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Zusammenfassung

Eukaryonten steuern eine Vielzahl biologischer Prozesse wie die Regulation der
Genexpression, die Anderung der Chromatinstruktur und die Sicherstellung der
Genomstabilitat mittels kleiner regulatorischer RNAs. Kleine RNAs werden anhand ihrer
Biogenese-Mechanismen und dem Argonaute Protein, an welches sie binden, in drei
Hauptklassen unterteilt: MicroRNAs (miRNAs), kleine interferierende RNAs (engl. small
interfering RNAs, siRNAs) und Piwi-interagierende RNAs (engl. Piwi-interacting RNAs,
piRNAS).

Die etwa 22 bis 23 Nukleotid (nt) langen miRNAs sind ubiquitdr exprimiert,
werden von Drosha/Pasha und Dcr1/Loquacious Protein-Komplexen aus Vorlaufer-
Moleklilen mit lokaler doppelstrangiger RNA (dsRNA) prozessiert, und binden in
Drosophila uberwiegend an AGO1. Dagegen werden die ungefahr 21 nt langen siRNAs
aus langer dsRNA, die endogenen oder exogenen Ursprungs sein kann, von Dcr2
hergestellt und binden an AGO2. Obwohl die Biogenese von miRNAs und siRNAs
unterschiedliche Faktoren erfordert, besitzen sie ahnliche Zwischenprodukte. |hnen
gemeinsam sind kleine RNA Duplexe. Da sich beide Klassen kleiner RNAs jedoch
deutlich in ihren biologischen Wirkungsweisen unterscheiden, muss die Assoziation von
miRNAs und siRNAs mit den spezifischen Argonaute Proteinen strikt reguliert sein.
Dieser Prozess wird auch als ,Sortierung“ (engl. ,sorting“) bezeichnet. Aufgrund friherer
Daten wurde vorgeschlagen, dass die Duplexstruktur die Sortierung entscheidend
beeinflusst und Duplexe mit perfekter dsRNA mit AGO2 assoziieren, wohingegen
Duplexe mit mehreren ungepaarten Basen Uberwiegend in AGO1 geladen werden. Der
erste Teil dieser Arbeit belegt, dass die Biogenese von miRNAs und siRNAs entgegen
friherer Annahmen starker verknupft ist als vermutet und bestehende Modelle fir die
Sortierung von kleinen RNAs stark vereinfacht sind. Die vorliegende Arbeit
charakterisiert eine neuartige Isoform des dsRNA-Bindeproteins Loquacious, welches
bisher nur fur die Produktion von miRNAs bekannt war. Diese Isoform ist entscheidend
an der Herstellung aller untersuchter Typen von endogenen siRNAs beteiligt.

Als nachstes wurde mittels Hochdurchsatz-Sequenzierung von AGO1- und
AGO2-Immunoprezipitaten gezeigt, dass miR Strange an AGO1 binden, wahrend miR*
Strange, die ursprunglich fur reine Nebenprodukte der miRNA Biogenese gehalten
wurden, vollig unerwartet mit AGO2 assoziieren. Da beide Strange eines miRNA
Vorlaufermolekils in unterschiedliche Argonaute Proteine geladen werden, kann die

Duplexstruktur jedoch nicht alleine fur die Sortierung verantwortlich sein. Unsere Daten
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belegen vielmehr, dass kleine RNAs auf Grund mehrerer Parameter auf beide Argonaute
Proteinen verteilt werden. Basierend auf unseren Ergebnissen haben wir diese
Parameter extrahiert und eine Rangordnung aufgestellt, welche schliel3lich experimentell
getestet wurde. Zuletzt wurden diese validierten Sortierungs-Parameter verwendet, um
effiziente shRNAs (engl. short hairpin RNAs) — kunstliche molekulare Werkzeuge zur
gezielten Abschaltung jedes beliebigen Gens — fur Drosophila zu entwickeln. Ein
weiteres Ziel war die Herstellung einer genomweiter shRNA-Bibliothek zur Durchfihrung
von Hochdurchsatz-Screenings.

Die dritte Klasse kleiner RNAs, die piRNAs, sind in Zellen der Keimbahn
exprimiert, etwa 23 bis 28 nt lang und assoziieren mit PIWI Proteinen. Drosophila besitzt
drei Proteine der PIWI-Familie: Piwi, Aub, und AGO3. Im Gegensatz zu miRNAs und
siRNAs werden piRNAs aus einzelstrangigen Vorlaufermolekllen produziert. Trotz
intensiver Bemuhungen in den letzten Jahren wurden nur begrenzte Fortschritte
gemacht, um die Biogenese und Wirkmechanismen von piRNAs genau aufzuklaren.
Insbesondere Uber die Herstellung der primaren piRNAs ist wenig bekannt. Der zweite
Teil dieser Arbeit zielt darauf ab, dieses Problem anzugehen. Zuerst wurde Shutdown als
neuer Faktor fur die Biogenese von primaren und sekundaren piRNAs identifiziert. Um
weitere, bisher in Drosophila nicht bekannte Faktoren zu finden wurde ein innovativer auf
RNA Interferenz basierendes Screening durchgefuhrt. Dabei wurde untersucht, welchen
Effekt die gezielte Abschaltung (,Gen-Knockdown®) jedes einzelnen der circa 8,400 in
den Keimzellen der Ovarien exprimierten Gene auf die Repression von Transposons
oder die weibliche Fruchtbarkeit haben. Dieser Screen fuhrte zur Identifizierung
Dutzender neuer Gene welche die Biogenese von piRNAs und ihre Wirkmechanismen

beeinflussen.
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Summary

Eukaryotic organisms utilise small RNAs to control many biological processes
including gene regulation, chromatin modifications and genome protection from threats
like viruses or transposons. Small RNAs are distinguished based on their biogenesis
mechanisms and associating Argonaute protein partners into three major classes:
microRNAs (miRNAs), small interfering RNAs (siRNAs), and Piwi-interacting RNAs
(piRNAS).

In Drosophila, miRNAs and siRNAs derive from double-stranded RNA and
associate with AGO-clade Argonaute proteins, AGO1 and AGO2. These two small RNA
classes share similar processing intermediates, small RNA duplexes, but differ
significantly in their biological mode of action. Therefore, pairing of mMiRNAs and siRNAs
with specific Argonaute proteins must be tightly controlled through a process known as
“sorting”. Previous models suggested independent pathways to direct miRNAs and
siRNAs into AGO1 and AGOZ2, respectively. The first part of this thesis provides
evidence contrary to those models. First, a novel isoform of the dsRNA-binding protein
Logs (normally associated with miRNAs) was identified that is crucial for processing of
endogenous siRNAs. Second, an unexpected association of AGO2 with miR* strands
was revealed through profiling of bound small RNAs. Taken together, our data indicates
a greater flexibility and inter-connection between the two pathways, with small RNAs
being sorted based on their intrinsic duplex structures. Based on these results, we
extracted and experimentally tested a hierarchy of determinants that governs small RNA
sorting in Drosophila. These sorting rules were then applied to design efficient short
hairpin RNAs (shRNAs) for artificial gene silencing, with the goal of generating a
genome-wide shRNA library for Drosophila.

The third Drosophila small RNA class, piRNAs, associate with members of the
PIWI subfamily of Argonaute proteins: Piwi, Aub and AGO3. Despite intense efforts,
limited progress has been made in recent years to uncover the biogenesis and effector
mechanisms of piRNAs. In particular, the production of primary piRNAs is poorly
understood. The second part of this thesis aims to address this question. First, shutdown
was identified as novel biogenesis factor of primary and secondary piRNAs. To uncover
missing piRNA pathway components, an innovative, transcriptome-wide RNAIi screen
was carried out in germ cells of the Drosophila ovary. The screen revealed dozens of

new genes that impact piRNA biogenesis, transposon silencing and female fertility.
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1 Introduction

A diverse repertoire of small RNA molecules has emerged in eukaryotes, which
fulfil manifold functions and act in a myriad of biological processes. This chapter will
introduce key concepts and components of small RNA pathways, followed by a detailed
description of the three major small RNA classes, microRNAs (miRNAs), small interfering
RNAs (siRNAs), and Piwi-interacting RNAs (piRNAs), with an emphasis on their
biogenesis mechanisms and effector functions. Although this introduction is focused
mainly on Drosophila small RNAs, noteworthy commonalities and differences in other
organisms are also highlighted. Parts of the figures and text in this chapter are modified

from a review article published in Nature Reviews Genetics (Czech & Hannon, 2011).

1.1 Overview of small RNA pathways

For decades, RNA was regarded largely as a carrier of genetic information that
bridges DNA and protein synthesis. Subsequent RNA profiling revealed that only a minor
fraction of RNAs possesses protein-coding capacity, and it is now well established that
cellular organisms also express a massive repertoire of non-protein-coding transcripts,
also known as non-coding RNAs (ncRNAs). Prominent types of ncRNAs include transfer
RNAs (tRNAs), ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs), and various
types of regulatory RNAs. These regulatory RNAs can be subdivided into small RNAs
that employ RNA interference (RNAI) related machineries (i.e. associate with proteins of
the Argonaute family) and those that do not. Up to now, little is known about most groups
of regulatory RNAs that are not associated with RNAI (e.g., long intergenic non-coding
RNAs, lincRNAs). In contrast, our knowledge of the biogenesis mechanisms and
functional significance of RNAi-related small RNAs is expanding rapidly.

Since the discovery of RNAI in the late 1990s (Fire et al., 1998), several small
RNA types have been identified in eukaryotes. In Drosophila, three major classes are
distinguished: microRNAs (miRNAs), small interfering RNAs (siRNAs), and Piwi-
interacting RNAs (piRNAs). Common to all aforementioned RNAi-related classes is their
typical length (19- to 30-nt) and association with members of the Argonaute protein
family for their effector functions, with a single-stranded small RNA bound to an
Argonaute protein forming the core of the so-called RNA-induced silencing complex
(RISC). These small RNAs guide RISC via complementary base pairing to target
transcripts, and enable RISC to carry out its effectors function. RISC is engaged in a

myriad of biological processes, ranging from repression of transposable elements to
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ensure reproductive success, over precisely controlling gene expression via post-
transcriptional silencing, to altering chromatin states during development. A failure to
correctly assemble a functional RISC can severely perturb normal growth and
development, often with fatal consequences (Bohmert et al., 1998; Cox et al., 1998;
Moussian et al., 1998; Liu et al., 2004). In order to avoid this, the generation and loading
of small RNAs into Argonaute proteins must be tightly controlled.

The type of small RNA and the properties of the associated Argonaute protein
(e.g., catalytic activity or subcellular protein localization) define their corresponding
effector mechanism. Distinct biogenesis events upstream result in small RNAs with
unique properties that can affect their sorting and association with different Argonaute
proteins. Most miRNAs and siRNAs directly originate from double-stranded RNA
(dsRNA) that can form through intramolecular (within a single RNA molecule) or
intermolecular (between two RNA molecules) interactions, respectively. Small RNAs
derived from dsRNAs require the action of type Ill Ribonuclease (RNase) family proteins
(Ghildiyal & Zamore, 2009). These are sequence-independent, dsRNA-specific
endonuclease enzymes that are found throughout all kingdoms from prokaryotes and
yeast, to plants and animals (MacRae & Doudna, 2007). In contrast, piRNAs are
generated from single-stranded precursors without distinct secondary structures
(Brennecke et al., 2007). The biogenesis of piRNAs engages alternative mechanisms
that are independent of RNase Ill enzymes (Vagin et al., 2006; Houwing et al., 2007),
though the molecular components remain to be identified.

Following their production, small RNAs are assigned to specific proteins of the
Argonaute family, which can be divided into three subgroups based on sequence
relationships: The AGO-clade, the PIWI-clade and the worm-specific WAGO subfamily
(Yigit et al., 2006; Tolia & Joshua-Tor, 2007; Hutvagner & Simard, 2008). AGO-clade
members usually pair with RNase lll-derived small RNA duplexes (miRNAs and siRNAs),
whereas PIWI-clade proteins load small RNAs derived from single-stranded precursors
(piRNAs) (Ghildiyal & Zamore, 2009). WAGO-clade proteins associate with secondary
siRNAs that are direct RNA-dependent RNA polymerase (RdRP) products (Yigit et al.,
2006; Pak & Fire, 2007; Sijen et al., 2007). The Drosophila genome encodes five
Argonaute proteins: AGO1, AGO2 (both ubiquitous AGO-clade members), and Piwi, Aub
and AGO3 (germline-specific PIWI-clade members).

While in mature RISC a single-stranded RNA is associated with an Argonaute
protein, its precursor (in the case of miRNAs and siRNAs) exists as short dsRNA, also
known as small RNA duplex. In Drosophila, AGO-clade proteins are initially loaded with

such a duplex, from which only one strand (termed the guide or miR strand) is retained,
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whereas the other strand (the passenger or miR* strand) is removed (Matranga et al.,
2005; Miyoshi et al., 2005; Rand et al., 2005; Kawamata et al., 2009). As loading of
passenger strands would misdirect RISC to a different set of targets, selection and
stabilization of the desired guide strand is of key importance, and suggested to be
influenced by molecular and thermodynamic parameters (Khvorova et al., 2003; Schwarz
et al., 2003). Following correct assembly of mature RISC, the complex is guided to
targets via complementary base pairing, and in most cases leads to target repression
(Bartel, 2009; Brodersen & Voinnet, 2009; Fabian et al., 2010).

1.2 MicroRNA biogenesis and function

MicroRNAs (miRNAs) impact various developmental processes by regulating the
expression of target genes at the post-transcriptional level (Bartel, 2009; Fabian et al.,
2010). Mature miRNAs, 21- to 23-nt in size, originate from long precursor transcripts with
local hairpin structures. Although encoded in most eukaryotic genomes, such as
protozoa, plants and animals, there are many variations in the biogenesis and regulatory
mechanism utilized, which suggests independent evolutions of miRNAs as small
regulators in plant and animal kingdoms (Bartel, 2004; Cuperus et al., 2011). The first
miRNAs — lin-4 and let-7 — were uncovered in worms to be responsible for
developmental heterochrony (Lee et al., 1993; Wightman et al., 1993). To date,
thousands of miRNAs have been identified in other species either by sequencing
(accelerated by application of next generation sequencing technologies) or through
predictive computational approaches (Kozomara & Griffiths-Jones, 2011). Numerous
mMiRNAs exist in families that are comprised of miRNAs sharing sequence similarities
while originating from distinct precursor transcripts. Differential temporal and spatial
expression patterns of individual miRNA family members allows for increased complexity
in regulating their target genes. While some miRNAs show deep evolutionary
conservation between many species from different clades of the phylogenetic tree,
others are species-specific indicating an on-going emergence and evolution of novel
miRNAs. Giving this evolutionary flexibility, it is no surprise that microRNAs have been
co-opted into numerous biological pathways, including cell proliferation and apoptosis in
animals and control of leaf and flower development in plants (Brennecke et al., 2003;
Palatnik et al., 2003; Chen, 2004).

Canonical miRNA genes are transcribed by DNA-dependent RNA polymerase |l
(Pol II) to generate primary transcripts (pri-miRNAs) containing at least one region of

imperfect dsRNA known as the stem-loop, which harbours the future mature miRNA (Fig.
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1-1) (Lee et al., 2004a). Pri-miRNAs range in size from a few hundred base pairs to
several kilobases, feature 5’ cap structures and polyA tails, and may be subject to
splicing (Cai et al., 2004). Animal miRNAs are typically organized in polycistronic
transcription units or within large introns (Rodriguez et al., 2004), whereas most plant
miRNAs originate from independent transcription units (Jones-Rhoades et al., 2006). The
concatenation of several miRNAs into clusters in animals allows coordinated and robust

target regulation through increased silencing trigger levels.
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Fig. 1-1. MicroRNA biogenesis in Drosophila melanogaster. Most miRNAs are
transcribed by RNA polymerase 1l (Pol IlI) to yield pri-miRNAs. Processing by the
Drosha/Pasha complex releases the shorter pre-miRNAs (left). Mirtrons are miRNAs that
reside within short introns of protein-coding genes. They are excised by the splicing
machinery, and following debranching fold into pre-miRNAs (middle). Some 3 tailed
mirtrons require further trimming by the exosome (right). Pre-miRNAs are exported to the
cytoplasm by Exp5, where further processing by Dcr1/Logs-PB complexes takes place to
liberate miR:miR* duplexes. (Image and legend modified from: Czech & Hannon, 2011)

Animal miRNA biogenesis is initiated by the nuclear double-stranded RNA-binding
(dsRBD) protein, Pasha, which binds the pri-miRNA and recruits the RNase Ill enzyme,
Drosha (Lee et al., 2003; Denli et al., 2004; Gregory et al., 2004; Han et al., 20043a;
Landthaler et al., 2004). Drosha/Pasha complexes (also known as microprocessor)
cleave pri-miRNAs at the base of the hairpin region, leading to the release of ~60- to 70-

nt long stem loop intermediates known as precursor miRNAs (pre-miRNAs) (Lee et al.,

2003; Han et al.,, 2006). Pre-miRNAs contain 2-nt single-stranded 3’ overhangs, a
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hallmark of RNase Ill cleavage products, which are recognized by the nuclear export
protein Exportin-5 (Exp5), and actively transported to the cytoplasm (Yi et al., 2003;
Bohnsack et al., 2004; Lund et al., 2004). Additional factors including Arsenite-resistance
protein 2 (Ars2), nuclear export receptor Exportin 1 (Xpo1), and the cap-binding complex
were also implicated in the conversion of pri-miRNAs to pre-miRNAs, but their precise
molecular function is still unknown (Sabin et al., 2009; Gruber et al., 2009; Bussing et al.,
2010).

Following nuclear export, a second processing step takes place in the cytoplasm,
where pre-miRNAs are cleaved into ~22- to 23-nt miR:miR* duplexes by the RNase Il
enzyme Dicer-1 (Dcr1) (Bernstein et al., 2001; Grishok et al., 2001; Hutvagner et al.,
2001; Ketting et al., 2001). In Drosophila, Dcr1 interacts with a specific isoform of the
dsRBD protein Loquacious (Logs), Logs-PB (Forstemann et al., 2005; Jiang et al., 2005;
Saito et al., 2005; Park et al., 2007). Mutations in either Dcr1 or Logs result in reduced
levels of mature miRNAs accompanied by pre-miRNA accumulation. Dcr1 cleavage
generates small RNA duplexes that exhibit RNase lll-characteristic 2-nt single-stranded
3’ overhangs at both ends, a necessary signal for downstream RISC loading.

In contrast to animals, processing of primary miRNA transcripts in plants is
initiated directly by the nuclear RNase Ill family protein DICER-LIKE 1 (DCL1) (Park et
al., 2002; Reinhart et al., 2002; Kurihara & Watanabe, 2004; Henderson et al., 2006). In
the absence of a Drosha ortholog, DCL1 fulfils Drosha and Dicer functions by performing
consecutive cleavage events that generate miR:miR* duplexes.

Recently, a number of unconventional miRNAs have been identified in various
animals that use alternative maturation strategies. These miRNAs bypass either Drosha
(mirtrons) or Dicer processing (e.g., miR-451). Mirtrons originate from short intronic stem
loops, and utilize the splicing machinery for debranching and refolding into pre-miRNAs
(Berezikov et al., 2007; Okamura et al., 2007; Ruby et al., 2007). Some mirtrons with
extended 3’ tails additionally require trimming by the exosome to generate pre-miRNAs
that can be further processed (Flynt et al., 2010). Exp5 then exports pre-miRNAs in a
similar fashion as canonical miRNAs (Fig. 1-1). While mirtrons are common in
Drosophila, miRNAs escaping Dicer processing have only been described in fish and
mouse: here, Drosha/Pasha complexes conventionally process primary miR-451
transcripts, but the resulting pre-miR-451 is not processed by Dicer. Instead, pre-miR-
451 is directly loaded into the catalytically active Argonaute 2 (AGOZ2), and further
processed by AGO2-mediated intramolecular cleavage of the hairpin, followed by
resection by an unknown enzymatic activity to generate the mature miR-451 (Cheloufi et
al., 2010; Cifuentes et al., 2010; Yang et al., 2010).
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Increasing evidence supports the notion that miRNA biogenesis itself is subject to
substantial regulation. For example, Lin28 in worms and mammals promotes the
uridylation of the 3’ end of pre-miRNAs (Heo et al., 2008; Lehrbach et al., 2009), which
prevents processing by Dicer and instead leads to degradation. MicroRNA precursors
can also be edited by dsRNA-specific adenosine deaminases (ADARs) (Yang et al.,
2006), changing their processing efficiencies and potentially also their target spectrum.
Lastly, increasing numbers of post-translational modifications of components of

microRNA biogenesis have been uncovered (Johnston & Hutvagner, 2011).

