2011b; Watanabe et al. 2011b). MitoPLD is a
mouse homolog of Drosgphila protein ZUC, and was known to localize to the outer
mitochondrial membrane and have a role in lipid signalling. In mitoPLD mutant, IMC
formation is impaired, resulting in loss of localization of piRNA path-way components to
the associated granules. As a consequence, TEs are upregulated, their regulatory regions lose
DNA methylation, and the mice are sterile. A structural protein localized to IMC, GASZ, is
also a conserved component of the piRNA pathway and its mutation leads to sterility. Loss
of GASZ is detrimental for the integrity of the granules, resulting in loss of MILI and
mislocalization of MVH and TDRD1 in embryonic testes (Ma et al. 2009).

The ‘second arm’ of the piRNA pathway, MIWI2 and its interacting partners TDRD9 and
MAEL, occupy another discreet entity in the cytoplasm, partially co-localizing with the
MILI-containing granules (Aravin et al. 2008, 2009; Shoji et al. 2009). These granules,
which are larger and fewer than pi-bodies, also contain components of the ubiquitous P-
bodies (such as GW182, XRN1 and DCP1A) and were termed piP-bodies. The integrity of
these granules depends on the integrity of pi-bodies. Any disruption of the MILI-containing
intramitochondrial cement results in loss of localization of MIWI2 and TDRD9 to piP-
bodies and to the nucleus, downregulation of secondary piRNAs, and consequent TE
overexpression.

Taken together, these data suggest that correct structure of these compartments and their
spatial proximity heavily influences the efficiency of TE silencing, making them a pivotal
subcellular compartment of embryonic male germ cells.

In postnatal germ cells, MILI, MIWI and their interacting proteins, such as TDRD6 and
MAEL, are found in the chromatoid body, an entity thought to resemble the P-body of
somatic cells. Chromatoid bodies are the proposed site of RNA storage and processing, but
no specific function has been assigned to it yet. Given the localization of piRNA pathway
components in this subcellular compartment, it has been proposed that pachytene piRNAs,
in complex with MIWI and MILI, exert their function in the chromatoid body. This
assumption still awaits experimental confirmation (Meikar et al. 2011).

4.5 Systems Similar to the piRNA Pathway in Other Organisms

A number of organisms contain small RNA pathways that share function with the germline-
specific piRNA pathway of animals: protecting the host against harmful repetitive elements
such as transposons by repressing their expression. In fact, small RNA pathways in yeast
and in some single-cellular organisms are in many ways more similar to the germline-
specific piRNA pathway than the ubiquitous miRNA or siRNA pathways of metazoans. In
yeast and Tefrahymena the primary target seems to be transcriptional regulation of targets
rather than the cytoplasmic posttran-scriptional control, with the extreme being elimination
of undesired genomic regions. Transcriptional control is also the main mechanism of action
for the siRNA pathway in plants, which is responsible for DNA-methylation and repression
of TE transcription. Interestingly, in plants the germlines have an intriguing mechanism of
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small RNA-mediated TE silencing that seems to work non-cell autonomously. Finally, in C.
elegans a system homologous to the piRNA pathway in flies and mouse closely interacts
with the siRNA pathway to repress TEs in the germ-line. Here we briefly discuss some
interesting aspects of small RNA pathways in single-celled organisms and in the germline of
plants and C. efegans highlighting the similarities and differences to the Drosophilaand
mouse piRNA pathway.

4.5.1 RNAi-Dependent Heterochromatin Formation in Fission Yeast

In Schizosaccharomyces pombe, RNAI functions to maintain transcriptional silencing at
constitutively heterochromatic regions of the genome. The importance of the RNA pathway
is underlined in the observation that defects in RNAI pathway genes and pericentromeric
heterochromatin formation lead to aneuploidy and genomic instability that result from
defective kinetochore assembly and chromosome segregation during mitosis (reviewed in
Reyes-Turcu and Grewal 2012).

While heterochromatic DNA is mostly transcriptionally silent, during S-phase transcription
of centromeric loci, including pericentromeric repeats, is enhanced, while the HP1 homolog,
SWI6 is removed (Kato et al. 2005; Zofall and Grewal 2006). Interestingly, this transcription
is required for the recruitment of the silencing machinery in two ways: first, transcripts are
converted into a double-stranded RNA by the RNA-dependent-RNA polymerase complex
(RDRC), which are subsequently processed by Dicer (DCR1) and loaded into Argonaute 1
(AGOL). Secondly, the siRNA loaded into AGO1 directs it to complementary nascent
transcripts originating from pericentromeric loci. The AGO1 complex recruits the histone
methyltransferase CLR4, the homologue of SU(VAR)3-9, that installs repressive H3K9
trimethylation marks over the locus. The complex containing CLR4 in turn recruits the
RNA-dependent RNA polymerase thereby ensuring production of more siRNAs from the
locus (Zhang et al. 2008). This leads to a positive feedback loop that results in strong
repression of the locus throughout other stages of the cell cycle.