In Drosophila, following production by Dcr1, miR:miR* duplexes are assembled
into Argonaute proteins, typically AGO1 with a few exceptions (Férstemann et al., 2007;
Czech et al., 2008; Ghildiyal et al., 2008). During this process — termed ‘loading’ — the
duplex is released from Dicer and, assisted by other yet to be determined factors,
incorporated into AGO1. To yield mature AGO1-RISC, which is programmed with a
single-stranded RNA, one strand of the duplex must be removed. The strand most
commonly retained is named the miR strand, whereas the complementary miR* strand is
discarded. The selection of miR strands must be accurate and precise, as loading of the
miR* strand could erroneously silence different targets. Determinants for strand choice
are encoded in the miR:miR* duplex and include the identity of the 5’ nucleotide as well
as the duplex structure (see Results and Discussion). Interestingly, some Drosophila
miRNAs are modified subsequent to their incorporation into AGO1. The exonuclease
Nibbler was shown to resect several AGO1-bound miR strands at their 3’ termini (Han et
al., 2011; Liu et al., 2011), with the significance of this additional processing event yet to
be resolved.

In general, once paired with an Argonaute family protein, miRNAs guide RISC to
its target transcripts by base pairing with complementary sequences. The types of target
regulation depend on the amount of sequence complementarity between small RNA and
target, and the involved Argonaute protein, which differ in their biochemical properties
(Bartel, 2009; Brodersen & Voinnet, 2009; Fabian et al., 2010), with major differences
between animals and plants. Animal miRNAs regulate their targets without requirement
of Argonaute cleavage activity through interactions with limited base pairing between
their ‘seed’ region and the 3’ UTRs of targeted transcripts, which is insufficient to mediate
cleavage and typically results in reduced protein synthesis (Guo et al., 2010). RISC-
targeted mRNAs are destabilized by AGO1 and its partner Gawky (also known as
GW182) via disruption of interactions between the polyA tail and mRNA cap (Eulalio et

al., 2007; lwasaki et al., 2009). This causes deadenylation, decapping and subsequent
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degradation of the transcript. Many targets regulated by miRNAs also localize to
processing bodies (P-bodies), cytoplasmic foci thought as sites of mMRNA storage and/or
degradation (Liu et al., 2005). Although both Drosophila AGO-clade proteins are capable
of cleaving their targets (Okamura et al., 2004), the activity of AGO1 — the principal
acceptor of miRNAs — is limited due to rapid dissociation from its target transcripts
(Forstemann et al.,, 2007). MiRNA-directed target cleavage is rare in animals and has
only been reported in cases with extensive target complementarity (Yekta et al., 2004;
Davis et al., 2005). In contrast, plant miRNA directly cleave their target transcripts by
binding with perfect or near-perfect sequence complementarity (Llave et al., 2002;
Rhoades et al., 2002). However, recent work indicates the ubiquity of cleavage-
independent repression modes in plants, even for targets with extensive sequence

complementarity (Brodersen et al., 2008).

1.3 Processing and roles of small interfering RNAs

The first small interfering RNAs (siRNAs) were reported in plants as result of the
introduction of dsRNA either through transgene copies or viral replication intermediates
(Hamilton & Baulcombe, 1999). Numerous types of siRNAs have since been
characterized in a variety of organisms, with functions ranging from regulation of
endogenous gene expression, to defence against parasitic nucleic acids like viruses and
transposons. We have also co-opted the siRNA pathway using artificial dsRNA triggers
to efficiently silence genes, which is an increasingly important tool for biological studies
and potentially therapeutics. There are currently two major siRNA categories,
distinguished by their dependence on (or independence of) the action of RNA-dependent
RNA polymerases (RdRPs) for their biogenesis. Since the genomes of Drosophila and
mammals do not encode RdRPs, they only generate RdRP-independent siRNAs, with
the dsRNA triggers arising via different mechanisms.

In flies, endogenous siRNAs result from the processing of dsSRNA generated from
extensive hairpin structures, units of convergent transcription, or the annealing of sense
and antisense RNAs from unlinked loci (e.g., hybridization of sense transposon transcript
with antisense cluster RNA) (Chung et al., 2008; Czech et al., 2008; Ghildiyal et al.,
2008; Kawamura et al., 2008; Okamura et al., 2008a). Fly endo-siRNAs play a role in
various processes ranging from control of gene expression, over transposon silencing
(mainly in somatic tissues), to defence against viruses (Chung et al., 2008; Czech et al.,
2008; Ghildiyal et al., 2008; Kawamura et al., 2008; Okamura et al., 2008a).
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The conversion of long dsRNA into siRNAs is well understood in Drosophila. Long
dsRNAs — either endogenously or exogenously introduced — are processed through
sequential dicing into 21-nt siRNA duplexes by the RNase Ill enzyme Dicer-2 (Dcr2) (Liu
et al., 2003; Lee et al., 2004b), assisted by Logs (Fig. 1-2a) (Czech et al., 2008;
Okamura et al., 2008a). Like miRNAs, Drosophila siRNAs are generated as dsRNA
duplexes, which must be loaded accurately into Argonaute (Fig. 1-2b). As a
consequence of perfect or near-perfect dsRNA within duplexes, fly siRNAs typically load
into Argonaute 2 (AGOZ2) (see Results and Discussion) (Okamura et al., 2004; Tomari et
al., 2007), and require a designated loading machinery that comprises Dcr2 and the
dsRBD protein R2D2 (Liu et al., 2003; Lee et al., 2004b; Pham et al., 2004; Tomari et al.,
2004; Liu et al., 2006). Recent work suggests that AGO2 is conformationally altered into
an ‘open’ configuration by the Hsp90/Hsc70 chaperone, which makes AGO2 amenable
to loading with small RNA duplexes (lki et al., 2010; Iwasaki et al., 2010; Johnston et al.,
2010; Miyoshi et al., 2010b). R2D2 then senses thermodynamic asymmetry of small
RNA duplexes and binds to the more stable end, while Dcr2 is positioned to the less
stable end, thus orientating the duplex for loading into ‘open’ AGO2 (Tomari et al., 2004).
Once primed with a duplexed siRNA, AGO2 cleaves the passenger strand (Matranga et
al., 2005; Miyoshi et al., 2005; Rand et al., 2005), which is rapidly degraded by an
endonuclease complex, C3PO (component 3 promoter of RISC), consisting of several
copies of Translin and Trax (Liu et al., 2009). Following removal of passenger strand
fragments, the remaining AGO2-bound guide strand is methylated at the 3’ terminus by
the 2’-O-methyltransferase Hen1 to yield mature AGO2-RISC (Horwich et al., 2007; Saito
et al., 2007). Mature AGO2-RISC typically regulates targets through mRNA cleavage
(Okamura et al., 2004; Czech et al., 2008), although translational repression modes have
also been reported from in vitro studies (lwasaki et al., 2009).

Contrary to flies and mammals, worms and plants possess RdRPs and
consequently produce siRNAs via different mechanisms. RdRPs either copy single-
stranded precursors into long dsRNAs (plants) or de novo synthesize the siRNA
(secondary siRNAs in nematodes). RARPs are not only important factors for biogenesis,
but also allow a specific and robust amplification of substrates to generate small RNA
silencing triggers. For instance, Caenorhabditis elegans produces two major types of
endogenous siRNAs: primary siRNAs that are conventionally processed from long
dsRNA via DCR-1 (Grishok et al., 2001; Ketting et al., 2001; Knight & Bass, 2001), and
secondary siRNAs as a product of direct RNA synthesis by RdRPs (Fig. 1-2c) (Pak &
Fire, 2007; Sijen et al., 2007). The production of secondary siRNAs, however, depends
on the availability of primary siRNAs that associate with the AGO-clade protein RDE-1.
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Primary siRNAs guide RDE-1 to target RNAs via complementary base pairing, which
causes the recruitment of an RdRP. Using the target transcript as template, the RdRP
then synthesizes 22- to -24-nt secondary siRNAs that associate with WAGO-clade
proteins. As a result of de novo synthesis, secondary siRNAs contain triphosphate
groups at their 5 termini (Pak & Fire, 2007; Sijen et al., 2007), which might be a

contributing determinant for loading into WAGO proteins.
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Fig. 1-2. Production and loading of small interfering RNAs. (a) In flies, perfect or nearly
perfect dsRNA precursors of various origins are processed into siRNA duplexes by
Dcr2/Logs complexes. (b) In Drosophila, unloaded AGO?2 is recognized by the chaperone
complex consisting of Hsc70/Hsp90. ATP binding induces conformational changes with
AGO2 adopting an “open” state. Loading-competent AGO2 receives an siRNA duplex from
the RISC-loading machinery (Dcr2/R2D2 heterodimers). ATP hydrolysis causes the
dissociation of the chaperone complex, which is followed by AGO2-mediated passenger
strand cleavage (“slicing”). Subsequently, C3PO degrades cleavage products and the guide
strand is methylated by Hen1 to yield mature AGO2-RISC. (¢) Example of RdARP-derived
siRNAs. In C. elegans, primary siRNAs are produced from long dsRNA by DCR-1, and
loaded into the Argonaute RDE-1. SiRNA-primed RDE-1 is guided to its target transcripts,
resulting in RARP recruitment. Using the target RNA as template, secondary siRNAs are de
novo synthesized by the RdRP and associate with Argonautes of the WAGO-clade. (Image
and legend modified from: Czech & Hannon, 2011)

In plants, three major types of endogenous siRNAs can be distinguished: trans-
acting siRNAs (ta-siRNAs), natural antisense transcript-derived siRNAs (nat-siRNAs),
and heterochromatic siRNAs (hc-siRNAs). Each of these small RNA types utilizes the
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action of RARPs during their biosynthesis to convert single-stranded RNA into dsRNA. In
addition, they are generated by specific Dicer family members and preferentially loaded
into distinct Argonaute proteins. As a result of different Dicer and Argonaute proteins
being involved, distinct siRNA types feature characteristic lengths and nucleotide biases
(e.g., 21-nt ta-siRNAs, 24-nt hc-siRNAs) (see excellent reviews for details) (Chapman &
Carrington, 2007; Ghildiyal & Zamore, 2009).

1.4 Piwi-interacting RNAs and transposon control

Piwi-interacting RNAs (piRNAs) are the most recent addition to the major small
RNA classes. They are typically 24- to 30-nt in length and associate exclusively with
Argonaute proteins of the PIWI-clade, whose expression is restricted to the gonads of
animals. Consequently, piRNAs have only been found in reproductive tissues of
mammals, fish, worms, and flies (Aravin et al., 2006; Girard et al., 2006; Grivna et al.,
2006; Lau et al., 2006; Ruby et al., 2006; Saito et al., 2006; Vagin et al., 2006; Watanabe
et al., 2006; Brennecke et al., 2007; Carmell et al., 2007; Gunawardane et al., 2007,
Houwing et al., 2007; Tam et al., 2008; Watanabe et al., 2008). Defects in Piwi proteins
or other core components of the piRNA pathway lead to sterility (Deng & Lin, 2002;
Carmell et al., 2007; Li et al., 2009), often accompanied by increased mobility of
transposable elements (Sarot et al., 2004; Savitsky et al., 2006; Vagin et al., 2006;
Aravin et al., 2007). Thus, piRNAs ensure successful reproduction by protecting germline
genomes from deleterious effects of uncontrolled transposon activity.

The piRNA pathway is best characterized in Drosophila, which possesses three
PIWI-clade proteins: P-element induced wimpy testis (Piwi), Aubergine (Aub), and
Argonaute 3 (AGO3), each of which show specific expression patterns and bind different
subsets of small RNAs. PiRNA populations in flies are rich in sequences matching
repeats and transposable elements (Brennecke et al., 2007). This is in contrast to murine
piRNAs, which are variable depending on the PIWI-clade protein and developmental time
point (Aravin et al., 2007; Aravin et al., 2008).

Recent studies identified a complex conceptual network underlying the piRNA
system, where one pathway produces primary piRNAs that serve as initial silencing
triggers, and another, the ping-pong amplification cycle, builds on the availability of
primary piRNAs to produce secondary piRNAs against highly active transposon threats.
Remarkably, contrary to other small RNA systems, the ping-pong loop and consequently

piRNA amplification takes place without the action of an RdRP.
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The presence of two different ovarian cell types in flies adds further complexity to
the piRNA system (Malone et al., 2009). The germ cells co-express all three PIWI-clade
proteins, Piwi, Aub, and AGO3, and have operating primary biogenesis and ping-pong
cycle (Harris & Macdonald, 2001; Brennecke et al., 2007; Gunawardane et al., 2007; Li
et al., 2009; Malone et al., 2009). In contrast, somatic follicle cells, which surround and
protect the germ cells, solely express Piwi, resulting in primary biogenesis as the only
active pathway in these cells (Brennecke et al., 2007; Lau et al., 2009; Saito et al., 2009).
The subcellular localization of PIWI-clade proteins also differs. Piwi is nuclear-localized
in somatic and germline cells (Cox et al., 1998; Cox et al., 2000; Saito et al., 2006;
Brennecke et al., 2007), whereas Aub and AGO3 express only in germ cells, where they
localize to perinuclear, cytoplasmic structures called “nuage” (French for “cloud”)
(Brennecke et al., 2007; Gunawardane et al., 2007; Lim & Kai, 2007; Nishida et al.,
2007).

In contrast to other small RNA classes (mMiRNAs and siRNAs), piRNA biogenesis
is independent of Dicer (Vagin et al., 2006; Houwing et al., 2007). The main sources of
piRNAs are either discrete genomic loci, named piRNA clusters, or transcripts of active
transposons (Aravin et al., 2006; Girard et al., 2006; Brennecke et al., 2007). In
Drosophila, piRNA clusters mostly contain truncated transposon fragments that are
unable to transpose, and may serve as graveyards to provide a genetic memory of
previous transposon activity (Brennecke et al., 2007). Cytologically, piRNA clusters often
reside in pericentromeric or subtelomeric heterochromatin (Brennecke et al., 2007).
Although the genomic location and overall organisation of clusters is conserved between
related species, their sequence content is not (Malone et al.,, 2009). Some piRNA
clusters, like the follicle-cell-specific flamenco (flam) cluster, are unidirectional (i.e.
transcribed from one genomic strand), while others produce piRNAs from both strands
(bidirectional cluster), such as the germline-specific 42AB cluster (Brennecke et al.,
2007; Malone et al., 2009). Genetic data suggest that cluster transcription originates from
single promoters, with transcripts of extreme size (up to 250 kb) synthesized (Brennecke
et al., 2007).

The production of mature piRNAs from primary transcripts is poorly understood.
Although primary piRNA biogenesis begins with cluster transcription, the factors involved
in regulating and initiating cluster transcription remains largely unknown. A recent report
implicated the chromatin status as a major regulator of piRNA transcription, with the
histone 3 lysine 9 (H3K9) methyltransferase Eggless (Egg) shown to be required for
piRNA production (Rangan et al., 2011). Egg converts dimethylated H3K9 (H3K9me2) to
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trimethylated H3K9 (H3K9me3), which serves as a repressive mark that could initiate
heterochromatin formation via recruitment of heterochromatin protein 1 (HP1) to piRNA
clusters (Rangan et al., 2011). The link between heterochromatin and piRNA cluster
transcription is further strengthened by the characterization of Rhino (Rhi), a HP1
homologue (also recognizing H3K9me3), and Cutoff (Cuff), a germ cell-specific protein
interacting with Rhi, in promoting the transcription of the bidirectional 42AB cluster (Chen
et al., 2007b; Klattenhoff et al.,, 2009; Pane et al., 2011). However, the molecular
mechanism by which H3K9 methylation regulates cluster transcription remains unknown.

A current model, mostly built upon data from the somatic piRNA pathway in
Drosophila, proposes that primary processing of piRNAs takes place at specific sites in
the cytoplasm (Fig. 1-3). Following cluster transcription in the nucleus, either full-length
cluster transcripts or pre-processed intermediates are exported to the cytoplasm through
unknown machineries, where they are cleaved into piRNA intermediates by an
unidentified endonuclease specific for single-stranded, unstructured RNAs. A single
precursor transcript is thereby parsed into several piRNA intermediates, containing
mature 5 ends but possessing elongated 3’ tails. Zucchini (Zuc), a homolog of
phospholipase D and a putative nuclease, has been implicated in primary piRNA
processing (Pane et al., 2007; Malone et al., 2009; Saito et al., 2009; Haase et al., 2010;
Olivieri et al., 2010; Saito et al., 2010), and is a promising candidate for 5’ end formation.
However, its precise molecular function remains a matter of debate.

In somatic cells of the fly ovary, these piRNA intermediates are then loaded into
the sole PIWI-clade protein, Piwi, which is predicted to take place at specific sites called
Yb-bodies (Szakmary et al., 2009; Olivieri et al., 2010; Saito et al., 2010; Qi et al., 2011).
The loading process requires the proteins Fs(1)Yb (Yb), Sister of Yb (SoYb), Vreteno
(Vret), and Armitage (Armi) (Cook et al., 2004; Haase et al., 2010; Olivieri et al., 2010;
Saito et al., 2010; Handler et al., 2011; Qi et al., 2011; Zamparini et al., 2011). Piwi-
associated piRNAs show a prominent nucleotide bias for 5’ uridine (1U bias) (Saito et al.,
2006; Brennecke et al., 2007; Yin & Lin, 2007), but it is unclear whether this bias stems
from upstream processing or is a consequence of preferential loading. Once bound to
Piwi, piRNA-intermediates are further trimmed at the 3’ end by an enzymatic activity yet
to be uncovered (Kawaoka et al., 2011), and subsequently methylated at their 3’ termini
by Hen1 to yield mature Piwi-RISC (Horwich et al., 2007; Saito et al., 2007). Upon
maturation, Piwi-RISC enters the nucleus to carry out its effector function (Saito et al.,
2009; Saito et al., 2010; Klenov et al., 2011), although the underlying transport factors
and effector mechanisms are yet to be identified. The nuclear localization of Piwi is

dispensable for piRNA loading, as amino-terminal truncated Piwi lacking the nuclear
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localization signal is still loaded with piRNAs, supporting the hypothesis that piRNA
loading occurs in the cytoplasm (Saito et al., 2009; Saito et al., 2010).
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Fig. 1-3. Model for primary piRNA biogenesis in somatic tissues. PiRNA cluster
transcription is promoted by unknown transcription factors and heterochromatin. The
precursors are exported to the cytoplasm, where they are then processed into several
piRNA intermediates and loaded into Piwi at Yb-bodies aided by additional factors.
Following loading, piRNAs are matured by trimming through an unknown exonucleolytic
activity and methylated by Hen1. Mature Piwi-RISC enters the nucleus to carry out
transposon silencing.

Primary piRNA biogenesis in germline cells is thought to follow similar routes, with
primary piRNAs loaded into Piwi and Aub, but not AGOS3 (Brennecke et al., 2007; Malone
et al., 2009). In contrast to somatic cells, piRNA production and/or loading in germ cells
is predicted to take place at nuage granules, which is paralleled by the replacement of
the soma-specific Yb protein with two germline-expressed homologues, SoYb and
Brother of Yb (BoYb) (Handler et al., 2011). Despite these differences, primary piRNA
biogenesis likely occurs through similar mechanisms and uses a similar set of factors
(e.g., Vret, Armi, Zuc, SoYb, BoYb, Hen1).

Although primary piRNAs enable animals to detect active transposon threats and
initiate their repression, eminent transposition events necessitate an amplification of
silencing triggers, especially in germline cells where transposable elements are more
active. Towards this end, an elegant, RdRP-independent amplification mechanism, the

ping-pong cycle, has evolved in flies with similar concepts found in mice (Aravin et al.,
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2007; Brennecke et al., 2007, Gunawardane et al., 2007; Aravin et al., 2008; Kuramochi-
Miyagawa et al., 2008). The PIWI-clade proteins themselves are integral components of
the ping-pong cycle, as they create the 5’ ends of future secondary piRNAs (Brennecke
et al., 2007, Gunawardane et al., 2007; Li et al., 2009). The ping-pong model was first
proposed based on observations in flies, where deep sequencing of RNAs
immunoprecipitated from the three PIWI-clade proteins revealed prominent biases in
their sequence composition and orientation to transposons (Brennecke et al., 2007,
Gunawardane et al., 2007). It was shown that AGO3 associates predominantly with
piRNAs in sense orientation to transposons, whereas Aub- and Piwi-bound sequences
were mainly antisense to mobile elements. Furthermore, piRNAs associated with Aub
and Piwi showed a strong 1U bias, while AGO3-bound sequences featured a preference
for an adenine nucleotide at position 10 (counting from the 5’ end), also known as 10A
bias. Intriguingly, Aub- and AGO3-associated sequences exhibited a prominent overlap
of the first ten nucleotides (counting from the 5 end of each piRNA), with perfect
sequence complementarity.