The yeast system is similar to the sSiRNA pathway in higher eukaryotes in terms of small
RNA biogenesis. However, the nature of the targets, namely repetitive elements, and the
mechanism of action, that is, transcriptional silencing through establishment of a repressive
chromatin over target loci strongly resemble the mechanism employed by the piRNA
pathway in the Drosophila germline.

4.5.2 Transcriptional and Posttranscriptional Control of Repetitive Elements in Neurospora

Filamentous fungus, Neurospora crassa, has virtually no known active transposons. The
presumed reason for this is the existence of three different mechanisms that defend the
Neurospora genome from repetitive sequences. One, known as ‘quelling’, acts in the
vegetative phase, whereas repeat-induced point mutation (RIP) and meiotic silencing of
unpaired DNA (MSUD) operate upon fertilization, in pre-meiotic and meiotic stages,
respectively (reviewed in Caterina et al. 2006). Unlike RIP, which does not employ RNA
silencing components, Quelling and MSUD are post-transcriptional silencing mechanisms
that rely on homologs of known RNA silencing factors Dicer, Argonaute, and RNA-directed
RNA polymerase (RdRP) (Romano and Macino 1992; Shiu et al. 2001). During vegetative
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growth, presence of arrays of repetitive sequences, such as transgenes, results in
transcription of so-called aberrant RNA. Aberrant RNA is converted into double stranded
form by the RIRP QDEZ1, and processed into small RNAs by a Dicer-like protein (Cogoni
and Macino 1999; Catalanotto et al. 2004). Small RNAs join the Argonaute protein QDE2 to
form RISC (RNA-induced silencing complex) and target all homologous RNAs for
degradation (Catalanotto et al. 2002). MSUD is triggered by regions of unpaired DNA
during chromosome pairing in meiosis. These regions may arise upon insertion of foreign
DNA, like a transgene, a virus, or a transposon. Unpaired regions are transcribed, and a
different RARP, SAD1, converts the transcripts into dsSRNA. As in quelling, small RNAs are
made by the Dicer-like protein and loaded into RISC, resulting in silencing of homologous
RNA (Lee et al. 2003). The mechanism of quelling and MSUD strongly resemble siRNA
biogenesis in yeast and plants in the requirement of RdRP for generation of dsSRNA yet
unlike in those organisms both silence targets posttranscriptionally similarly to RNAi in
animals and the cytoplasmic piRNA pathway.

4.5.3 DNA Elimination in Ciliates

The most extreme form of gene silencing is seen in some unicellular organisms that literally
eliminate substantial unnecessary genomic information from their “somatic” nuclei.
Tetrahymena, Paramecium and other protozoans have an unconventional genetic
configuration, possessing a germline genome, located in the micronucleus (mic), which is
transcriptionally silent during vegetative growth, and a somatic genome, found in the
macronucleus (mac) from which genes are expressed (Duharcourt et al. 1995, 1998; Jahn
and Klobutcher 2002). The genomes of the two nuclei greatly differ both in content and in
structure. The macronucleus contains multiple copies of fragmented chromosomes, which
lack substantially repetitive sequences that are common in the micronucleus. During the
sexual process of conjugation, ciliated protozoans undergo programmed excision of excess
DNA - the so-called internal eliminated sequences (IES), which are believed to be derived
from transposons. Interestingly, 7etrahymenauses RNA guides to target the heterochromatin
modifications to the loci to be excised (reviewed in Mochizuki and Gorovsky 2004a; Yao
and Chao 2005). During conjugation, the entire micronuclear genome, which contains IES,
is transcribed into double-stranded RNA. Small RNAs called scan RNA (scnRNA) are
derived from these transcripts and loaded into a PIWI protein, TWI1 (Mochizuki and
Gorovsky 20044, b, 2005; Chalker and Yao 2001; Malone et al. 2005). TWI1-bound
scnRNAs travel to the old macronucleus, from which the IES have been removed in the
previous conjugation, and ‘scan’ the entire genome. scnRNA matching the macronuclear
genome are degraded, and the remaining ones, matching IES, shuttle to the developing new
macronucleus, where they induce heterochromatinization and subsequent excision of IES
(Malone et al. 2005; Liu et al. 2004; Mochizuki et al. 2002). This process ensures that TEs
are removed, while genomic sequences required for somatic functions are maintained in the
mac of the next generation.

4.5.4 RNA-Dependent DNA Methylation in Plants

Similar to S. pombe, plants also utilize siRNAs to establish repressive chromatin at repetitive
regions. Contrary to yeast, heterochromatin is marked by DNA methylation. Plant DNA
methylation occurs throughout the genome, mostly on repetitive sequences, but not restricted
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to them. Constitutive expression of dSRNA mapping to promoter regions results in
production of corresponding siRNAs and in de novo DNA methylation and gene silencing
(Mette et al. 2000; Matzke et al. 2004). Additionally, in plants repeats can influence
development by nucleating RNAi-dependent methylation and silencing of surrounding
protein-coding genes. This indicates a more general function of small RNA pathways in
plant transcriptional control.

Plants also seem to utilize a small RNA pathway to repress TEs in the germline, similar to
piRNAs in animal germ cells (Slotkin et al. 2009). Unlike small RNA system in animals, this
process seems to function non-cell-autonomously and involves the supporter cells of the
gonads. Pollen consists of two nuclei, one that will form the sperm and be transmitted to the
offspring and an accompanying vegetative nucleus, which does not contribute its DNA to the
progeny. Due to demethylation of TE sequences in the vegetative nucleus of the pollen, TEs
are reactivated, transpose and contribute to the formation of mature siRNAs, which can
freely diffuse into the sperm nucleus. It is thought, that this protects the sperm from
activation of TEs and possibly directs establishment of the correct methylation pattern in the
offspring (Slotkin et al. 2009). A similar process — albeit using slightly different machinery —
seems to be involved in silencing of transposons in the female gametophyte as well. This
function of small RNAs transmitted to the germ cells would possibly correspond to the
maternally deposited piR-NAs observed in flies, which are thought to direct transposon
repression in the offspring.

4.5.5 The Interplay of the piRNA and siRNA Pathways in C. elegans

C. elegans employs a remarkable system that uses trans-generational memory of gene
expression to find and repress foreign sequences in germ cells (Ashe et al. 2012; Luteijn et
al. 2012; Shirayama et al. 2012; Lee et al. 2012). The correct identification and silencing of
non-self sequences in C. elegans requires the cooperation of three different small RNA
pathways.

In the gonads of C. elegans a diverse population of so-called 22G-RNAs is generated from
the transcriptome and loaded into the Argonaute CSR1 (Claycomb et al. 2009). CSR1 and
the associated 22G-RNAs are transmitted into the progeny, where they recognize “self”
transcripts that were present in the parental gonads. This recognition by CSR1 protects
“self” transcripts against targeting by the second small RNA pathway, the C. elegans piRNA
pathway, consisting of the C. elegans PIWI -clade protein PRG1 and the associated 21U-
RNASs (the C. elegans piR-NAs). Accordingly, recognition of non-self sequences seems to be
achieved by targeting of all sequences that are not protected by the CSR1 system (Ashe et al.
2012; Luteijn et al. 2012; Shirayama et al. 2012; Lee et al. 2012). 21U-RNAs are very
diverse and can likely bind transcripts through incomplete sequence complementarity
allowing for recognition of any sequence (Ruby et al. 2006; Bagijn et al. 2012). Binding of
the PRG1/21U-RNA complex to a target transcript leads to production of cognate 22G-
RNAs (similar to the 22G-RNAs in CSR1, but mapping to the foreign sequence), which get
loaded into WAGO9, part of the third small RNA pathway (Ashe et al. 2012; Luteijn et al.
2012; Lee et al. 2012). WAGOS9 enters the nucleus and, together with other factors including
chromatin proteins, induces transcriptional silencing of the sequence, along with deposition
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of the H3K9me3 mark. Once 22G-RNAs that incorporate into WAGO9 are generated against
non-self, the WAGO pathway can maintain silencing in the absence of 21U-RNAs, thereby
keeping memory of previously identified foreign sequences. Similarly to 22G-RNAs
associated with CSR1 these are also trans-generationally inherited.