To explain these observations, the ping-pong model (Fig. 1-4) proposes that Aub
complexes, containing piRNAs antisense to actively transposing elements, detect and
cleave transposon transcripts through sequence complementarity (Brennecke et al.,
2007, Gunawardane et al., 2007). The cleavage event generates a sense-orientated
fragment containing the 5’ end of the future secondary piRNA, which is then loaded into
AGO3. The AGO3-bound fragment is further trimmed at the 3’ end (by an unknown
exonuclease termed “trimmer”) and then methylated by Hen1 (Horwich et al., 2007; Saito
et al., 2007), resulting in mature AGO3-RISC with associated secondary piRNA. Mature
AGO3-complexes in turn cleave antisense transcripts derived from piRNA clusters, which
also function as relay stations in the amplification loop (in addition to serving as source of
primary piRNAs), to generate additional piRNA precursors that associate with Aub and,
following maturation, resemble the primary silencing triggers. These piRNA-Aub-
complexes perpetuate the ping-pong cycle, thereby efficiently producing and amplifying
silencing triggers against eminent threats, while consuming or destroying their transcripts
(Brennecke et al., 2007, Gunawardane et al., 2007). Mutant studies in Drosophila lacking
specific piRNA pathway components (e.g., ago3, qin or aub) further supported the ping-
pong model (Li et al., 2009; Malone et al., 2009; Zhang et al., 2011), and efforts —
including those presented within this thesis — are underway to uncover additional factors

required in the amplification cycle.
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Fig. 1-4. The ping-pong cycle and secondary piRNA generation in the germline. Aub is
primed with cluster-derived piRNAs antisense to transposons originating from primary
biogenesis or maternal deposition. Aub detects and cleaves active transposons, generating
a cleavage fragment that is loaded into AGO3, trimmed, and methylated to yield a mature
secondary piRNA. AGO3 associated with a sense-orientated piRNA cleaves additional
antisense cluster transcripts, which are incorporated into Aub and re-enter the cycle. Ping-
pong takes place at nuage, with several factors playing important roles. Symmetrical
dimethylarginine modifications of Aub and AGO3 are critical for proper transposon silencing
and mediated by Csul/VIs complexes. For an improved overview, primary biogenesis is not
shown.

The ping-pong amplification loop is not only important for the development of
germ cells of the current generation, but also of the subsequent offspring. Maternally
loaded Aub and Piwi complexes deposited during oogenesis have been shown to
localize to future germ cells of the developing embryo (Brennecke et al., 2007;
Brennecke et al., 2008; Malone et al., 2009), where Aub-bound maternal piRNAs can
feed into the ping-pong cycle (Brennecke et al.,, 2008; Malone et al.,, 2009). The
importance of maternally deposited piRNAs can be seen in the phenomena called
“hybrid dysgenesis” (Kidwell et al., 1977; Brennecke et al., 2008). Female offspring flies
lacking maternal piRNAs against recently acquired transposons are incapable of
silencing these mobile elements, despite possessing an intact primary piRNA biogenesis

pathway. As a consequence of insufficient transposon silencing, these females feature
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severely reduced fertility, and are often completely sterile (Brennecke et al., 2008;
Khurana et al., 2011). In contrast, F1 females from reciprocal crosses, which are
genetically identical but received maternal piRNAs against acquired transposons,
efficiently silence mobile elements and are fertile. Although detailed molecular
mechanisms remain elusive, it has been proposed that maternal piRNAs provide initial
silencing triggers or kick-start the ping-pong cycle to produce piRNAs at levels sufficient
for robust silencing.

The localization of piRNA-primed Aub and AGO3 to nuage implies this structure
as the site of active ping-pong amplification and transposon silencing (Lim & Kai, 2007).
The proper assembly and function of the nuage requires several proteins, such as Vasa
(Vas), Spindle-E (Spn-E), Maelstrom (Mael), Krimper (Krimp), Tejas (Tej), BoYb, Qin
(also known as Kumo), and Tudor (Tud) (Boswell & Mahowald, 1985; Gillespie & Berg,
1995; Clegg et al., 1997; Findley et al., 2003; Vagin et al., 2004; Lim & Kai, 2007; Malone
et al., 2009; Patil & Kai, 2010; Handler et al., 2011; Zhang et al., 2011; Anand & Kai,
2012). Various mutants were identified that compromise Aub and AGO3 localization
patterns, but details on their molecular functions and interactions with the piRNA
pathway have yet to be elucidated. Intriguingly, Tudor domain proteins are prominent
amongst regulators of Aub and AGO3 localization (Lim & Kai, 2007; Kirino et al., 2009;
Nishida et al., 2009; Kirino et al., 2010; Patil & Kai, 2010; Handler et al., 2011; Zamparini
et al., 2011). They can interact either directly or via protein modifications with piRNA
pathway components, particularly through symmetrical dimethylarginine (SDMAs) at their
amino-termini of PIWI-clade proteins, and potentially serve as scaffolding for larger
protein complexes. The sDMA modification is highly conserved in PIWI-clade proteins
across species (Reuter et al.,, 2009; Vagin et al., 2009; Huang et al., 2011), and is
promoted in Drosophila by the arginine N-methyltransferase Capsuleen (Csul) and its co-
factor Valois (VIs) (Anne & Mechler, 2005; Anne et al., 2007; Kirino et al., 2009; Nishida
et al., 2009; Kirino et al., 2010).

Additional factors were reported to affect the piRNA pathway, though their roles
are yet to be fully characterized. As described previously, mutants of rhi and cuff impair
transcription of piRNA clusters, leading to an absence of primary piRNA biogenesis, and
mislocalization of Aub and AGO3 from nuage (Chen et al., 2007b; Klattenhoff et al.,
2009; Pane et al., 2011). Unlike other protein factors described, the putative RNase H,
Squash (Squ), does not appear to impact biogenesis of primary or secondary piRNAs,
but mutants display defects in transposon suppression (Pane et al., 2007; Malone et al.,
2009; Haase et al.,, 2010), suggesting a potential role as component of the piRNA

effector complex responsible for regulating mobile element activity.
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1.5 Thesis aims

Small RNAs play crucial roles in Drosophila, regulating gene expression (miRNAs
and siRNAs) and controlling transposable elements (piRNAs and siRNAs). As outlined in
the introduction, many components of the miRNA and siRNA pathways have been
identified, leading to a model that these pathways have little overlap. In the first part of
my thesis, | aim to provide insights into whether the miRNA and siRNA pathways,
particularly at the biogenesis and sorting level, operate in distinct networks. Prior studies
have uncovered an unexpected dependence of a subset of endo-siRNAs on the dsRBD
protein Logs (Czech et al., 2008; Okamura et al., 2008a). Logs was previously only
implicated in miRNA biogenesis, with additional isoforms reported that have unresolved
functions (Forstemann et al., 2005; Jiang et al., 2005; Saito et al., 2005; Park et al.,
2007). Recognizing the gap in our knowledge, my first aim is to identify and characterize
the specific Logs isoform(s) involved in the biogenesis of endo-siRNAs.

Although earlier models of miRNA and siRNA biogenesis suggest that they are
directly coupled to their respective downstream effectors, conflicting studies have
claimed that precursor intermediates are redistributed after biogenesis based on the
characteristics of their dsRNA intermediates (Férstemann et al., 2007; Tomari et al.,
2007). Due to a limited number of sequences analysed, neither hypothesis has been
conclusive. Therefore, my second aim is to use high throughput sequencing technologies
to profile the whole repertoire of AGO1- and AGO2-bound small RNAs. This will allow me
to identify and extract novel determinants that control the sorting of small RNAs to
distinct Argonaute proteins, and aid in the development of improved artificial silencing
triggers for research and potential therapeutics.

In contrast to miRNAs and siRNAs, the piRNA pathway is less well understood,
with many components involved in the biogenesis of piRNAs yet to be uncovered. In the
second part of my thesis, | aim to expand our knowledge of piRNA-mediated transposon
silencing by carrying out an innovative, transcriptome-wide RNAI screen in germ cells of
the female ovary. This unbiased approach will reveal novel genes that participate in
piRNA production or piRNA-mediated effector mechanisms, thus providing new insights
into the germline piRNA pathway as evidenced by the identification and characterization

of shutdown as a new piRNA biogenesis factor.
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2 Results

The results presented in this chapter summarize my thesis research and is
divided into two parts for clarity. The first part will focus on discoveries made on the
miRNA and endo-siRNA pathways, where | report the identification of a novel isoform of
Loquacious that functions in the biogenesis of endo-siRNAs. | also uncovered the
association of miR* strands with AGO2, the principal host of siRNAs, and revealed that
partitioning of small RNAs between AGO1 and AGO2 complexes depends on intrinsic
duplex properties. Based on these results, a hierarchy of determinants governing small
RNA sorting in flies was extracted, and applied in designing novel shRNA-based tools for
artificial gene silencing. The second part describes my contributions towards a better
understanding of the Drosophila piRNA pathway, particularly the biogenesis and effector
mechanisms of piRNAs. First, | report the characterization of shutdown as a new
biogenesis factor. | will also describe my efforts towards uncovering missing piRNA
pathway components via a transcriptome-wide RNAi screen in germ cells of the
Drosophila ovary.

My work resulted in the papers stated in the publication list (individual

manuscripts can be found in the appendix).

2.1 Partl: The AGO2 pathway and sorting of small RNAs

2.1.1 Endo-siRNA biogenesis requires a specific isoform of Loqgs

Background

MicroRNAs are ubiquitously expressed small RNAs that are 22- to 23-nt in length.
In Drosophila, miRNAs are processed by Drosha/Pasha and Dcr1/Logs complexes, and
associate with AGO1 to control gene expression (Lee et al., 2003; Denli et al., 2004; Lee
et al., 2004b; Forstemann et al., 2005; Jiang et al., 2005; Saito et al., 2005; Bushati &
Cohen, 2007; Eulalio et al., 2008). Recently, several types of endogenous small
interfering RNAs (endo-siRNAs) were discovered, which are ~21-nt in length, bind to
AGO2, and function in gene regulation and transposon silencing (Czech et al., 2008;
Ghildiyal et al., 2008; Kawamura et al., 2008; Okamura et al., 2008a). The processing of
endo-siRNAs derived from structured loci and viruses requires Dcr2, but not its co-factor
R2D2 (Liu et al., 2003; Lee et al., 2004b; Czech et al., 2008; Okamura et al., 2008a).

Surprisingly, the production of these two endo-siRNA classes depends on the dsRNA-
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binding domain (dsRBD) protein Logs, previously only implicated as a co-factor of Dcr1
in miRNA processing (Forstemann et al., 2005; Jiang et al., 2005; Saito et al., 2005;
Czech et al., 2008; Okamura et al., 2008a). These findings were also supported by
physical interactions of Logs with both fly Dicer proteins, Dcr1 and Dcr2, as shown by
quantitative proteomics (Czech et al., 2008). Previous studies reported three distinct
Logs isoforms (Logs-RA, -RB, and -RC transcripts, with the corresponding protein
variants Logs-PA, -PB, -PC) with specific expression patterns (Férstemann et al., 2005;
Jiang et al., 2005). Logs-RA is the major isoform in males, with Logs-RB transcripts
dominating in ovaries, and Logs-RC only detected in S2 cells. Genetics demonstrated
that isoform Logs-PB alone is responsible for miRNA biogenesis (Park et al., 2007),
while the functions of Logs-PA and Logs-PC remain elusive.

Given the unexpected role of Logs in the production of endo-siRNAs, its
interaction with Dcr1 and Dcr2, and the existence of distinct transcript/protein variants,
we sought to identify Logs isoforms that are required for endo-siRNA biogenesis. This
work was published as Zhou, Czech et al., 2009 in RNA.

Results

To identity the Logs variants that participate in interactions with Dicer proteins, we
re-analysed our quantitative proteomic data (Czech et al., 2008), and detected isoform-
specific peptides for Logs-PA and Logs-PB, but not Logs-PC. We also found peptides
corresponding to a novel isoform (Logs-PD) recently discovered by Fdérstemann and
colleagues (Fig. 2-1a) (Hartig et al., 2009). All four Logs isoforms share an identical
amino-terminal region that includes two dsRNA-binding domains. Compared to Logs-PA
(44.9 kDa) and Logs-PB (50.1 kDa), isoforms Logs-PC (41.1 kDa) and Logs-PD (38.5
kDa) are truncated and therefore lack the third carboxy-terminal dsRNA-binding domain
(Fig. 2-1b).

Next, we determined if individual Logs isoforms show preferential interactions with
specific Dicer proteins. Co-immunoprecipitation experiments were carried out in S2 cells,
where a tagged protein complex is immunopurified and probed by Western blot for
specific components. We were able to show strong interactions between FLAG-tagged
Dcr2 and Logs-PD (Fig. 2-1c), which was identified based on size (38.5 kDa) using an
antibody specific to the amino-terminus of Logs that is shared by all isoforms. In contrast,
Dcr1 showed a strong interaction with TAP-tagged Logs-PB isoform (Fig. 2-1d),
consistent with previous reports (Férstemann et al., 2005; Park et al., 2007). These
interactions were resistant to RNase treatment and to over-expression of endo-siRNA or

miRNA precursors, thus suggesting direct protein-protein interactions independent of
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RNA substrates. These results point towards specific roles of Logs-PB and Logs-PD in

the production of miRNAs and siRNAs, respectively.
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Fig. 2-1. Overview of Logs isoforms and interaction of Logs variants with Dicer
proteins. (a) A scheme of the genomic structure (introns, exons, UTRs) of the different
Loquacious isoforms is shown. Regions targeted by isoform-specific dsRNAs are indicated
in red. (b) Schematic drawing showing domain structures (green boxes indicate dsRNA-
binding domains) and molecular weights of distinct Logs isoforms. (¢) Immunoprecipitates of
FLAG-tagged Dcr2 were subject to Western blots using an antibody against the amino-
terminus of endogenous Logs, and revealed specific interaction between FLAG-Dcr2 and
Logs-PD. (d) Coimmunoprecipitation of endogenous Dcr1 with TAP-tagged Logs isoforms
demonstrating strong interaction between Logs-PB and Dcr1, independent of RNase

treatment. (Image and legend modified from: Zhou, Czech et al., 2009)

We next investigated the contribution of individual Logs isoforms to the biogenesis

of miRNAs and endo-siRNAs using isoform-specific knockdowns in S2 cells (Fig. 2-1a).

Western blots confirmed reduced levels of the targeted proteins upon dsRNA-mediated

depletion of specific isoforms (either alone or in combination) (Fig. 2-2a). The impact of

isoform-specific knockdowns on steady-state levels of a miRNA (miR-bantam) and an

endo-siRNA of structured origin (esi-2.1) was assessed by Northern blots (Fig. 2-2b).

Coordinated depletion of all Logs isoforms resulted in severely reduced endo-siRNA

levels, while miRNA precursors accumulated. Knockdown of individual isoforms or the

combinatorial depletion of several isoforms showed a strong dependence of endo-

siRNAs on Logs-PD, while reduced levels of Logs-PB correlated with compromised

miRNAs biogenesis. Knockdown of Logs-PA or Logs-PC did not impact either small RNA

class.
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To confirm our findings, we re-expressed individual RNAi-resistant isoform
variants following dsRNA-mediated knockdown of all four Logs isoforms in cell culture.
Endo-siRNA levels were only restored upon Logs-PD expression, whereas only Logs-PB
expression resulted in normal miRNA levels. Interestingly, R2D2 expression failed to
restore endo-siRNA levels in logs knockdowns, confirming previous results (Czech et al.,
2008; Okamura et al., 2008a). Consistent with results from cell culture, expression of
Logs-PA in homozygous mutant logs™" flies failed to restore miRNA and siRNA
processing, while those expressing Logs-PB had normal miRNA levels, but were still

defective in endo-siRNA biogenesis.
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Fig. 2-2. Isoform Loqs-PD is required for the production of several endo-siRNA
classes. (a) Depletion of specific isoforms upon targeting by the indicated dsRNAs is shown
by Western blots (“-Z” marks /lacZ-fused carrier dsRNA to increase knockdown efficiency). a-
tubulin served as loading control. (b) Northern blots showing esi-2.7 and miR-bantam levels
in cells treated with indicated dsRNAs. 2S rRNA served as loading control. (¢) Size profiles
of miRNAs and different endo-siRNA types from cells treated with indicated dsRNAs are
shown. (d) Levels of miRNAs and different types of endo-siRNAs upon depletion of
indicated factors were probed by Northern blots. 2S rRNA served as loading control. (Image
and legend modified from: Zhou, Czech et al., 2009)

To test the impact of Logs on endo-siRNA classes other than those derived from
viruses and structured loci, we depleted Logs and other siRNA/miRNA pathway

components (dcr1, dcr2) in S2 cells using dsRNAs, and prepared small RNA libraries.
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Following bioinformatic removal of presumed degradation products, libraries were
normalized, and sequenced small RNA reads were distributed based on annotations to
different categories. Size profiles for miRNAs, endo-siRNAs from (1) structured loci, (2)
repeats, (3) genes, and (4) the klarsicht locus were obtained by plotting the cloning
counts against the read length (Fig. 2-2c). Endo-siRNAs were predominantly 21-nt in
length, with those derived from structured loci being slightly longer (~22-nt). MiRNAs
showed the expected size distribution of 22- and 23-nt. Knockdown of dcr1 severely
reduced miRNA levels without changes in other small RNA types, whereas dcr2
knockdown resulted in strongly reduced levels of all endo-siRNA classes, but not
miRNAs. Depletion of all Logs isoforms significantly affected endo-siRNAs derived from
structured loci, repeats, and genes, while levels of klarsicht siRNAs were only
moderately reduced. These results were validated using Northern blots (Fig. 2-2d), with
knockdown of dcr2 and logs decreasing steady-state levels of endo-siRNAs from
structured loci (esi-2.1, esi-4.1, esi-1.2), and from the transposon DM1731, while
klarsicht siRNAs showed moderate reduction. Knockdowns that only depleted Loqgs-PB,
did not affect the abundance of any siRNA, but showed the expected miRNA precursor
accumulation.

To assess whether Logs depletion causes a global or element-specific reduction
of transposon-derived siRNAs, we generated heat maps showing the relative abundance
of endo-siRNAs matching to individual transposable elements. As predicted, knockdown
of der1 (involved in the miRNA pathway) showed no significant changes in siRNA levels,
while depletion of Dcr2 caused a severe siRNA reduction for the majority of elements.
Knockdown of all Logs isoforms had similar, but slightly weaker effects, with levels of
several transposon siRNAs being reduced, suggesting a global requirement of Loqgs for

siRNA-mediated transposon silencing.

Conclusions

Our proteomic analyses identified a novel isoform of the dsRBD protein Logs,
Logs-PD, which predominantly interacts with Dcr2, and confirmed previously reported
interactions between Dcr1 and a second isoform, Logs-PB (Forstemann et al., 2005;
Park et al., 2007). Molecular and genetic studies demonstrate that these isoforms act in
different small RNA biogenesis pathways through binding to their preferential protein
partners. Dcr1/Logs-PB complexes process miRNAs, whereas Dcr2/Logs-PD complexes
produce siRNAs. The functions of two additional isoforms, Logs-PA and Logs-PC remain
elusive, with Logs-PC not detectable at the protein level. Deep sequencing and Northern

blots reveal that Logs-PD impacts the biogenesis of various endo-siRNA classes, in
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addition to viral siRNAs and those derived from structured loci as reported previously
(Czech et al., 2008; Okamura et al., 2008a). Taken together, our results add complexity
to the landscape of dsRNA-binding domain proteins in small RNA biogenesis, and
highlight the importance of co-factors to substrate specificity and production of different

small RNA types.

2.1.2 Hierarchical rules for Argonaute loading in Drosophila

Background

In Drosophila, miRNAs and siRNAs originate from dsRNA precursors through
processing by RNase Ill family proteins, and associate with two AGO-clade proteins:
AGO1 and AGO2. MicroRNA duplexes are processed by Drosha/Pasha and Dcr1/Logs-
PB complexes (Lee et al., 2003; Denli et al., 2004; Lee et al., 2004b; Foérstemann et al.,
2005; Jiang et al., 2005; Saito et al., 2005), and following loading into AGO1, the miR
strands are selectively stabilized without further modification at their 3’ termini (Horwich
et al., 2007; Saito et al., 2007). AGO1 primed with a mature miRNA causes repression of
targets through cleavage-independent mechanisms. In contrast, siRNA duplexes are
produced from long dsRNAs by Dcr2/Logs-PD complexes (Hartig et al., 2009; Zhou et
al., 2009), and loaded into AGO2 by Dcr2/R2D2 complexes (Liu et al., 2003; Lee et al.,
2004b; Tomari et al., 2004). Only one strand of the duplex is retained in AGO2 (termed
guide strand), which is subsequently methylated at its 3’ end by Hen1 (Horwich et al.,
2007; Saito et al., 2007), and directs AGO2 to cleaving target transcripts with high
sequence complementarity.

As outlined above, miRNAs and siRNAs share similar processing intermediates
(small RNA duplexes) but differ fundamentally in their biological outputs. As a result,
pairing of these small RNA classes with specific Argonaute proteins must be tightly
controlled through a process known as “sorting”. An early model suggested coupled
processing (‘dicing’) and loading with small RNA intermediates directly assembled into
Argonaute effector complexes upon biogenesis. However, exceptions like miR-277,
which is produced by Dcr1/Logs-PB but loaded into AGO2, point to more complex
mechanisms (Férstemann et al., 2007). Subsequent models have proposed that
duplexes with diverging properties must be directed towards specific Argonaute proteins,
with perfect match duplexes being biased towards AGO2 and duplexes with mismatches
preferring AGO1 (Tomari et al., 2007). Furthermore, individual strands of each duplex
have different probabilities of being retained in Argonaute complexes. For duplexes with

perfect dsRNA character, strand selection was proposed to depend on thermodynamic
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properties of duplexes, with the strand featuring the less stable 5’ end being retained
(Khvorova et al., 2003; Schwarz et al., 2003).

Due to technical limitations, previous work relied on only a constricted number of
sequences. With the availability of high throughput sequencing technologies, we can now
profile the full repertoire of endogenous binding partners of AGO1 and AGO2. Using
these data, determinants that contribute to the sorting behaviour of dsRNA-derived small
RNAs were extracted, validated experimentally, and compared with existing sorting

models. This work was published as Czech, Zhou et al., 2009 in Molecular Cell.

Results

We generated a set of small RNA libraries to profile the association of dsRNA-
derived small RNAs with specific Drosophila Argonaute proteins. Small RNAs (19- to 24-
nt in size) were isolated and cloned from wild-type S2 cells using the standard cloning
strategy (“standard”), and a protocol modified to enrich for small RNAs with 2’-O-
methylated 3’ termini (“oxidized”) (Seitz et al., 2008). Sequence reads were then
categorized into miRNAs and five classes of endo-siRNAs, corresponding to their
genomic origin (genes, structured loci, repeats, viruses, or regions without annotation).
Sequences matching to miRNAs were then split into miR and miR* strands (Fig. 2-3a).
The maijority of reads in the standard library corresponded to endo-siRNA (62.6%), with
the remaining sequences matching to miRNAs (37.4%), while the oxidized library
showed a significant bias against miRNA (2.3%) compared to endo-siRNA (97.7%).
Consistent with previous reports, endo-siRNA classes were enriched in the oxidized
library (Chung et al., 2008; Kawamura et al., 2008; Okamura et al., 2008a), with the
exception of partially methylated virus-derived siRNAs (Aliyari et al., 2008; Flynt et al.,
2009). As predicted by the lack of modified 3’ termini, the miRNA fraction was
significantly reduced by the modified cloning strategy. A comparison of ratios of miR and
miR* strands between the standard (~33:1) and oxidized (~2:1) libraries revealed a
relative enrichment of miR* strands by ~16-fold using the modified cloning protocol. To
assess the relative association of small RNAs with AGO1 or AGO2, we calculated the
ratios of sequence counts between standard and oxidized libraries for the 40 most
abundant sequences (matching to miR or miR* strands or to endo-siRNAs from
structured loci) (Fig. 2-3b), taking advantage of the 2’-O-methylation as a characteristic
of AGO2-loaded sequences. We observed a bias of miR strands associating with AGO1,
whereas ratios for miR* strands and endo-siRNAs from structured loci indicated
enrichment in AGOZ2.
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Fig. 2-3. MiR* strands have 2’-O-methylated 3’ termini. (a) Cake diagrams showing the
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both libraries indicating biased association with AGO1 or AGO2 (green/red-scale). (Image
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We then directly analysed the small RNA populations by profiing RNAs from
AGO1 and AGO2 immunoprecipitates in S2 cells. Using the same annotation criteria
(Fig. 2-4a), we found ~98% of all AGO1-bound sequences matching to miRNAs, with the
vast majority (~99%) of these corresponding to the miR strand, contradicting previous
reports that detected significant miR* levels in AGO1 (Okamura et al., 2008b). AGO2, in
contrast, was predominantly associated with all classes of endo-siRNAs (~92%), with the
remainder (~8%) matching to miRNAs. Sub-annotation revealed that almost 60% of
those corresponded to miR* strands.

We confirmed our deep-sequencing results with Northern blots by probing for
specific small RNAs isolated from AGO1 and AGO2 immunoprecipitates (Fig. 2-4b).
Using B-elimination prior to PAGE, we were also able to determine if the 3’ termini were
methylated, as non-methylated RNAs were sensitive to the reaction and migrated as a
lower molecular weight species. As expected, AGO1-bound RNAs were sensitive to -
elimination, and showed a strong signal for the miR strands of three miRNAs (miR-
bantam, miR-184, miR-276a). AGO2-associated RNAs, in contrast, were completely
resistant to B-elimination, and showed enrichment of the endo-siRNA, esi-2.1, as well as
the corresponding miR* strands of the miRNAs investigated. Taken together, these
results reveal an unexpected association of miR* strands with AGO2 that suggests bi-

functionality of miRNA precursors.
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Fig. 2-4. MiR* strands preferentially associate with AGO2 and require the siRNA
machinery for loading. (a) Cake diagrams showing the relative abundance of miRNAs
(miR and miR* strands are highlighted as bar diagram) and indicated endo-siRNA classes in
libraries from immunoprecipitates of AGO1 (left) and AGO2 (right) from S2 cells. (b)
Northern blots of AGO1- and AGO2-bound RNAs from S2 cells probing the levels of the
indicated miRs, miR*s and endo-siRNAs. Prior to gel electrophoresis, immunoprecipitated
RNA were subjected to B-elimination (+) or untreated (-). (¢) Northern blots probing for the
levels of the indicated miRs, miR*s and endo-siRNAs. 2S rRNA served as loading control.
Prior to gel electrophoresis, RNAs from the indicated RNAi knockdowns were subjected to
B-elimination (+) or untreated (-). (Image and legend modified from: Czech, Zhou et al.,
2009)

We next analysed the processing and loading requirements of miR and miR*
strands by depleting S2 cells of core components of the miRNA and siRNA pathways by
RNAI. Using Northern blots, we probed the effects of our knockdowns on miRNA (both
strands of miR-bantam and miR-276a) and endo-siRNA levels (esi-2.1), and assessed
the modifications of the 3’ termini with B-elimination prior to PAGE (Fig. 2-4c).
Knockdown of canonical miRNA pathway components (Drosha & Pasha, Dcr1, Loqgs)
resulted in consistent reduction of miR and miR* strand levels, accompanied by slight
precursor accumulation upon Dcr1 or Logs depletion. As expected, endo-siRNA levels
were not affected when miRNA factors were depleted. In contrast, knockdown of siRNA

pathway components had differential effects on miR and miR* strands. RNAi against
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dcr2 or logs resulted in severely reduced endo-siRNA levels, but did not impact miR or
miR* strand abundance. However, a knockdown of dcr2 and r2d2 resulted in miR*
strands sensitive to B-elimination, indicating a lack of 2’-O-methylation. Depletion of
AGO2 did not alter the levels of miR strands, but instead caused reduced levels of endo-
siRNAs and miR* strands, with both now also sensitive to B-elimination. Intriguingly,
knockdown of AGO1 had opposing consequences on miR and miR* strands: while miR
strands were strongly reduced, a significant accumulation of miR* strands resistant to 3-
elimination was observed. Small RNA sequencing of ago? and ago2 knockdowns
confirmed these results.

With AGO2-bound miR* strands detected at comparable abundance to functional
endo-siRNAs, we speculated that miR* strands could repress target transcripts. Renilla
luciferase sensor constructs were generated containing target sites for either the miR or
the miR* strand, with the binding sites either in perfect-match or bulged configuration.
The reporter constructs were introduced into S2 cells in combination with knockdown of
mMiRNA/siRNA pathway components. Depletion of Drosha caused consistent de-
repression of miR and miR* sensors of two independent miRNAs (miR-bantam and miR-
276a), with weaker effects observed upon Pasha and Dcr1 depletion. MiR* sensors with
perfect target sites were de-repressed upon ago2 knockdown, and consistent with their
role in loading miR* strands, similar results were obtained for dcr2 and r2d2 knockdowns.
Strikingly, RNAi against ago? enhanced the repression of perfect-match target sites for
miR* strands, consistent with increased miR* levels previously observed by Northern
blots. The miR* silencing abilities were confirmed in vivo using transgenic flies
expressing similar sensor constructs (perfect-match or bulged target sites for miR or
miR* strands located within the 3° UTR of an EGFP reporter) combined with clonal
analysis in wing discs.

Our results have identified a strong bias of miR strands towards AGO1, while
miR* strands and endo-siRNAs predominately associate with AGO2. We also observed a
tendency of miR-277 to be bound by AGO2, consistent with a previous report
(Forstemann et al., 2007). Given the observed bi-functionality of miRNA precursors,
loading must rely on more complex parameters than previously presumed (Férstemann
et al., 2007; Tomari et al., 2007). To investigate the underlying characteristics of specific
AGO associations, we analysed the properties of small RNAs highly biased for either
AGO1 or AGO2, and extracted positional nucleotide preference and base-pairing
patterns (including mismatch distribution) within the duplexes (Fig. 2-5a). As previously
observed for most miRNAs, AGO1-associated RNAs showed a strong nucleotide bias for

terminal uracil (~90% contain 5’ U). In contrast, sequences bound to AGO2 showed
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moderate enrichment for a 5’ cytosine (~50% of sequences show 5 C). Overall base
pairing appears to be a minor determinant for sorting, as AGO1-biased duplexes showed
only slightly higher mismatch frequencies than AGO2-associated sequences. Intriguingly,
prominent base-pairing differences between AGO1 and AGO2-associated small RNAs
were detected for the central duplex region. The strand loaded into AGO1 was often
unpaired at positions 9 and 10, whereas more than 90% of AGO2-bound strands were
paired. These patterns were observed regardless of origin of duplexes, whether from
miRNAs and endo-siRNAs. Furthermore, the guide strand of esi-2.3, an endo-siRNA with
central mismatches highly reminiscent of miRNA duplexes, was preferentially loaded into
AGO1 instead of AGO2. Taken together, our results suggest that intrinsic duplex
properties affect sorting and strand selection independent of upstream processing
pathways.

The significance of the observed duplex properties for sorting and strand selection
was evaluated through Argonaute loading assays (Fig. 2-5b). Artificially modified small
RNA duplexes (based on miR-276a and siRNA /et-7) were transfected into S2 cells,
where they associated with Argonaute proteins. Subsequently, AGO1 and AGO2
complexes were immunoprecipitated, and the two strands of the artificial small RNAs
were detected independently by Northern blots to determine their sorting behaviour. As
expected, both strands of a duplex with perfect dsRNA character (siRNA /et-7) were
strongly bound by AGOZ2. Upon insertion of central bulges, both strands shifted towards
loading into AGO1, with the strand carrying the bulge at position 9 and 10 (measured
from 5’ end) predominantly detected. The combination of unpaired terminal nucleotides
(to change the thermodynamic asymmetry of duplexes) with central bulges highlighted
the dominance of the central region over mismatches at the duplex ends. The wild-type
miR-276a duplex showed similar patterns as observed from high throughput sequencing
and Northern blots: miR-276a associates with AGO1, whereas miR-276a* shows a
preference for AGO2. Reversing the central mismatches of the miR-276a duplex resulted
in the miR strand shifting towards AGO2 and the miR* strand preferring AGO1, while
only minor changes were observed when terminal nucleotides were altered. Our results
suggest that bulges and mismatches in the central duplex region have the most
prominent effects on sorting, with positions 9 and 10 (from the 5’ end) able to determine
the fate of a duplex. Furthermore, central mismatches heavily impact strand selection,

overriding the effects of thermodynamic asymmetry at the duplex ends.
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Fig. 2-5. Extraction and experimental validation of determinants for small RNA
sorting. (a) Relative abundances of miR, miR* and endo-siRNAs in libraries from AGO1 and
AGO2 immunoprecipitates are shown as heat maps (grey-scale), with the ratio between
both libraries indicating preferential association with AGO1 or AGO2 (green/red-scale). The
nucleotide composition and median base pairing (bulges were counted as mismatches) are
shown for highly biased sequences (70% or more). (b) Argonaute loading assays for
artificial miR-276a duplexes (shown to the right). Preferential association of each strand to
AGO1 (positive values) or AGO2 (negative values) was determined by calculating
Argonaute loading indices (log, scale). Partitioning of wild-type miR-276a duplexes is shown
in the inset. (¢) Thermodynamic properties of AGO2-bounds endo-siRNAs matching the
klarsicht locus are shown. SiRNA duplexes with both strands detected were split into those
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of the passenger strand end). (Image and legend modified from: Czech, Zhou et al., 2009)
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To further assess the impact of thermodynamic asymmetry on strand selection of
duplexes with perfect dsSRNA character, we analysed the energetic properties of endo-
siRNAs derived from the klarsicht locus (Fig. 2-5¢) and viral siRNAs. As expected by
their duplex structure, these sequences were heavily biased towards AGO2. Sequences
for which guide and passenger strands were detected in AGO2 immunoprecipitates were
divided into two categories: duplexes that show strong strand bias (guide to passenger
ratio of 20:1 or higher) and weak strand bias (ratio of 5:1 or lower). The terminal energies
of both duplex ends were calculated using UNAfold for up to six nucleotides (Markham &
Zuker, 2008) and the average energies were computed for all sequences of each
category. The comparison of guide-strand ends and passenger-strand ends confirmed

previous reports (Khvorova et al., 2003; Schwarz et al., 2003), with endo-siRNAs
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showing strong strand bias also exhibiting high thermodynamic asymmetric of the duplex
ends. In contrast, endo-siRNAs with no or weak strand bias show only little, if any,
energy differences between the duplex ends, indicating the contribution of

thermodynamic asymmetry to strand selection for duplexes with perfect dsRNA.

Conclusions

Profiling of Argonaute-bound small RNAs revealed consistent results with
previous reports that miRNAs principally occupy AGO1, whereas endo-siRNAs
preferentially associate with AGO2. The characterization of AGO2-bound small RNAs
identified a surprising association with miR* strands, which were previously believed to
be mere by-products of miRNA biogenesis. Reporter assays suggest that miR*s can
silence targets both in vitro and in vivo, though it remains unknown if they have
biologically relevant endogenous targets.

The bi-functionality of miRNA precursors, potentially funnelling different strands
into distinct Argonaute complexes, reveals the limitations of existing models (Tomari et
al., 2007), as the degree of base pairing within a given duplex can not explain different
fates of miR and miR* strands with respect to AGO1 and AGO2 loading. Furthermore, as
each strand of a precursor appears to be assessed separately, strand choice has to
depend on additional properties. Our analysis of AGO1- or AGO2-biased sequences
revealed determinants that enable us to predict the fate of small RNA strands during
sorting. For duplexes with mismatches, pairing at the central region is the dominant
determinant, with each strand being assessed individually. While thermodynamic
asymmetry is a minor determinant for duplexes with imperfect dsRNA, it remains the
principal determinant of strand choice for perfectly paired duplexes (Khvorova et al.,
2003; Schwarz et al., 2003). We were able to manipulate the sorting machinery in vitro
through artificial small RNAs, and redirect them to different AGO complexes depending
on the small RNA duplex parameters. Thus, by incorporating previously proposed and
newly identified determinants, we propose a hierarchy of sorting rules that predict the
fate of small RNA strands during Argonaute loading. Taken together, we demonstrate

that small RNA sorting pathways are more integrated than previously thought.
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2.1.3 Development of shRNAs as tools for efficient gene silencing

Background

The establishment of reverse genetic approaches has changed the pace and
scope of studies of gene function in both tissue culture and in vivo. Currently available
tools for transgenic RNAI in Drosophila typically utilize ~500 bp long double-stranded
hairpin RNAs (Perrimon et al., 2010). Dcr2 processes these dsRNAs into several siRNAs
that load into AGO2 and cleave target transcripts. While dsRNA-mediated RNAi has
proven to be a powerful tool for silencing in somatic cells, it is ineffective in the female
germline, preventing similar studies in oogenesis or the germline piRNA pathway.
Furthermore, the production of multiple siRNA molecules from a single dsRNA could lead
to unwanted off-target suppression of transcripts that share sufficient sequence
complementarity, a phenomenon previously observed (Kulkarni et al., 2006). Alternative
approaches using short hairpin RNAs (shRNAs) and artificial microRNAs have been
shown to trigger efficient gene silencing in mammals and plants (Paddison et al., 2004;
Schwab et al., 2006), with some reports demonstrating efficacy in flies (Chen et al.,
2007a; Haley et al., 2008). Using information gained from studies of small RNA sorting in
flies (Section 2.1.2), we designed and generated an optimized, genome-wide shRNA
library for Drosophila. This work was published as Ni, Zhou, Czech et al., 2011 in Nature
Methods.

Results

Two previous studies demonstrated the ability of miRNA mimics (constructs
modelled on a miRNA precursor) in Drosophila to repress target genes in somatic cells
and, more importantly, in the female germline (Chen et al., 2007a; Haley et al., 2008).
Our shRNA constructs are based on a similar design, with sequences targeting the gene
of interest embedded into the miR-1 scaffold (Fig. 2-6a). Based on our knowledge from
previous studies (Tomari et al., 2007; Czech et al., 2009; Okamura et al., 2009; Czech &
Hannon, 2011), we expect Drosha/Pasha and Dcr1/Logs complexes to process these
shRNA precursors to yield small RNA duplexes, with the perfect duplex structure without
mismatches ensuring predominant loading of shRNAs into AGO2. In addition, we also
designed the shRNA duplexes to feature thermodynamic asymmetry that would favour
the desired strand for loading (Khvorova et al., 2003; Schwarz et al., 2003), further
reducing putative off-target effects. To facilitate cloning and to ensure robust expression
of shRNAs, a new vector, named pVALIUM20, was constructed by inserting the miR-1

backbone and unique restriction sites for introduction of desired sequences. This vector
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also contained features of the UAST plasmid (10x UAS sites, hsp70 core promoter,
SV40 polyadenylation signal), which allows spatially and temporally regulated expression

via the GAL4 transcription activator protein (Brand & Perrimon, 1993).
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N). (b) Northern blots of AGO1- and AGO2-associated RNAs from S2 cells transfected with
a construct expressing shRNA-N. The membrane was sequentially probed for miR-bantam,
esi-2.1 and shRNA-N (c) Small RNA sequencing from S2 cells independently transfected
with the indicated shRNA constructs was carried out. Heat maps showing the relative levels
of the 30 most abundant miRNAs and the indicated shRNA in each library were calculated.
MiR and miR* strands are shown separately (grey-scale) with their ratio calculated (green-
red-scale) (d) ShRNA reads within the indicated libraries were mapped onto their originating
precursor transcripts, with the guide/miR strand in red and the passenger/miR* strand in
blue bars. Sharp peaks at the intended cleavage sites indicate accurate 5 and 3’
processing. (Image and legend modified from: Ni, Zhou, Czech et al., 2011)
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To ensure shRNAs are generated and loaded as predicted, several shRNA
constructs were expressed in S2 cells depleted of components of the miRNA and siRNA
pathways. The effects of these knockdowns on shRNAs were compared to endo-siRNAs
(esi-2.1) and miRNAs (miR-bantam) by Northern blots. Depletion of the miRNA pathway
factors Drosha and Pasha (combined), Dcr1, Logs or AGO1 resulted in reduced mature
miR-bantam levels, which was accompanied by precursor accumulation when Logs or
Dcr1 were depleted. Knockdown of the siRNA pathway factors dcr2, r2d2, or ago2

substantially reduced the levels of esi-2.1, without affecting miRNAs. Consistent with
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previous reports (Czech et al., 2008; Okamura et al., 2008a; Zhou et al., 2009),
knockdown of logs also reduced the levels of esi-2.1. As expected from their miRNA
scaffolds, the processing of shRNAs depended on canonical miRNA pathway
components, while the substantial but not complete resistance of shRNAs to [3-
elimination suggests that the majority of shRNAs associates with AGO2.
Immunoprecipitation of AGO1 and AGO2 complexes followed by Northern blots also
revealed that the major shRNA fraction is bound to AGO2, though a small portion
associated with AGO1 (Fig. 2-6b). Taken together, shRNAs are processed and loaded in
vitro as the design intended.