Together, these three systems, in concert with chromatin factors, allow for stable
transgenerational transmission of information regarding self and non-self, and ensure an
immediate silencing of new foreign sequences. The promiscuity of targeting guided by 21U-
RNAs associated with PRG1 allows the piRNA pathway to recognize and induce silencing
of new foreign elements of any sequence.
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Fig. 4.1.
The domain structure of PIWI-clade argonaute proteins, (a) The domains of PIWI proteins

are organized in a similar fashion to other Argonaute proteins, comprised of the N-terminal
region, PAZ (Piwi-Argonaute-Zwille), mid and PIWI domains. The N-terminal region
consists of a notional domain that is characterized by arginine rich motifs that are targeted
for methylation and in the case of PIWI in flies and MIWI2 in mouse contains the NLS
signal, (b) The organization of protein domains in space shows how the mid-domain anchors
the piRNA at its 5° end and the PAZ domain holds the 3" end of the piRNA. PIWI is the
largest domain and its catalytic site responsible for ‘slicer’ activity is positioned to cleave the
backbone of annealed target RNA exactly 10 nt relative to the 5" end of the piRNA
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Fig. 4.2.

The structure of piRNA clusters in Drosophila ovaries and mouse spermatogenic cells, (a)
Clusters in Drosophila are divided into two groups based on their structure and they show
differential expression in the two cell types of the ovary. Unidirectional clusters are
expressed in follicular cells, which are the somatic support cells of the ovary. These clusters
produce piRNAs from only one strand of their genomic locus, and are loaded into PIWI.
Bidirectional clusters are expressed in germline cells of the ovary, and piRNAs from these
clusters are preferentially loaded into AUB and PIWI. (b) Mouse spermatogenic cells
contain unidirectional as well as divergent clusters. Divergent clusters are transcribed from a
central promoter into both directions. Putative transcription start sites are shown with red
arrows. piRNA density profiles derived from the + and - strands are indicated in grey and

blue as they would appear in small RNA-seq data
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Fig. 4.3.
Biogenesis of piRNAs in flies begins in the nucleus and initiates the ping-ping cycle in the

cytoplasm. (a) Precursor transcripts originating from piRNA clusters that contain anti-sense
TE sequences are exported from the nucleus and processed into smaller fragments, possibly
by the mitochondrial-associated endonuclease, Zucchini. (b) AUB binds precursor piRNA
fragments with a preference for fragments that contain a5” terminal uracil (1U). Mature
primary piRNAs are generated when an unknown 3’ > 5" exonuclease trims the precursor
piRNA fragment bound to AUB and HEN1 catalyzes the 2-O methylation of the piRNA 3’
end. (c) When mRNA of active transposons is exported from the nucleus, AUB piRNA
anneals to complementary sequences within the mRNA and cleaves the transcript. (d) The
cleaved transcript is loaded into AGO3, followed by trimming and 2" O-methylation of its
3’ end, to generate mature secondary piRNA. (e) AGO3 loaded with the secondary piRNA
is believed to target and cleave newly generated precursor transcripts that are loaded into
AUB to initiate a new round of Ping-Pong
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Fig. 4.4.
The nuclear function of the piRNA pathway in flies. PIWI loaded with cluster-derived

primary piRNAs enters the nucleus and scans nascent transcripts for complementarity to its
piRNA. If a transposon RNA transcript is encountered, PIWI is believed to recruit chromatin
factors such as histone methyl-transferases (HMT) to deposit repressive H3K9-methyl
marks. The modifications induced by PIWI binding create sites for the assembly of
additional factors that repress transcription of transposon loci
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Fig. 4.5.
Many protein factors make up nuage granules in Drosophilanurse cells and some

accumulate at the pole plasm of the developing oocyte. (a) Nuage granules surround the
nucleus of nurse cells and consist of many factors involved in the piRNA pathway. Nuage
also shows close proximity to mitochondria, which contain piRNA pathway components
(ZUC, GASZ) in their outer membrane. Nuage integrity depends on nuclear piRNA
biogenesis factors (such as RHI, CUFF, UAP56) and a number of nuage components of
unknown function. Many nuage components contain Tudor domains, which are receptors for
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symmetrically di-methylated arginines (SDMA). These Tudor proteins are believed to form a
scaffold for the factors involved in the pathway. AUB and AGO3 contain SDMA motifs at
their N-terminal regions and can interact with Tudor proteins. The enzyme responsible for
methylation, PRMTS5, consisting of Capsuléen (CSUL) and Valois (VLS), is also present in
nuage and associates with Tudor. Some nuclear proteins, such as PIWI and MAEL are
believed to transiently visit the nuage and this is required for their function (Klenov et al.
2011; Saito et al. 2009b). Known interactions are indicated. (b) At later stages of oogenesis,
nurse cells deposit their cytoplasmic contents, including piRNA pathway components, into
the oocyte. Some components, including sSDMA-modified AUB, accumulate at the posterior
end of oocytes to form the pole plasm. The material that accumulates at the pole plasm
becomes the cytoplasmic material of pole cells, which give rise to primordial germ cells of
the embryo
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