Deep sequencing of small RNAs from S2 cells expressing shRNAs identified
expression levels similar to abundant microRNAs (Fig. 2-6¢). Mapping of shRNA
sequences onto their corresponding precursors confirmed their accurate processing, with
the 5’ ends of shRNAs perfectly matching to the predicted RNase Il cleavage sites (Fig.
2-6d). As intended, the dominant length of shRNAs is 22-nt, and the ratios between
guide and passenger strands of shRNAs mirror the patterns predicted by thermodynamic
differences (Khvorova et al., 2003; Schwarz et al., 2003), with guide strands significantly
more abundant (Fig. 2-6d). Dominant guide strand loading is particularly important, as
loading of passenger strands would trigger the suppression of different targets. Our
results demonstrate that shRNAs from our miRNA-mimics are (1) abundantly expressed,
(2) precisely processed, and (3) predominantly produce guide strands. Therefore, we
believe that they are capable to reliably silence their intended targets.

To test the efficacy of our shRNA design, we generated several shRNAs against
white (shRNA-w) or Notch (shRNA-N), cloned them into pVALIUM20 vectors, and
established transgenic fly lines. Somatic expression of shRNA-w using the eye-specific
GMR-GAL4 driver (Freeman, 1996) resulted in an eye colour phenotype highly
reminiscent of reported white null mutants, while lines expressing traditional, long dsRNA
constructs show less severe phenotypes (Fig. 2-7a). Forced expression of shRNA-N by
the wing-specific driver C96-GAL4 (Presente et al., 2002) produced notched wings with
abnormal veins (Fig. 2-7b), similar to the wing phenotypes described for mutant Notch
alleles, with shRNA-mediated phenotypes more penetrant than those from long hairpin
RNAs. Additional shRNA and long hairpin lines against other targets with known
phenotypes confirmed these results, indicating the higher effectiveness of shRNAs in
silencing their targets.

To confirm that our shRNA constructs are functional in the female germline, we
generated shRNAs against the piRNA pathway components Piwi, Aub, Armi, and Spn-E
(expressed from pVALIUM20) induced by the germline driver MTD-GAL4 (bearing three
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strong promoters active in Drosophila germ cells) (Petrella et al., 2007). These flies
exhibit the expected oogenesis defects (e.g., transposon de-repression) in the female
ovary, though the effects are not as robust. To optimize the shRNA expression in
germline cells, we generated pVALIUM22, which contains features of UASp (10x UAS
sites, P-element transposase minimal promoter, K10 polyadenylation signal) (Rorth,
1998). Depletion of the same piRNA pathway genes (Piwi, Aub, Armi, Spn-E) with the
improved construct resulted in stronger phenotypes, similar to those reported in null
mutants. Immunofluorescence staining shows strong, germline-specific depletion of the
targeted proteins (Fig. 2-7c), and consequently resulted in complete sterility (Fig. 2-7d)
accompanied by dramatic de-repression of transposable elements as shown by
quantitative polymerase chain reaction (QPCR) (Fig. 2-7e). Transposon mobilization was
confirmed by immunofluorescence staining for the ORF1 of the l-element, a LINE-like
transposon, which showed strong accumulation in early egg chambers upon depletion of
Spn-E (Fig. 2-7f).

Our results demonstrate the superior silencing effectiveness of shRNAs in
somatic and germline cells compared to long dsRNA hairpins. We therefore started to
generate a genome-wide library of shRNA constructs for use in cell culture and the
production of transgenic fly lines (Transgenic RNAi Project (TRiP), Harvard). Using the
DSIR (Designer of Small Interfering RNA) prediction algorithm (Vert et al., 2006), 83,256
unique shRNA constructs were designed, targeting all 14,208 annotated protein-coding
genes (Drosophila genome release 5, April 2006), with an average coverage of ~6
shRNAs per gene. Oligonucleotides corresponding to the designed shRNA sequences
were synthesized in situ on custom Agilent microarrays (Cleary et al., 2004), amplified,
and cloned in pools into pVALIUM20 and pVALIUM22 vectors. Individual clones were
picked and sequenced (by Open Biosystems and iXpress), with positive clones
transferred into 96-well plates and re-confirmed by in-house sequencing. The library
construction is still in progress, with transgenic flies continuously being made available

through the TRiP homepage.
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Fig. 2-7. Phenotypes of shRNA-mediated gene silencing. (a) Comparison of shRNA-
(right) and dsRNA-mediated (middle) knockdown of white using the GMR-GAL4 driver. Wild-
type is shown to the left (Scale bars equal 100 um). (b) C96-GAL4-mediated depletion of
Notch in the wing compared to wild-type (Scale bars equal 400 um). (c)
Immunofluorescence staining of piRNA pathway components in early egg chambers
showing germline-specific depletion of indicated factors upon shRNA-mediated knockdown
with the MTD-GAL4 driver. DAPI is used to stain DNA (blue) and specific factors are
coloured in green (Scale bars equal 20 um). (d) Female fertility rates upon germline
knockdown of indicated piRNA pathway factors (using MTD-GAL4 and VALIUM22-
expressed shRNAs). Between 300 and 500 eggs were counted for each knockdown. (e)
Steady-state levels of two transposable elements (HeTA and blood) and the germline-
expressed nanos control upon germline-specific depletion of the indicated piRNA pathway
factors. Data is compared to white knockdowns and normalized to rp49. Shown are average
data of three independent biological replicates. Error bars indicate SD (n = 3). (f)
Immunofluorescence staining of the ORF1 (green) of the I-element transposon in early egg
chambers upon knockdown of Spn-E (left) compared to wild-type (right). DAPI was used to
stain DNA (blue). Scale bars equal 20 um. (Image and legend modified from: Ni, Zhou,
Czech et al., 2011)
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Conclusions

Our work has demonstrated the superior performance of shRNAs compared to
traditional silencing triggers generated from long dsRNAs. We show that shRNAs
generate more potent knockdowns than dsRNA hairpins, comparable to genetic ablation
in null mutants. Furthermore, shRNAs have been shown to function in the female
germline, thus enabling reverse genetics studies of oogenesis and the piRNA pathway.
As per our design, the biogenesis of shRNAs involves Drosha/Pasha and Dcr1/Logs
complexes, but — due to their perfect duplex structure — they are predominantly loaded
into AGO2 via the canonical siRNA loading machinery. Whether shRNAs are less prone
to mediate off-target effects has yet to be addressed, though with only two sequences
produced, one of which is strongly favoured for loading, the theoretical potential of off-
target effects is much lower. Unfortunately, residual loading of shRNAs into AGO1 might
have an unforeseen effect, and could lead to unwanted suppression of targets through
seed matches similar to silencing via the miRNA pathway. The production of the
genome-wide shRNA library is underway, and we hope that these shRNAs will find broad

applications, especially in resolving the germline piRNA pathway.
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2.2 Partll: Biogenesis and function of piRNAs in Drosophila

2.2.1 Identification of shutdown as a piRNA biogenesis factor

Background

Reproductive fitness of individuals strongly depends on the integrity of their
gametic genomes. In animals, the piRNA pathway has evolved to protect the genetic
material of germ cells against the deleterious effects of transposon mobilization, and to
maintain genomic integrity (Khurana & Theurkauf, 2010; Senti & Brennecke, 2010; Siomi
et al.,, 2011). The pathway utilizes piRNA clusters, which contains remnants of recent
and past transposition events, to generate silencing triggers (primary piRNAs) capable of
detecting active mobile elements (Aravin et al., 2006; Girard et al., 2006; Brennecke et
al., 2007). Upon identification and targeting of transposon transcripts, the ping-pong
cycle further amplifies the silencing triggers via the generation of secondary piRNAs,
thus enabling an enhanced response to active transposon threats (Brennecke et al.,
2007; Gunawardane et al., 2007; Li et al., 2009; Malone et al., 2009). While several
genes were linked to primary piRNA biogenesis or the ping-pong cycle (Chen et al.,
2007b; Klattenhoff et al., 2007; Pane et al., 2007; Li et al., 2009; Malone et al., 2009;
Szakmary et al., 2009; Haase et al., 2010; Olivieri et al., 2010; Saito et al., 2010; Handler
et al., 2011; Zamparini et al., 2011), their precise molecular functions remain largely
unknown. Many were originally reported in a study aimed to identify genes affecting
female fertility in Drosophila (e.g., aub, squ, zuc, cuff) (Schipbach & Wieschaus, 1989;
Schipbach & Wieschaus, 1991), and their associated mutant phenotypes became the
hallmarks of piRNA pathway perturbations.

A recent study from our laboratory has identified members of the FK506-binding
protein (FKBP) family as protein partners of mammalian PIWI-clade proteins (Vagin et
al., 2009). In addition to their characteristic FK506-binding protein domain, FKBP
members often also feature tetratricopeptide repeat (TPR) domains, which mediate
protein-protein interactions with heat shock proteins (HSPs) (Pratt, 1998; Pratt et al.,
2004; Allan & Ratajczak, 2011), with the latter shown to participate in RISC loading in
mammals and Drosophila (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al., 2010b; Iki
et al., 2012). Intriguingly, the proteins and domain structures of some FKBP members
are conserved between mammals and flies.

To address a potential role of Drosophila FKBP family members in the piRNA

pathway, we depleted each protein and probed for transposon de-repression and sterility
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phenotypes. Out of those investigated, only shutdown showed defects reminiscent of
known piRNA factors. Analyses of small RNA profiles identified shu as important factor
for the biogenesis of primary and secondary piRNAs. This work was published as Preall,
Czech et al., 2012 in RNA.

Results

Encouraged by the interaction studies of PIWI-clade proteins (Vagin et al., 2009),
we investigated the impact of FKBP proteins on the Drosophila piRNA pathway.
Drosophila encodes eight members of the FKBP family (Fig. 2-8a) that are all expressed
in ovaries and OSS cells based on RNAseq (Fig. 2-8b). However, only shu showed
significantly enriched ovarian expression compared to other tissues (Fig. 2-8b)
(Chintapalli et al., 2007).
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Fig. 2-8. The FKBP-family protein Shu is required for transposon silencing. (a)
Schematic drawing of the domain structures of the eight Drosophila FKBP-family proteins.
(b) RNAseq data showing relative expression of fly FKBP-family members in ovaries and
OSS cells. The enrichment for ovarian expression (compared to other tissues) is shown to
the right. The expression of white and piwi is shown as comparison. (¢) De-repression of the
HeTA transposon upon knockdown of each individual FKBP-family member in germ cells
was detected by qPCR. White and Piwi depletion served as controls. Effects of germline
knockdowns on fertility, fertile (+) or sterile (-), are shown to the right (Image and legend
modified from: Preall, Czech et al., 2012)

We tested the participation of individual FKBP family members in piRNA silencing
by knockdown experiments using the GAL4-UAS system (Brand & Perrimon, 1993). In
vivo depletion of FKBP proteins was performed by crossing virgin females expressing the
germline-specific driver (nos-GAL4) (Tracey et al., 2000) to males carrying a hairpin
against our gene of interest under the control of the UAS promoter (UAS-dsRNA-x) (from
the Vienna Drosophila RNAi Center, VDRC) (Dietzl et al., 2007). The females also
possess a UAS-driven construct to overexpress Dcr2, which has been shown to
overcome previously observed limitations in efficiency of dsRNAs in germ cells of the

female ovary (Handler et al., 2011; Wang & Elgin, 2011). Two hallmarks of canonical
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piRNA mutants, transposon de-repression and female sterility, were used to score the
requirement of FKBP proteins in the piRNA pathway. Steady-state levels of the germline-
specific transposon HeTA was assessed by gPCR in RNA isolated from ovaries depleted
of individual FKBP family members (Fig. 2-8c). Only Shu depletion resulted in HeTA de-
repression, similar to what was observed with piwi knockdowns. Accordingly, female
sterility was only observed in shu and piwi knockdowns, with other FKBP knockdowns
showing no effects (Fig. 2-8c). Interestingly, mutations in shu were previously reported to
affect female fertility and proper germline development (Schipbach & Wieschaus, 1991;
Munn & Steward, 2000).

The impact of germline depletion of Shu on other transposons was analysed by
gPCR and compared with knockdowns of armi and piwi, both of which are key
components of the piRNA pathway (Fig. 2-9a). Depletion of Shu de-repressed several
germline-specific elements (e.g., TAHRE, TART, HeTA, burdock, transpac) similar to
levels in armi and piwi control knockdowns, but has no effect on transposons specific to
somatic cells (e.g., ZAM). Germline-specific depletion of Piwi, Armi, or Shu caused
severe sterility, where none of the eggs were viable (Fig. 2-9b). In addition, shu
knockdown in germline cells results in an egg phenotype with fused dorsal appendages
similar to other reported piRNA mutants (Fig. 2-9c). This phenotype is indicative of
patterning defects during oogenesis as a consequence of transposition-induced DNA
breaks and subsequent meiotic checkpoint activation (Theurkauf et al., 2006; Chen et al.,
2007b; Klattenhoff et al., 2007). Females with germline-specific depletion of Shu also
produced significantly fewer eggs than other mutants (Fig. 2-9b), indicating additional
defects associated with shu depletion.

Under normal conditions, Piwi shows nuclear localization in both somatic follicle
and germline cells (Cox et al., 1998; Cox et al., 2000; Saito et al., 2006; Brennecke et al.,
2007), but impaired primary biogenesis results in unloaded Piwi, which remains
cytoplasmic (Malone et al., 2009, Saito et al., 2009; Klenov et al., 2011). Aub and AGO3,
in contrast, are exclusively expressed in nurse cells of the germline and localize to a
perinuclear structure called nuage, with disruptions of secondary piRNA production
causing the redistribution of Aub and AGO3 to sparse, cytoplasmic foci (Brennecke et al.,
2007; Gunawardane et al., 2007; Lim & Kai, 2007; Nishida et al., 2009). Thus,
localization patterns of PIWI-clade proteins can serve as indicators for defects in primary

biogenesis and ping-pong cycle (Malone et al., 2009).
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Fig. 2-9. Knockdown of shu in the germline results in typical piRNA pathway
phenotypes. (a) Heat map showing global transposon de-repression upon germline
knockdown of shu compared to depletion of white, armi and piwi. (b) Shu depletion and
RNAI against armi and piwi in germline cells results in female sterility (hatching rates are
zero). Shu depleted females lay fewer eggs than flies depleted of other piRNA pathway
factors. (c) Fused dorsal appendages indicate patterning defects upon germline knockdown
of shu. (d) Germline knockdown of shu causes delocalization of Piwi from nuclei. In addition,
Aub and AGO3 delocalized from nuage, with nuage still intact as shown by Vas staining.
RNAi against white served as control (e) Soma-specific depletion of Shu results in
delocalization of Piwi from follicle cell nuclei. Knockdown of white is shown as control (Image
and legend modified from: Preall, Czech et al., 2012)

Ovaries with reduced Shu expression show delocalization of all PIWI-clade
proteins, with Piwi redistributed to the cytoplasm, and Aub and Ago3 absent from nuage
(Fig. 2-9d). However, the nuage structure in general was not disrupted, as Vasa, a major
factor for nuage organization (Liang et al., 1994; Malone et al., 2009), showed no altered
localization (Fig. 2-9d). Knockdown of shu in somatic cells using the follicle cell specific
tj-GAL4 driver (Tanentzapf et al., 2007; Olivieri et al., 2010) also delocalizes Piwi from
nuclei (Fig. 2-9e), while Yb-bodies, the suggested sites of Piwi loading (Szakmary et al.,
2009; Olivieri et al., 2010; Saito et al., 2010; Qi et al., 2011), remained unaltered. Our
results suggest that shu is a bona fide piRNA pathway component and plays a role in

primary biogenesis and in the ping-pong amplification loop.
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We further analysed the impact on small RNA profiles upon depletion of shu in the
soma and germline. Small RNA libraries were generated from germline knockdowns
(using the nos-GAL4 driver), and normalized using read counts of piRNAs uniquely
mapped to the soma-specific flam cluster, which should be unaffected. Germline-specific
depletion of shu caused a dramatic reduction in piRNAs derived from all germline
clusters (Fig. 2-10a). Compared to the white control, shu depletion caused a 11.4-fold
reduction in piRNA levels from the 42AB cluster. This is more severe than the piwi
knockdown (2.8-fold reduction), though Piwi-independent loading of Aub and AGO3 with
42AB piRNAs could account for the less pronounced impact. Shu knockdowns in germ
cells also dramatically reduce piRNA levels of other germline clusters (e.g., 20A, 38C,
80E), but have no effects on somatic clusters (Fig. 2-10b).

To assess the effect of Shu on the piRNA amplification loop, we analysed ping-
pong signatures in piRNAs, which are defined by the relative frequency of 10-nt overlaps
between two reads of opposite orientations. Consistent with the significant depletion of
42AB-derived piRNAs, shu knockdowns display a dramatic reduction in ping-pong
signatures (Fig. 2-10a). This was in contrast to piwi knockdowns, which caused no
change of ping-pong signatures as predicted due to unperturbed Aub and AGO3 loading.
Furthermore, depletion of Shu did not change miRNA levels, indicating a specific role in
the piRNA pathway.

The somatic follicle cells only express Piwi, and therefore only employ a primary
biogenesis pathway without ping-pong amplification. In these cells, Piwi is mainly
associated with piRNAs derived the somatic flam cluster (Brennecke et al., 2007; Lau et
al., 2009; Malone et al., 2009; Saito et al., 2009). To address the role of Shu in ovarian
somatic cells, we generated small RNA libraries from follicle cell knockdowns (using the
tj-GAL4 driver), and normalized using read numbers of piRNAs uniquely mapping to the
germline-specific 42AB cluster, which was not affected by somatic knockdowns.
Depletion of Piwi or Shu caused a marked reduction of piRNAs derived from the flam
locus compared to the control (5.2-fold and 2.9-fold respectively), with similar results at
another soma-specific locus (the 3’' UTR of %) (Fig. 2-10c) (Lau et al., 2009; Saito et al.,
2009). Consistent with previous reports, germline clusters remained unchanged (Fig. 2-
10d), and flam-derived piRNAs show no ping-pong signature upon either knockdown
(Fig. 2-10c). Lastly, other small RNA classes, including miRNAs and endo-siRNAs, were

not affected by shu knockdowns.
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Fig. 2-10. Shu depletion causes loss of cluster-derived piRNAs in germline and
somatic tissues. (a) Density plots of piRNAs mapping to the germline cluster 42AB are
shown in ovaries from flies with indicated germline knockdowns using nos-GAL4 (top). The
size distribution of sense (red) and antisense (blue) reads matching to the germline 42AB
and the somatic flam clusters are shown as histograms (middle). Ping-pong signatures
(peak at position 9 highlighted by arrow) of piRNAs mapping to 42AB and flamenco clusters
are displayed as histograms (bottom). (b) Histograms showing relative piRNA levels for
indicated germline and somatic clusters. As somatic piRNA populations were unaffected by
germline specific knockdowns, piRNAs mapping to flamenco were used for normalization
across libraries. For better comparison, reads in white controls were set to 100%. (¢) and (d)
are similar to (a) and (b), but knockdowns were in somatic follicle cells (using the {-GAL4
driver). Instead of 42AB, reads mapping to flam are shown in (c); and libraries in (d) were
normalized to reads mapping to 42AB (not affected by soma-specific knockdown). (Image
and legend modified from: Preall, Czech et al., 2012)

We next analysed the impact of germline-specific shu knockdowns on
transposon-derived piRNAs by quantifying sense and antisense piRNAs matching to a
set of 75 established Drosophila transposable elements. PiRNAs corresponding to
transposons with prominent germline expression (e.g., HeTA, TAHRE, TART, Rt1b, I-
element) were substantially reduced by shu knockdowns, with sense and antisense
piRNAs affected to similar extents. This suggested loading defects of all three PIWI-
clade proteins upon Shu depletion. Consistent with our results from cluster piRNAs, only

shu knockdowns resulted in reduced ping-pong signatures of piRNAs matching to
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germline-biased elements (e.g., Rt1b, roo), whereas knockdown of piwi had no effect.
Lastly, piRNAs matching to transposons known to be active only in somatic cells (e.g.,

gypsy, tabor, ZAM) were not altered significantly upon germline depletion of Shu or Piwi.

Conclusions

Previous studies from fly genetics and proteomics of PIWI-clade proteins in mice
have implicated proteins of the FKBP family as components of the piRNA pathway
(Schupbach & Wieschaus, 1991; Munn & Steward, 2000; Vagin et al., 2009). Here, we
depleted each of the eight Drosophila FKBP proteins in germ cells of the female ovary to
assess their impact, and only shutdown was shown to be required for transposon
silencing and female fertility. A detailed phenotypic analysis revealed additional defects
upon germline-specific depletion of Shu that are reminiscent of known piRNA mutants,
such as egg patterning issues and mislocalization of PIWI-clade proteins. Small RNA
profiles from soma- or germline-specific shu knockdowns also display a dramatic
reduction of primary and secondary piRNA levels, which consequently results in a loss of
ping-pong signatures. These results implicate Shu as a bona fide piRNA pathway
component. Interestingly, Shu is the first gene identified to affect the levels of both
primary and secondary piRNAs.

Our results point to an evolutionarily conserved role for FKBP proteins in the
piRNA pathway. Various reports have demonstrated an interaction of FKBP proteins with
HSP90 chaperone complexes via their TPR domain (Pratt, 1998; Pratt et al., 2004; Allan
& Ratajczak, 2011), with HSP90 complexes shown to facilitate loading of RISC with
small RNAs (Iki et al., 2010; lwasaki et al., 2010; Miyoshi et al., 2010b; ki et al., 2012).
Therefore, it is possible that shu might function in loading of piRNAs into PIWI-clade
effector complexes, and play important roles in assembling piRNA-primed RISC in the
Drosophila germline. A more detailed characterization of Shu will require the combination

of biochemical and genetic approaches.

2.2.2 A transcriptome-wide RNAIi screen in Drosophila ovaries reveals novel
factors of the germline piRNA pathway
Background
Eukaryotic organisms of all phyla are constantly challenged by genomic parasites
known as transposons. Uncontrolled mobilization of transposable elements causes
malignant alterations to the host genome such as disruption of regulatory or coding
regions, DNA breaks or high-order chromosomal rearrangements (McClintock, 1951),

and dramatically compromise reproductive fitness if occurring in germ cell lineages
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(Slotkin & Martienssen, 2007; Malone & Hannon, 2009). Potent repression of mobile
elements in animal germ cells relies on the piRNA pathway, which consists of 23- to 28-
nt piRNAs and their PIWI-clade Argonaute partner proteins (Malone & Hannon, 2009;
Khurana & Theurkauf, 2010; Senti & Brennecke, 2010; Siomi et al., 2011). In Drosophila,
two inter-related branches of the piRNA system exist, with primary biogenesis being the
sole pathway in somatic follicle cells (but also active in germ cells) and the ping-pong
amplification cycle operating exclusively in the germline (Malone et al., 2009). Although
we are beginning to understand basic concepts of piRNA-mediated silencing, many key
aspects of the pathway are still enigmatic, due to gaps in our knowledge of central
factors such as nucleases and silencing effectors.

Most of the factors that play essential roles the piRNA pathway were originally
uncovered by classic genetic screens, which aimed to identify mutations responsible for
female fertility or oogenesis (Schiupbach & Wieschaus, 1989; Schipbach & Wieschaus,
1991). Due to technical limitations in the female germline, reverse genetic approaches
have not been deployed for de novo identification of piRNA components. However, we
and others have recently shown that efficient gene silencing in germ cells can be
achieved by over-expression of Dcr2 (Handler et al., 2011; Wang & Elgin, 2011; Preall et
al., 2012). In order to reveal the entire repertoire of genes required for proper transposon
silencing, we designed an RNAi-based screen to systematically probe for missing
components of the piRNA pathway in vivo. We specifically targeted the germline
pathway, which comprises both Drosophila piRNA pathway branches - primary
biogenesis and ping-pong amplification — and will therefore cover the broadest range of
novel factors. Here, we report the results from our screen that encompassed the ovarian
transcriptome and identified 74 genes, including already known piRNA pathway
components, whose knockdown resulted in dramatic loss of transposon silencing of four
distinct mobile elements that represent different transposon classes.

This work is under preparation for submission to Cell as Czech, Preall et al. The

final manuscript version might vary in content from the one presented here.

Results

We first catalogued the expressed ovarian transcriptome by RNAseq, with the
goal of identifying genes that showed expression above basal levels, which is suggestive
of functional relevance in the ovary. Quantification of mRNAs from ovaries of our
screening stock, expressing UAS-Dcr2 and nos-GAL4, revealed expression of 8,396
protein-coding genes with an average fragments per kilo base per million reads (FPKM)

greater than 1 in two biological replicates (Fig. 2-11a, top). This corresponds to 60.86%
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of the 13,795 annotated genes in Drosophila melanogaster (Refseq release 5.48; non-
coding transcripts were removed). RNAI lines were obtained from the Vienna Drosophila
RNAI Center (VDRC; Dietzl et al., 2007) for 8,171 of these genes, covering 97.32% of
ovary-expressed coding transcripts that we identified (Fig. 2-11a, bottom). For the RNAI-
based screen, we used our previously reported knockdown strategy for germline-specific
gene depletion (Preall et al., 2012), where males possessing the UAS-driven dsRNA
were mated with virgin females carrying the germline-specific nos-GAL4 driver and a
UAS-Dcr2 transgene, which increases RNAI efficiency (Handler et al., 2011; Wang &
Elgin, 2011). As a proof of concept, depletion of Piwi or Armi resulted in strong and
specific de-repression of germline-dominant mobile elements, as shown by increased

transposon transcript levels detected in dissected ovaries (Fig. 2-11b).
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Fig. 2-11. Establishment of screening assays to monitor transposon de-repression. (a)
Relative expression levels of protein-coding genes in Drosophila melanogaster are shown
for ovarian RNAseq data as histogram. Green bars highlight ovary-expressed genes with
FPKM > 1 (top). Doughnut diagram showing screened genes where dsRNA line was
available from the VDRC (bottom). (b) Histograms show the relative expression levels of
indicated transposons detected in ovaries from Drosophila that express dsRNA against piwi
or armi in germline cells. Fold changes are relative to knockdown of white. Measurements
were carried out on ovary-dissected total RNA. Error bars indicate standard deviation (n =
3). (c) Relative expression levels of the indicated mobile elements upon germline-specific
knockdown of piwi and armi are shown. Depletion of Yb served as control. Fold changes
relative to dsRNA against white (indicated by red line) were calculated. Measurements were
carried out on RNA extracted from whole female flies. Error bars indicate standard deviation
(n = 3). (d) Scheme of the screen setup. A germline-specific driver, nos-GAL4, was used to
express UAS-dsRNA constructs in germ cells of the developing oocyte. UAS-Dcr2 was co-
expressed specifically in germ cells to enhance the RNAI response. Two and a half day old
female offspring flies were collected and following RNA isolation and reverse transcription
probed for de-repression of four transposons by multiplexed gqPCR. Crosses were carried
out in trays of 96 that contained a positive (armi) and negative (white) control knockdown.
(Image and legend modified from: Czech, Preall et al., in preparation)
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To assess transposon de-repression upon knockdown of ovarian genes, we assay
the expression of two LINE-like transposons, HeTA and TAHRE, as well as two LTR
elements, blood and burdock, chosen for their consistent and robust fold changes when
known piRNA components were depleted. RNA was isolated from whole adult females,
and transposon transcripts were quantified simultaneously using custom TagMan probes
and established multiplexed qPCR assays. The results were normalized to transposon
levels observed in knockdown of white, a gene not associated with the piRNA pathway.
We were able to demonstrate high specificity and dynamic range of our assays, as
shown by strong transposon de-repression phenotypes when Armi or Piwi were depleted
(Fig. 2-11c). It also verified that whole adult females could substitute for dissected
ovaries in our assays, which significantly simplified the workflow for large-scale
screening. In addition, these results show the restriction of knockdown to the germline
lineage, as depletion of the soma-specific factor Yb did not alter transposon levels.

The large-scale screening to identify components required for piRNA-mediated
transposon silencing was carried out using the following workflow. Virgin females
expressing UAS-Dcr2 and nos-GAL4 were mated to males carrying a dsRNA hairpin
against the gene of interest under the control of the UAS promoter. Crosses were setup
in parallel in batches of 96 matings (94 experimental dsRNA lines with 2 controls
targeting white and armi). Flies were mated for seven days, after which the adults were
disposed, leaving the F1 larvae behind. After another five days, eclosing offspring flies
were transferred to fresh food vials and left to mature for an additional 2.5 days. Once
matured, six females from each cross were transferred to collection tubes, and total RNA
was isolated, reverse transcribed and used as template in multiplexed gPCRs for the four
transposons (Fig. 2-11d). To compare individual de-repression patterns across batches
of matings, primary data was converted into z-scores, which indicates the deviation of
the observed result (QPCR cycle number of rp49 normalization subtracted from cycle
number for transposon) from the mean value, expressed as a multiple of the standard
deviation. Z-scores with negative values indicate transposon de-repression.

Using this strategy, we screened a collection of 8,171 dsRNA lines in vivo for
genes involved in transposon silencing of HeTA, TAHRE, blood, and burdock elements.
To increase the stringency for potential candidates, the average z-scores of all four
transposons were calculated and heat maps were computed (Fig. 2-12a). We
established a threshold of -1.5 or lower in the average z-score to identify potential
candidates, and based on this cut-off, we found 216 dsRNA lines that result in strong
loss of transposon silencing, corresponding to 2.64% of all lines tested. Strikingly,

requiring these criteria for candidate selection, all of the positive armi controls present
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within each screened batch were included, whereas all negative white controls were

excluded (Fig. 2-12c), suggesting that our threshold was sufficiently stringent.
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Fig. 2-12. Summary of primary screen results and determination of candidate hits. (a)
Heat map displaying transposon de-repression (as z-scores) for all 8,171 investigated ovary-
expressed genes in red-blue scale. The average of the four tested transposons is shown
along the separate z-scores of HeTA, TAHRE, blood, and burdock. Negative z-scores
indicate transposon de-repression (shown in red). (b) Close-up of the heat map for 216
candidate hits with average z-score < -1.5. (¢) Box plots summarizing z-scores of all
screened genes, positive armi controls, and negative white controls. Average data from four
transposons was used for the analysis. (Image and legend modified from: Czech, Preall et

al., in preparation)

Depending on the magnitude of de-repression (as denoted by the z-score), we

further categorized the 216 candidates into “weak” and “strong” groups, using an

average z-scores of -2.0 or lower as cut-off for inclusion into the “strong” category (Fig.

2-12b). Using these very stringent criteria, we uncovered 74 genes with strong loss of
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transposon silencing, which contain all known piRNA pathway components, except
eggless, thus providing internal validation of our screen.

To confirm and extend our findings, the 216 candidates identified in our primary
screen were re-examined by crossing our driver stock with dsRNA lines used in the
original screening, and where available, a second independent RNAI line targeting a
different region of the candidate gene (dsRNA or shRNA derived either from the VDRC
or TRIP stock centres). Transposon levels were measured using multiplexed qPCRs,
with two additional germline-expressed genes, nos and yTub37C, also investigated. To
improve comparison between data sets, we normalized all expression changes to the
average of two armi control knockdowns performed concurrently. Furthermore, we
analysed potential fertility defects of F1 offspring flies by counting the number of larvae
and pupae. Heat maps summarizing all assayed parameters are shown for the 75
strongest hits (Fig. 2-13). Overall, we found significant overlap between primary screen
data and the validation experiments using identical dsRNA lines and independent RNAI
lines targeting the same candidate gene. These results provide convincing evidence that
the screen and associated assay is highly reproducible, and that our data is very robust.
Notably, we were also able to demonstrate correlations between compromised fertility
and either reduced expression of the germline markers nos and yTub37C, or general
transposon de-repression (similar to armi knockdowns).

All known piRNA pathway components previously reported to affect the germline
pathway — Shu, AGO3, Vas, Rhi, Squ, Piwi, Tej, Mael, Cuff, Vret, Zuc, Armi, Spn-E,
BoYb, CG5508 (recently named Mino), Aub and Qin — were uncovered by our re-
screening efforts, with the exception the aforementioned Egg and Krimp, which was not
screened due to the unavailability of dsRNA lines. We also identified numerous novel
candidates that, when depleted from germ cells, result in severe transposon de-
repression and is often accompanied by fertility defects. An intriguing candidate
exhibiting a dramatic transposon de-repression phenotype was deadlock (del), which
was previously reported as important for germline maintenance and female fertility
(Schipbach & Wieschaus, 1991; Wehr et al., 2006). Mutations in del result in defects
during early oogenesis (Wehr et al., 2006). Another dsRNA line that caused strong de-
repression of all four measured transposable elements targeted the gene CG2783, which
we named GASZ after its nearest vertebrate counterpart (GASZ, Germ cell specific
protein with Ankyrin repeats, Sterile alpha motif, and putative basic leucine Zipper
domain) (Yan et al., 2002; Yan et al., 2004). Drosophila and vertebrate GASZ share the

ankyrin repeats and sterile alpha motif, but not the leucine zipper domain. Murine GASZ
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is characterized as nuage component, with its loss resulting in sterility, accompanied by

transposon de-repression and significantly reduced piRNA levels (Ma et al., 2009).
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Yet another candidate hit, Ars2, was previously reported to impact miRNA and
siRNA biogenesis (Gruber et al., 2009; Sabin et al., 2009), but has yet to be linked to the
piRNA pathway. In all, we identified a total of 74 factors with pronounced effects on all
transposons tested, with 58 genes previously not associated with transposon silencing.

To characterize the functions of GASZ and Del at the molecular level, we first
studied the subcellular localization pattern of selected core components of the piRNA
pathway upon germline-specific knockdown (Fig. 2-14). Knockdown of white (w), which
does not affect the piRNA pathway, serves to illustrate the wild-type distribution for the
investigated proteins: Piwi is localized to nurse cell nuclei, Aub and AGO3 are both
enriched in nuage granules, and Armi is detected in diffuse perinuclear structures
reminiscent of nuage (Cox et al., 1998; Cox et al., 2000; Saito et al., 2006; Brennecke et
al., 2007; Gunawardane et al., 2007; Lim & Kai, 2007; Nishida et al., 2007; Saito et al.,
2010).

Armi

armi

nos-GAL4 driven dsRNA
gasz

del

Fig. 2-14. Subcellular localization phenotypes of core piRNA pathway components
upon depletion of the candidate factors GASZ and Del. Knockdown of armi and gasz in
the germline using nos-GAL4 causes Piwi delocalization from nuclei and redistribution of
Armi from nuage-like sites. The localization of Aub and AGO3 is not changed. Nos-GAL4-
driven dsRNA against del results in redistribution of Aub, whereas the localization of Piwi,
AGO3 and Armi is not affected. Knockdown of white is shown as control. (Image and legend
modified from: Czech, Preall et al., in preparation)

Germline knockdown of armi resulted in loss of protein signal below detectable
levels, while Armi staining in adjacent follicle cells remained intact. Consistent with its

function in primary piRNA biogenesis, depletion of Armi caused a clear redistribution of

Piwi from nurse cell nuclei, but had no effect on the localization of Aub and AGO3. Upon
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knockdown of gasz, nuclear localization of Piwi was severely compromised, whereas
Aub and AGO3 appeared normal. Interestingly, we also observed a redistribution of Armi
from nuage granules into cytoplasmic speckles, suggesting a function in primary piRNA
biogenesis. Depletion of Del, in contrast, did not affect the localization of Piwi or Armi.
However, we detected a pronounced redistribution of Aub away from nuage, while AGO3
remained normal. Thus, Del could play specific roles in the ping-pong cycle.

Transposon de-repression, reduced fertility, and disturbed protein localization of
PIWI-clade members are hallmarks of bona fide piRNA pathway mutants. To directly
assess likely effects on piRNA levels, we cloned and sequenced small RNA libraries
from ovaries with germline-specific depletion of GASZ or Del. Small RNA reads were
normalized to the number of piRNAs uniquely derived from the flam cluster, which are
unchanged due to their somatic origin. These were then compared to samples generated
from germline knockdowns of several known piRNA pathway factors (Armi, Spn-E, Aub),
and genes not affected by germline knockdowns (white, yb). As expected, germline-
specific depletion of Yb and White did not alter piRNA populations, whereas all other
dsRNAs resulted in significantly reduced levels of germline-derived piRNAs (Fig. 2-15a).
As a consequence of fewer piRNA reads, we observed slightly increased miRNA
fractions in knockdowns of armi, gasz, spn-E, aub and del. PIRNAs (23- to 29-nt)
uniquely matching the germline-exclusive 42AB locus were dramatically reduced upon
depletion of Armi (35.5x), GASZ (57.4x), Spn-E (26.9x), Aub (6.0x), or Del (13.3x) (Fig.
2-15a). The abundance of cluster-derived endo-siRNAs was similar in all knockdowns,
with a marginal increase observed in cases where piRNAs were depleted.

Next, we analysed the effect of germline knockdown of gasz and del on the ping-
pong amplification cycle. The frequencies of read pairs for 42AB-derived piRNAs
generated from opposing strands and overlapping by 10-nt, were calculated as a
measure of ping-pong amplification (Fig. 2-15b). Knockdown of armi and gasz resulted in
increased ping-pong signatures when compared to white or yb. In contrast, knockdown
of spn-E and aub, factors essential to the ping-pong loop, as well as del, which affects
proper localization of Aub, resulted in significantly reduced ping-pong pair frequencies.

We also inspected the impact of germline knockdowns on piRNAs corresponding
to a set of 80 established Drosophila transposons (Fig. 2-15c). Based on previous data,
these elements can be separated into those that dominate in somatic cells, intermediate
transposons expressed in both lineages, and mobile elements predominantly active in

germ cells (Malone et al., 2009).
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Compared to white RNAI, germline depletion of Yb caused no significant changes
in piRNAs derived from any transposon category (Fig. 2-15d, top), while all other
knockdowns showed a variable but consistent reduction of piRNA levels from germline
dominant elements (Fig. 2-15c). In contrast, piRNA levels of intermediate transposons
were only mildly affected, and soma-enriched elements not changed significantly (less
than 2-fold). The abundance of piRNAs matching to germline-enriched transposons was
impaired to similar extent upon depletion of Armi and GASZ, suggesting related functions
in primary piRNA biogenesis (Fig. 2-15d, middle). Furthermore, knockdown of armi and
aub resulted in highly correlated reduction of piRNA levels (Fig. 2-15d, bottom), which is
in agreement with Aub receiving inputs from primary biogenesis (Olivieri et al., 2012)
despite normal Aub localization upon armi knockdown (Fig. 2-14).

Density plot analysis for the LTR transposon batumi, which is predominantly
active in the germline lineage, confirmed the interactions between the two candidates
and the piRNA pathway (Fig. 2-15e). While knockdown of yb showed highly similar
profiles to white controls, depletion of Armi or GASZ resulted in severely reduced piRNA
levels, with some ping-pong-derived pairs persisting. Knockdown of spn-E, in contrast,
caused dramatic loss of piRNA populations. Depletion of Aub resulted in significantly
reduced piRNA abundances, with the remaining sequences likely associated with the
other PIWI-clade proteins, Piwi and AGO3. Knockdown of del also caused a severe
reduction of piRNAs matching the batumi transposon, but had distinct patterns to all
other knockdowns.

Transposons are catalogued based on their sequence similarity, replication
intermediates, and transposition strategy, and can be separated broadly into DNA
elements and retrotransposons (Slotkin & Martienssen, 2007). The latter are further
subdivided into LTR transposons (including blood and burdock), and non-LTR elements
to which the LINE-like HeTA and TAHRE transposons belong. Given the diversity, it is
likely that transposon-specific adaptions evolved for efficient silencing of each type of
mobile element. To determine if the repression of certain transposons relies on particular
genes, we compared de-silencing phenotypes (expressed as z-scores) between
elements investigated in our primary, transcriptome-wide screen. As expected by their
similar replication cycle, z-scores for HeTA and TAHRE are highly correlated amongst
the top 500 genes scored as hits (R® = 0.62) (Fig. 2-16a). In contrast, correlations
between HeTA and the LTR elements burdock (Fig. 2-16b) or blood (Fig. 2-16¢c) were
much weaker (R?> = 0.01 and R? = 0.08, respectively), probably reflecting important
differences in the silencing determinants for these element classes. Strikingly, all 16

established piRNA pathway components showed strong transposon de-repression for all
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four elements, with an average z-score of -3.66 (+0.57). Thus, knockdowns that robustly
de-silence all four tested elements are highly enriched for core factors of the piRNA
machinery. We can classify 17 new genes (including GASZ and del) that demonstrate
consistent de-repression of all four transposons at levels similar to core components of

the piRNA pathway, suggesting that they are likely to be central players in piRNA-

mediated transposon silencing.
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Fig. 2-16. Specific requirements for silencing of different transposon types. (a) Scatter
plot comparing de-repression (as z-scores) for HeTA and TAHRE transposons (top 500
candidates from the primary screen are shown in red, median 500 candidates are indicated
in blue). Known piRNA pathway components are highlighted in green. (b) Similar to (a), but
HeTA de-repression is compared to the LTR element burdock. (c) Similar to (a), but
comparing HeTA to blood. (d) Similar to (a) except levels of blood are compared to levels of
burdock. (Image and legend modified from: Czech, Preall et al., in preparation)

In addition to identifying novel components of the piRNA pathway, our screen also
revealed an array of factors that participate in suppression of specific mobile elements or
transposon families. For example, CG5694 and Isd1 (also known as Su(var)3-3), are
critical for silencing both HeTA and TAHRE (Fig. 2-16a), but have no effect on burdock
(Fig. 2-16b) or blood (Fig. 2-16c). Lsd1 encodes for a histone demethylase, suggesting a
specific requirement for certain chromatin modifiers in silencing LINE-like elements. In

contrast, Actr13E was only necessary for the repression of blood, with little to no effect
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on the other tested elements. Although showing little correlation (R®> = 0.07), a
comparison of blood and burdock repression uncovered only very few factors that
dramatically compromised silencing in only of the two LTR transposons (Fig. 2-16d),
suggesting that both elements share a common silencing mechanism beyond the core

piRNA machinery.

Conclusions

Until now, no screen has been published that aims to systematically uncover
novel components of the highly complex germline piRNA pathway. Here, we describe the
results from RNAIi screen encompassing the ovarian transcriptome, looking for novel
piRNA pathway components and factors required for general transposon silencing. We
identified 74 genes whose depletion severely compromised suppression of four
transposons from different families. Importantly, all known piRNA machinery factors
included in the screen (with the exception of Egg) were detected within the candidate list
of 74 genes. We characterized two newly emerged candidates, GASZ and Del, which
were both previously linked to germline development (Schipbach & Wieschaus, 1991;
Wehr et al., 2006; Ma et al., 2009). They appear to be involved at different steps in
piRNA biogenesis, with GASZ likely acting in primary processing, whereas Del appears
to play a role in the ping-pong amplification cycle.

In addition, we uncovered numerous genes that were required only for the
suppression of specific transposons or element classes. Depletion of CG5694 and Isd1
ranked amongst the strongest candidates in de-repressing the LINE-like elements HeTA
and TAHRE, but merely affected the LTR transposons blood and burdock. The
identification of Isd7, which encodes a putative H3K4 histone demethylase, provides a
tempting link between the nuclear piRNA pathway (represented by Piwi) and
transcriptional regulation through histone modifications. It also raises the possibility that
distinct chromatin modifiers (and their associated histone modifications) can contribute to
the suppression of some, but not all, transposons.

Taken together, our results have introduced a significant number of novel factors
to piRNA-mediated transposon regulation. These candidates now await further
characterization at the molecular level, and will no doubt provide invaluable insights into

the biological mechanisms underlying the piRNA pathway.
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3 Discussion

3.1 The role of dsRBD proteins in dsRNA-derived small RNA biogenesis

An early model suggested two parallel, strictly separated biogenesis pathways for
Drosophila miRNAs and siRNAs of exogenous origin. In this model, miRNAs are
processed by Dcr1 and its co-factor Logs, and associate with AGO1, whereas siRNAs
depend on Dcr2 and the dsRBD protein R2D2 and load into AGO2. The discovery of
endogenous siRNAs (Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al., 2008;
Okamura et al., 2008a) and the uncovering of their biogenesis requirements (Czech et
al., 2008; Okamura et al., 2008a) raised initial doubts on the model. While processing of
endo-siRNAs from structured loci and viruses depended on Dcr2, they merely required
R2D2 (Czech et al., 2008; Okamura et al., 2008a). Instead, both siRNA types
surprisingly showed a strong dependence on the dsRBD protein Logs. Data presented in
this thesis extend these findings to other endo-siRNA classes, such as those derived
from repeats and the klarsicht locus, and those produced from convergent transcription
units (Zhou et al., 2009). All endo-siRNA types were significantly reduced upon Logs
knockdown in S2 cells or in logs mutant flies, whereas loss of R2D2 had little to no effect
on their production (Zhou et al., 2009).

Consistent with the requirement of Logs and Dcr2 for endo-siRNA production,
protein-protein interactions between these two proteins were identified (Czech et al.,
2008). Mining of quantitative proteomics uncovered a previously unknown Logs isoform,
Logs-PD, in addition to the established variants Logs-PA, Logs-PB, and Logs-PC
(Forstemann et al., 2005; Jiang et al., 2005; Saito et al., 2005; Park et al., 2007; Hartig et
al., 2009; Zhou et al., 2009). Under our conditions, isoforms PA and PC showed no
impact on the processing of miRNAs or siRNAs, probably due to their more restrictive
expression patterns. Indeed, a later report implicated Logs-PA in miRNA biogenesis
specifically in testes (Miyoshi et al., 2010a), which parallels its expression. We found that
the biogenesis of all endo-siRNA types solely depended on isoform Logs-PD, and
confirmed previous reports implying variant Logs-PB in the production of miRNAs (Park
et al., 2007). Protein interactions between Dicer proteins and specific Logs isoforms
support these findings, with Logs-PB showing the highest affinity for Dcr1, and Logs-PD
(as well as R2D2) strongly biased to interact with Dcr2 (Hartig et al., 2009; Zhou et al.,
2009; Miyoshi et al., 2010a). A subsequent report identified heterotrimeric complexes of
Dcr2, Logs-PD and R2D2, suggesting the simultaneous interaction of Dcr2 with both
dsRBD proteins (Miyoshi et al., 2010a).
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Further studies confirmed our observation that R2D2 was dispensable for the
production of endo- and exo-siRNA (Marques et al., 2010; Miyoshi et al., 2010a). R2D2
appears to act downstream of processing and instead assists Dcr2 in loading small RNA
duplexes into AGO2. Logs-PD, in contrast, is essential for efficient processing of dsRNAs
into siRNA duplexes by Dcr2 in vitro. These results suggest sequential, non-redundant
functions of Logs-PD and R2D2 (Marques et al., 2010; Miyoshi et al., 2010a). Thus, both
dsRBD co-factors are required for siRNA-mediated silencing, but they likely act at
different steps within the siRNA pathway.

Although operating in a sequence-independent fashion, fly Dicer proteins show
remarkable substrate specificity (Lee et al., 2004b). Dcr1 prefers short hairpins that
typically contain several mismatches. In contrast, Dcr2 usually operates on perfect or
near-perfect dsRNA substrates. What parameters contribute to substrate specificity?
Logs isoforms and R2D2 differ in the number of dsRNA-binding domains. While Logs-PB
possesses three domains, Logs-PD and R2D2 only feature two (Hartig et al., 2009; Zhou
et al., 2009; Miyoshi et al., 2010a), thus it is tempting to speculate that the different
domain structures of these co-factors contribute to substrate specificity. This is unlikely to
be true for Dcr1, as a recent report suggests that it recognizes the single-stranded loop
region of pre-miRNAs via its amino-terminal helicase domain (Tsutsumi et al., 2011),
thereby excluding long dsRNAs, which lack single-stranded regions, as substrates.
Biochemical studies also showed that Logs-PB enhances the catalytic activity of Dcr1
(Jiang et al., 2005; Saito et al., 2005), without influencing substrate specificity (Tsutsumi
et al.,, 2011). In contrast, recombinant Dcr2 is capable to process pre-miRNAs, with
binding of R2D2 and physiological concentrations of inorganic phosphate abolishing this
activity (Cenik et al., 2011). Logs-PD and (to a lesser extent) R2D2 increase the affinity
of Dcr2 for long dsRNA substrates in vitro, thus turning Dcr2 into a dsRNA-specific
enzyme without modulating its catalytic activity (Cenik et al., 2011).

Interestingly, the association of Dicer proteins with dsRBD partners is conserved
in other organisms. The sole mammalian Dicer protein was shown to interact with two
dsRNA-binding domain proteins, TAR RNA-binding protein (TRBP) and PKR activating
protein (PACT) (Chendrimada et al., 2005; Haase et al., 2005; Lee et al., 2006; Kok et
al., 2007), and is responsible for the production of both miRNAs and endo-siRNAs
(Zhang et al., 2002; Provost et al., 2002; Watanabe et al., 2008). To date, it is unclear
whether TRBP and PACT carry out specialized functions in either pathway, with
conflicting reports suggesting general roles such as substrate selection, enhancement of
dicing or improved loading into one of the four Argonaute effector complexes. Similarly,

Caenorhabditis elegans also encodes a single Dicer protein, DCR-1, involved in the
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biogenesis of miRNAs and siRNAs (Ketting et al., 2001). The dsRBD protein RDE-4, an
ortholog of fly R2D2, associates with worm DCR-1 and specifically functions in the siRNA
pathway, while being dispensable for miRNA biogenesis (Tabara et al., 2002). RDE-4
shows a high affinity to bind long dsRNA, but not small RNA duplexes (Parker et al.,
2006). Therefore, RDE-4 is thought to aid the conversion of long dsRNA into siRNAs by
recruiting DCR-1 to long dsRNA substrates. In Arabidopsis, which possesses several
dsRBD proteins, HYPONASTIC LEAVES 1 (HYL1, an ortholog of fly Logs) was reported
to assist DCL1 in the production of miRNAs (Han et al., 2004b; Vazquez et al., 2004;
Kurihara et al., 2006). In addition, HYL1 is required for the biogenesis of nat-siRNAs in
response to biotic (22-nt, in collaboration with DCL1) and abiotic stress (24-nt, as partner
of DCL2) (Borsani et al., 2005; Katiyar-Agarwal et al., 2006), pointing to general roles in
dsRNA substrate detection. Another dsRBD protein, DRB4, interacts with DCL4 to
produce phased 21-nt duplexes in ta-siRNA biogenesis (Adenot et al., 2006; Nakazawa
et al., 2007). The detailed molecular functions of HYL1 and DRB4, and the roles of other
plant dsRBD proteins in small RNA pathways, remain to be investigated.

My thesis research revealed discrete functions for specific Drosophila dsRBD
proteins within small RNA pathways. In summary, our data and reports from other model
organisms delineate different modes of action for distinct dsRBD proteins, which can
contribute to substrate specificity or enhancement of catalysis potentially through altered
structural conformations. The details of their molecular mechanisms will need to be
resolved with future experiments to better characterize their influence on small RNA

biogenesis.

3.2 A hierarchy of determinants ensures proper small RNA loading

The biogenesis of Drosophila miRNAs and siRNAs was proposed to occur
through separate, unconnected pathways, though this model relied on the analysis of a
limited number of sequences that were available at that time. The strict association of
miRNAs with AGO1 and siRNAs with AGO2, respectively, suggested coupled processing
and loading. Evidence against such mechanism was uncovered with the report of a
microRNA, miR-277, which was preferentially bound to AGO2 (Foérstemann et al., 2007).
Instead of coupled biogenesis and loading, the data suggested that small RNA duplexes
dissociate from Dicer proteins following their production, and are subsequently
distributed into Argonaute proteins via a step termed “sorting”, with perfectly matched
duplexes entering AGOZ2, whereas mismatched duplexes associating with AGO1
(Forstemann et al., 2007; Tomari et al., 2007).
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The availability of high throughput sequencing technologies has enabled us to
profile the full repertoire of endogenous small RNA populations of AGO1 and AGO2, and
allowed us to test existing hypotheses on small RNA sorting (Czech et al., 2009).
Profiling of AGO2-associated RNA species revealed a strong association with various
endo-siRNA types. In addition, we detected multiple AGO2-loaded miRNAs (including
miR-277), of which the majority corresponded to the miR* strand. AGO1, in contrast, was
almost exclusively occupied by miR strands, with only very few sequences detected that
match to endo-siRNAs (e.g., esi-2.3). Our results have two major implications: first,
coupled processing and loading of miRNAs into AGO1 and siRNAs into AGO2
complexes, respectively, does not occur in flies. Instead, miR:miR* and siRNA duplexes
(consisting of guide and passenger strands) appear to be freely sorted independent of
their upstream biogenesis events. Second, loading of miR strands into AGO1 and miR*
strands into AGO2 suggests the assessment of each individual strand within a duplex,
therefore extending the cells repertoire to pair small RNAs with Argonaute effectors. As
the association of small RNAs with Argonaute complexes is non-random, intricate
mechanisms must underlie proper sorting.

Understanding the small RNA sorting process would be advantageous in
generating potent silencing triggers for therapeutics and research. By mining our high
throughput data, we extracted determinants that mediate the sorting of small RNA
duplexes into specific Argonaute proteins (Czech et al., 2009). Experimental testing of
these determinants indicated that they follow a hierarchy, and enabled us to derive
sorting rules to predict the fate of a small RNA. The dominant determinant is the duplex
structure, especially at the central region (nucleotides 9 and 10 counted from the 5’ end),
with unpaired bases resulting in association with AGO1 and duplexes without
mismatches favouring AGO2 (Tomari et al., 2007; Czech et al., 2009; Okamura et al.,
2009; Ghildiyal et al., 2010). In addition, AGO2-associated duplexes showed stronger
pairing at their 5" end (of the incorporated strand), compared to those binding to AGO1
(Czech et al., 2009; Okamura et al., 2009; Ghildiyal et al., 2010). For imperfect duplexes,
central mismatches impact strand choice, with unpaired bases at position 9 and 10
marking a strand to be retained. In contrast, thermodynamic asymmetry is the major
determinant for strand selection of perfect dsRNA duplexes, as originally proposed
(Khvorova et al., 2003; Schwarz et al., 2003). Although sequences bound to Drosophila
Argonaute proteins feature pronounced biases for terminal nucleotides (1U for AGO1
and 1C for AGO2) (Czech et al., 2008; Ghildiyal et al., 2008; Czech et al., 2009;
Okamura et al., 2009; Ghildiyal et al., 2010), their respective contribution to sorting and

strand selection appears to be minimal in our experiments (Czech et al., 2009). This is in
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contrast to other reports that suggest a stronger impact of the 5’ terminal nucleotide
(Okamura et al., 2009; Ghildiyal et al., 2010), though this discrepancy is perhaps due to
different sets of duplexes that were investigated. Structurally, the 5’ nucleotide of small
RNAs is anchored in a binding pocket, which is formed by the mid domain of Argonaute
proteins (Ma et al., 2005; Parker et al., 2005, Wang et al., 2009), with recent work
providing evidence that mid domains discriminate between terminal nucleotides (Frank et
al., 2010). Human AGO2, the homolog of fly AGO1, shows a preference for terminal U
(or A) nucleotides, while excluding C or G nucleotides through a nucleotide specificity
loop (Frank et al., 2010). Interestingly, this nucleotide specificity loop is absent from
Drosophila AGO2, potentially explaining differential nucleotide biases, with details of its
contribution to sorting in flies awaiting further investigation.

A number of endo-siRNAs from structured loci, containing several mismatches
(similar to esi-2.3) and prominent 1U bias, was found to accumulate in AGO2, rather than
AGO1 as predicted (Ameres et al., 2011). Interestingly, these endo-siRNAs were loaded
into AGO1 in vitro, but are unstable in AGO1 in vivo due to target-directed small RNA
destruction, via the tailing and trimming pathway (Ameres et al., 2010; Ameres et al.,
2011). In contrast, AGO2-loaded endo-siRNAs were protected from degradation by their
2’-O-methylated 3’ termini (Horwich et al., 2007; Saito et al., 2007), and therefore
stabilized in vivo. Thus, mechanisms that operate after the sorting and loading steps are
actively influencing the steady-state distribution of small RNAs, thereby adding further
intricacy to (studies of) the sorting pathways.

Another layer of complexity in small RNA sorting emerged from studies of siRNA
responses to latent virus infections (Aliyari et al., 2008; Flynt et al., 2009). Although
produced by Dcr2/Logs-PD complexes, a significant proportion of virus-derived siRNAs
was not loaded into AGO2, as shown by the partial absence of modified 3’ termini (Aliyari
et al., 2008; Czech et al., 2009; Flynt et al., 2009), and consequently lack of dependency
on R2D2 (Czech et al., 2008). Furthermore, deep sequencing detected no interaction of
unmodified virus-siRNAs with AGO1, suggesting that these siRNAs were unloaded and
instead free-floating (Czech et al., 2008; Flynt et al., 2009). It is unclear why these siRNA
duplexes, although being of perfect dsRNA nature, escape the loading machinery. A
possible explanation is that the host cell aims to destroy replication intermediates of the
viral genome, without disrupting endogenous small RNA pools and thereby maintaining
optimized Argonaute protein occupancy.

Profiling of small RNAs from distinct Drosophila tissues or developmental stages
often detected extreme differences in ratios between miR and miR* strands (Ro et al.,
2007; Okamura et al., 2008b; Ghildiyal et al., 2010; Benjamin Czech & Greg Hannon,
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unpublished). While some of these variations can be attributed to varying expression
levels of the loading machineries or Argonaute proteins themselves, tissue-specific
expression of additional factors affecting strand choice is also possible. Strikingly, recent
work uncovered the existence of sequence signals located outside the duplex that
determine strand choice (Griffiths-Jones et al., 2011). When the primary transcripts of
miR-10 from Tribolium castaneum and Drosophila melanogaster, respectively, were
expressed in S2 cells (lacking detectable endogenous levels of miR-10), both pri-
miRNAs were processed into identical miR:miR* duplexes, but resulted in the
accumulation of different strands. Duplexes from the Tribolium pri-miRNA selectively
stabilized the strand from the 5’ arm, whereas duplexes that originated from Drosophila
precursors predominantly retained the strand from the 3’ arm (Griffiths-Jones et al.,
2011). Thus, there are additional parameters that lie outside the small RNA duplex that
are capable in affecting strand selection. It will be interesting to identify the molecular
nature of these signals and determine if these are unique adaptions or part of a broader
phenomenon.

What do we know about small RNA sorting in other organisms? In contrast to
flies, all four mammalian AGO-clade proteins (AGO1 through AGO4) appear to be
loaded with highly similar miRNA populations without biases for structure or 5’ nucleotide
identities (Liu et al., 2004; Meister et al., 2004; Yoda et al., 2010), arguing for the
absence of stringent sorting pathways. It has not been investigated yet if endo-siRNAs
show specific loading patterns, for instance, into the only slicing-competent AGO-clade
member, AGO2. In addition, miR-451 was shown to require the catalytic activity of AGO2
for its maturation (Cheloufi et al., 2010; Cifuentes et al., 2010; Yang et al., 2010), but
whether its precursor is sorted specifically into AGO2 remains elusive.

C. elegans seems to possess sophisticated sorting machineries, as miRNAs with
central mismatches are loaded into ALG1 and ALG2, whereas siRNAs from perfect
dsRNA associate with RDE-1 (Steiner et al., 2007; Jannot et al., 2008). The distribution
of miRNAs and siRNAs is influenced by protein factors, with the details that determine
distinct sorting, like the contribution of nucleotide biases, not extensively studied. In
contrast to miRNAs and primary siRNAs, RdRPs directly synthesize secondary siRNAs
(Pak & Fire, 2007; Sijen et al., 2007). As they are of single-stranded origin, no
discrimination between guide and passenger strands is required. However, loading of
single-stranded RNAs into WAGO complexes takes place through unknown
mechanisms, with their 5’ triphosphate termini potentially contributing via interactions
with WAGO mid domain.
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Small RNA sorting is particularly important in plants, with different dsRNA-derived
small RNAs (miRNAs and several siRNA classes) sorted into multiple Argonaute
proteins. Arabidopsis encodes ten AGO-clade members, which show different nucleotide
biases and preferences for different small RNA lengths. MiRNAs, which are ~21-nt in
length and processed by DCL1, are typically associated with AGO1, whereas DCL3-
produced hc-siRNAs are ~23-nt long and preferentially load into AGO4. Profiling of small
RNAs associated with different Argonautes identified strong biases for 5’ terminal
nucleotides (Mi et al., 2008; Montgomery et al., 2008; Takeda et al., 2008): AGO1 was
mainly loaded with sequences with terminal U, AGO2 and AGO4 preferred sequences
with 5’ A, and AGO5 showed a bias towards a terminal C. Moreover, altering the terminal
nucleotides redirected small RNAs into different Argonaute complexes, indicating that the
5’ nucleotide is a dominant determinant for sorting in plants (Mi et al., 2008; Montgomery
et al.,, 2008). A subset of these biases was recently attributed to diverse nucleotide
specificity loops residing in mid domains of the different plant Argonaute proteins AGO1,
AGO2, and AGOS5 (Frank et al., 2012). However, there are numerous exceptions to
these simple rules. For instance, mature miR-390 possesses a terminal A, which would
predict association with AGO2, but instead exclusively occupies AGO7 (Montgomery et
al.,, 2008), with changes of the 5 nucleotide incapable to redirect miR-390 to other
Argonautes. Thus, additional determinants that may include the duplex structure, degree
of base pairing, and thermodynamic properties likely contribute to sorting and strand
selection in plants (Eamens et al., 2009), with details yet to be examined.

The work in this thesis contributed to uncover the complex sorting mechanisms
that have evolved in Drosophila melanogaster to ensure proper pairing of duplexes with
their Argonaute partners. Furthermore, the knowledge gained from this study has
enabled us to co-opt the miRNA pathway for transgenic RNAi, and led to the
development of shRNAs as potent silencing triggers in Drosophila (Ni et al., 2011). In
summary, much progress has been made in the past years, largely aided by high
throughput sequencing, but additional biochemical and structural studies will be

necessary to disentangle the remaining secrets this pathway holds.

3.3 Towards an understanding of piRNA biogenesis

Since the discovery and recognition of piRNAs as a major small RNA class,
numerous genes have been linked to the piRNA pathway. The vast majority of these
factors were originally uncovered in classic forward genetic screens looking for mutations
that affect oogenesis, female fertility or spindle formation (Schipbach & Wieschaus,

1989; Schupbach & Wieschaus, 1991; Gonzalez-Reyes et al., 1997). Reverse genetic
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approaches to identify novel piRNA pathway components became possible with the
recent availability of tools like the ovarian somatic sheet (OSS) cell line (Niki et al., 2006;
Lau et al., 2009; Saito et al., 2009), or RNAi systems that allow gene knockdowns in
somatic and germline cells of the fly ovary (e.g., shRNAs, dsRNAs facilitated by Dcr2
overexpression) (Olivieri et al., 2010; Handler et al., 2011; Ni et al., 2011; Wang & Elgin,
2011; Preall et al., 2012). However, systematic RNAIi screens have yet to be utilized to
uncover missing piRNA biogenesis factors on a genome-wide scale. While we are
beginning to understand key concepts of piRNA silencing, many aspects of the pathway
still remain enigmatic. The identification of as-yet unidentified key factors (like nucleases)
will be critical to elucidate the molecular mechanisms behind piRNA biogenesis.

To uncover the entire repertoire of piRNA pathway components, we carried out an
unbiased, transcriptome-wide RNAIi screen in germline cells of the female Drosophila
ovary, and probed for transposon de-repression. Data presented in this thesis identified
74 genes that caused significant loss of silencing of four distinct transposons. Only 16 of
these represent known piRNA pathway components, with the remaining candidates
comprising new putative piRNA factors (see Results 2.2.2). Downstream assays enabled
us to distinguish factors required for primary or secondary piRNA biogenesis from those
affecting piRNA-mediated silencing. We characterized two new factors that act in
different biogenesis pathways. GASZ compromises primary biogenesis in somatic and
germline cells, as evidenced by reduced piRNA levels and Piwi redistribution to the
cytoplasm upon GASZ depletion. In contrast, deadlock (del) specifically functions in
germline cells and is essential for a proper ping-pong cycle, with the precise molecular
roles of these two biogenesis factors yet to be elucidated. Additional genome-wide RNAI
screens have been carried out in OSS cells (Muerdter, Guzzardo et al., in preparation)
and follicle cells of the female ovary (Julius Brennecke, personal communication). These
will complement our efforts in identifying the majority of missing pathway components,
particularly the nucleases involved in biogenesis. Further efforts to characterize
emerging candidates will help to shed light on piRNA pathway functions.

| believe that the next key breakthrough will be the identification of the enzymatic
activities responsible for 5 and 3’ end formation. Current models suggest the 5’ end
generation to be carried out by an endonuclease specific to single-stranded RNA, with
Zuc being a promising candidate (Malone et al., 2009; Haase et al., 2010; Olivieri et al.,
2010; Saito et al., 2010; Ipsaro et al., in press). Recent studies using a silkworm
(Bombyx mori) cell line to probe the 3’ end formation of piRNA intermediates bound by
PIWI-clade proteins in an cell-free system identified an exonucleolytic processing activity,

termed “trimmer” (Kawaoka et al., 2011), with the molecular identity of this enzyme yet to
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be uncovered. The use of in vitro systems has significantly accelerated the progress
made in understanding the molecular mechanisms of miRNA and siRNA processing
(Tuschl et al., 1999; Hammond et al., 2000; Zamore et al., 2000). The availability of cell
lines that recapitulate primary piRNA biogenesis (Drosophila OSS cells) (Niki et al.,
2006; Lau et al., 2009; Saito et al., 2009) or active ping-pong amplification (Bombyx mori
cells) (Kawaoka et al., 2009) should facilitate the establishment of in vitro systems for
specific aspects of piRNA biology. However, the pronounced dependence of piRNA
biogenesis on scaffolding Tudor family proteins implies that complex cellular structures,
like nuage or Yb-bodies, might be essential to process and load piRNAs efficiently,
potentially by bringing together all necessary protein components as well as RNA
substrates. When coupled with the large number of critical piRNA factors (~20 in soma
and germline combined), an in vitro system that recapitulates all aspects of piRNA
biogenesis might be difficult to develop.

We and others have recently identified shutdown (shu), which was also recovered
in our screen, as an important component of the piRNA pathway (Olivieri et al., 2012,
Preall et al., 2012). Shu is unique, as it is the only known factor that appears to affect
primary biogenesis and the ping-pong amplification loop, with loss of Shu dramatically
impairing small RNA populations of all three fly PIWI-clade proteins (Olivieri et al., 2012,
Preall et al., 2012). Given these phenotypes and the high similarity of Shu to conserved
co-chaperones, we speculate that Shu plays a role in loading of piRNA precursors into
PIWI-clade proteins, potentially aided through interaction with Hsp90. Interestingly,
primary piRNAs are only loaded into Piwi and Aub, but not AGO3 (Olivieri et al., 2012).
The detailed molecular mechanisms that pair single-stranded precursor RNAs with Piwi-
clade proteins remain enigmatic. Since loading of single-stranded RNAs does not require
the discrimination between two strands (as described for miRNA or siRNA duplexes),
other parameters must determine the sorting and incorporation into PIWI family
members. A related question is how asymmetry is established within specific PIWI-clade
protein populations. Although the exclusive association of primary piRNAs with Piwi and
Aub might account for the pronounced antisense bias of these two proteins (Olivieri et
al., 2012), mechanisms excluding sense transcripts from associating with these factors
and instead funnels them into AGO3 remain to be resolved.

The determinants that flag transcripts for processing into mature piRNAs are
entirely unknown. One hypothesis proposed that the genomic location of piRNA clusters
in heterochromatin plays a role in tagging transcripts for piRNA biogenesis, which is
supported indirectly by the requirement of heterochromatin marks for piRNA cluster

transcription (Rangan et al., 2011). However, artificially introduced piRNA clusters
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inserted in euchromatic regions still produced piRNAs across various species (Kawaoka
et al., 2012; Muerdter et al., 2012), arguing against this model. Moreover, the discovery
of piRNAs derived from protein-coding transcripts in OSS cells suggests a more complex
mechanism (Robine et al., 2009; Saito et al., 2009). Genic piRNAs are mainly derived
from exons and 3’ UTRs (therefore predominantly in sense orientation to mRNAs), but
only a subset of transcripts acts as substrates for piRNA generation, with little correlation
to their cellular abundance (Robine et al., 2009). The signals that funnel cellular
transcripts, especially protein-coding ones, into the piRNA biogenesis machinery are yet
to be elucidated.

There is evidence that transcripts can be targeted preferentially for piRNA
biogenesis. Most germline clusters are transcribed from both strands, which can lead to
the formation of dsRNA that is processed via Dcr2 into siRNAs. However, these siRNAs
generated from clusters accumulate at significantly lower levels than piRNAs (Czech et
al., 2008). Interestingly, knockdown of several piRNA pathway components in the
germline leads to increased levels of siRNAs corresponding to piRNA cluster transcripts,
while control knockdowns lack elevated siRNA levels (Benjamin Czech & Greg Hannon,
unpublished). These results cannot be explained simply as a consequence of Dcr2
overexpression and rather suggest an active mechanism that prevents the siRNA
pathway from processing cluster transcripts and instead makes them available for piRNA
biogenesis, likely by stabilizing single-stranded cluster transcripts. Thus, the flagging of
cluster transcripts and protein-coding mRNAs for the production of piRNAs remains an
open question. Binding of specific proteins to nascent cluster transcripts could likely
stabilize single-stranded conformations, and subsequently guide them to the piRNA
processing sites, Yb-bodies and nuage. Alternatively, cluster transcripts could selectively
be tagged by one of myriad modifications found in ncRNAs and mRNAs (e.g., 5-
methylcytosine, m°C; or N(6)-methyladenosine, m°A) (Dominissini et al., 2012; Squires et
al., 2012). Further studies are required to elucidate the molecular mechanisms that guide
transcripts to the piRNA biogenesis machinery.

Taken together, my thesis research helped to identify numerous additional factors
required for piRNA processing. Further efforts to characterize the molecular functions of
emerging candidates will help to place them into a model and shed light on the
production of piRNAs. | expect significant knowledge gains from the combination of
structural and biochemical approaches, along with existing genetic data, which will

ultimately lead to a detailed understanding of the piRNA biogenesis.
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3.4 PiRNA-mediated silencing: transposons and beyond

The piRNA system comprises genetically inheritable memory of transposon
activity in form of piRNA clusters, and specific amplification against acute mobilization of
repetitive elements via the ping-pong cycle. Thus, it can be seen as an RNA-based
adaptive immune system targeting deleterious genetic elements (Brennecke et al.,
2007). In Drosophila, piRNA clusters contain diverse transposon fragments resulting
from past exposure to mobile elements (Brennecke et al., 2007). Transposon activity is
therefore evolutionary recorded by transposition events into piRNA clusters, but also
contributes to primary piRNA pools, which enable cells to detect and silence parasitic
nucleic acids. However, the hypothesis that piRNA clusters specifically attract mobile
elements is still a matter of controversial debate (Brennecke et al., 2007), with one report
claiming the X-TAS cluster as transposition hotspot of P-elements (Karpen & Spradling,
1992), whereas another work suggesting random or only moderately biased transposon
integration into clusters (Khurana et al., 2011). Either way, both hypotheses imply that
once a novel transposon is integrated into a piRNA cluster, trans-generational memory is
established and cells are enabled to silence other mobile element copies in trans.
Strikingly, piRNA clusters can easily adapt to novel foreign sequences and produce
mature silencing triggers, as evidenced by artificial piRNAs against EGFP when inserted
into piRNA clusters in fly, mouse, and silkworm (Kawaoka et al., 2012; Muerdter et al.,
2012). Whether artificial piRNAs can also trigger a ping-pong response remains to be
tested, as current studies did not provide the required second strand required as
substrate for amplification. Studies of the hybrid dysgenesis phenomena point towards
the requirement of piRNA amplification for efficient transposon silencing (Brennecke et
al., 2008; Khurana et al., 2011). In this context, it should also be noted that piRNA
clusters not only serve as source of primary piRNAs by providing memory of transposon
history, but also function as relays stations in the ping-pong cycle through supply of RNA
substrates (Brennecke et al., 2007).

Intriguingly, a similar but non-homologous concept is used by prokaryotes, which
use small ncRNAs to defend their genomes from foreign nucleic acids like phages or
plasmids (Horvath & Barrangou, 2010; Wiedenheft et al., 2012). Here, fragments of
invading nucleic acids are actively incorporated into specific genomic loci, called
“clustered regularly interspaced short palindromic repeat” (CRISPR) arrays, with the
spacers corresponding to DNA fragments of invading phages or plasmids (Barrangou et
al., 2007; Marraffini & Sontheimer, 2008). Following transcription, precursors are
processed into small RNAs, called CRISPR RNAs (crRNAs), which associate with
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CRISPR-associated (Cas) proteins (Brouns et al., 2008; Carte et al., 2008). The crRNAs
guide Cas proteins to target nucleic acids (mainly DNA, with some reports also
suggesting RNA), which results in their degradation through cleavage (Marraffini &
Sontheimer, 2008; Hale et al., 2009; Garneau et al., 2010). Thus, although the CRISPR
system is not an RNAi-related mechanism (no involvement of Argonaute proteins), it is
mechanistically very similar to the piRNA system in protecting host genomes from
parasitic nucleic acids through small RNAs, thereby showing conceptual similarities to
adaptive immune systems.

While the repressive functions of repeat-derived piRNAs are well recognized, the
significance of non-repeat matching piRNAs remains obscure. The selective production
of genic piRNAs from certain precursor mRNAs in Drosophila ovaries, mouse testes and
Xenopus eggs, and their enrichment for specific gene ontology categories suggest
potential regulatory purposes (Robine et al., 2009). Only a subset of murine piRNAs is
derived from transposable elements, dependent on the developmental stage and
involved PIWI-clade protein, with MIWI-associated piRNAs expressed at the pachytene
stage of meiosis depleted of repetitive sequences and their targets still unknown (Aravin
et al., 2006; Girard et al., 2006). Similarly, the vast majority of nematode piRNAs (also
known as 21U RNAs) are not enriched for transposon sequences and have no known
function (Ruby et al., 2006; Batista et al., 2008).

Recent studies in C. elegans propose a major role for piRNAs in the determination
of “self” and “non-self’ that persists over generations, with some piRNAs protecting
endogenously expressed genes from undesired silencing, and other piRNAs detecting
and repressing foreign nucleic acids (Ashe et al., 2012; Bagijn et al., 2012; Lee et al.,
2012; Shirayama et al., 2012). Furthermore, piRNAs trigger the production of secondary
siRNAs, which bind to dedicated nuclear WAGO proteins and mediate the transcriptional
repression of mobile elements, aided by associated chromatin factors (Ashe et al., 2012;
Shirayama et al., 2012). Thus, the C. elegans piRNA pathway cooperates with the endo-
siRNA pathway to achieve efficient trans-generational repression of transposons.
Interestingly, with the lack of ping-pong signatures of nematode piRNAs, engagement of
the siRNA pathway might provide an elegant amplification mechanism for silencing
triggers, likely required for efficient repression of active transposon threats. Whether a
similar mechanistic coupling between endo-siRNA and piRNA pathways takes place in
other species has not been studied in detail. However, numerous fly transposons are
controlled and silenced to varying degrees by piRNA and endo-siRNAs (Czech et al.,
2008), suggesting an indirect cooperation between both pathways. Alternatively, both

pathways could co-exist and serve as backup mechanisms in the event where one
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system fails. Remarkably, studies of the small RNA populations of the parasitic
nematode Ascaris (and the related parasite Brugia) uncovered the surprising loss of
piRNAs and corresponding pathway components, while a myriad of miRNAs and siRNAs
and their corresponding biogenesis machineries were detected (Wang et al, 2011).
Transposon silencing in these organisms appears to solely rely on secondary siRNAs,
demonstrating an extreme example of the flexibility and adaption of small RNA
pathways.

How do piRNAs perform their downstream function mechanistically and what
factors are involved in piRNA-mediated silencing? Our current knowledge suggests
several machineries depending on the PIWI-clade protein involved, with fly Aub/AGO3
and Piwi engaging different silencing mechanisms. Aub and AGOS3 localize to nuage,
where they actively participate in the ping-pong amplification loop, and are thought to
cleave targeted transposons utilizing their slicer activity. Notably, Aub-associated piRNAs
degrade targets without full sequence complementarity, as shown for interaction between
AT-chX-derived piRNAs and vasa in fly testes (Nishida et al., 2007). Most factors that
affect silencing through Aub and AGO3 are nuage components, though proteins
regulating their function awaits identification. Squash (Squ), which codes for a putative
nuclease, likely acts at the effector step, as loss of Squ results in dramatic de-repression
of transposons, while piRNA biogenesis appears unaffected (Pane et al., 2007; Malone
et al., 2009; Haase et al., 2010). Squ could play a role in the degradation of Aub- and
AGOQO3-cleaved transposon transcripts, but these ideas remain to be tested. Piwi is
localized to the nucleus, and its molecular silencing mechanism is currently unknown.
Recent reports found the nuclear localization of Piwi essential for proper transposon
suppression (Saito et al., 2009; Saito et al., 2010; Klenov et al., 2011). Piwi’'s slicer
activity is not required, however, as cells with catalytically inactive Piwi show normal
transposon levels (Saito et al., 2010), suggesting that Piwi functions through
transcriptional silencing potentially by inducing chromatin modifications.

Similar to flies, the catalytic activities of mouse MILI and MIWI are essential for
proper transposon silencing and fertility (De Fazio et al., 2011; Reuter et al., 2011).
However, functions of murine piRNAs extend beyond post-transcriptional silencing, as
pre-pachytene piRNAs participate in the establishment of epigenetic modifications that
manifest in DNA methylation (Aravin et al., 2007; Kuramochi-Miyagawa et al., 2008).
Reduced DNA methylation in mili and miwi2 mutants correlates with increased mobility of
several LINE and LTR elements, suggesting a failure to establish de novo methylation at
transposon integrations during spermatogenesis (Aravin et al., 2007; Kuramochi-

Miyagawa et al., 2008). This hypothesis is further supported by the partial overlap of the
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expression and subcellular localization of MIWI2 at the developmental stage when de
novo methylation takes place (Aravin et al., 2007; Kuramochi-Miyagawa et al., 2008), but
the molecular details remain to be investigated.

Work presented within this thesis uncovered several new factors involved in
piRNA-mediated silencing. Future work aimed to characterize the mode of action of
these candidates in detail will be key to a better understanding of piRNA effector

mechanisms, in particular at the molecular level.

In summary, my thesis work helped to shed light on the biogenesis, sorting and
effector mechanisms of small RNAs in Drosophila. Taken together, tremendous progress
of all aspects of small RNA biology has been made in recent years, with many intriguing
avenues left for future research. Given the current pace, | envision a detailed

mechanistic understanding of small RNA pathways to be within reach.
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ABSTRACT

Drosophila melanogaster expresses three classes of small RNAs, which are classified according to their mechanisms of
biogenesis. MicroRNAs are ~22-23 nucleotides (nt), ubiquitously expressed small RNAs that are sequentially processed from
hairpin-like precursors by Drosha/Pasha and Dcr-1/Loquacious complexes. MicroRNAs usually associate with AGO1 and
regulate the expression of protein-coding genes. Piwi-interacting RNAs (piRNAs) of ~24-28 nt associate with Piwi-family
proteins and can arise from single-stranded precursors. piRNAs function in transposon silencing and are mainly restricted to
gonadal tissues. Endo-siRNAs are found in both germline and somatic tissues. These ~21-nt RNAs are produced by a distinct
Dicer, Dcr-2, and do not depend on Drosha/Pasha complexes. They predominantly bind to AGO2 and target both mobile
elements and protein-coding genes. Surprisingly, a subset of endo-siRNAs strongly depend for their production on the dsRNA-
binding protein Loquacious (Logs), thought generally to be a partner for Dcr-1 and a cofactor for miRNA biogenesis. Endo-
siRNA production depends on a specific Logs isoform, Loqgs-PD, which is distinct from the one, Loqgs-PB, required for the
production of microRNAs. Paralleling their roles in the biogenesis of distinct small RNA classes, Logs-PD and Logs-PB bind to
different Dicer proteins, with Dcr-1/Logs-PB complexes and Dcr-2/Loqs-PD complexes driving microRNA and endo-siRNA
biogenesis, respectively.

Keywords: Drosophila melanogaster; Dicer; double-stranded RNA-binding proteins (dsRBPs); Loquacious; endo-siRNA
processing; transposon silencing

INTRODUCTION processed by Drosha/Pasha and Dcr-1/Logs complexes
(Lee et al. 2003, 2004; Denli et al. 2004; Forstemann et al.
2005; Jiang et al. 2005; Saito et al. 2005). They predomi-
nantly associate with Argonaute-1 (AGO1) and regulate the
expression of protein-coding genes (Bartel 2004; Bushati
and Cohen 2007; Eulalio et al. 2008). Piwi-interacting
RNAs (piRNAs), typically, ~24-28 nt in length, associate
with Piwi-family proteins. The expression of piRNAs is
mainly restricted to gonadal tissues, where they function in
silencing of mobile elements and repeats (Aravin et al.
2007; Brennecke et al. 2007; Gunawardane et al. 2007;

Drosophila melanogaster expresses a wide variety of small
RNAs, which are classified based on their mechanism of
biogenesis and the Argonaute proteins to which they bind.
MicroRNAs (miRNAs) are a class of ubiquitously expressed
small RNAs, typically, ~22-23 nucleotides (nt) in length.
They are derived from endogenous transcripts capable of
forming hairpin-like structures, which are sequentially
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Klattenhoff and Theurkauf 2008). Recently, a third class of
endogenous small RNAs was identified in both the germ-
line and the soma of Drosophila: endogenous small inter-
fering RNAs (endo-siRNAs) (Czech et al. 2008; Ghildiyal
et al. 2008; Kawamura et al. 2008; Okamura et al. 2008).
Endo-siRNAs are predominantly 21 nt in length and are
derived either from long endogenous transcripts capable of
forming extensive fold-back structures, or are processed

RNA (2009), 15:1886-1895. Published by Cold Spring Harbor Laboratory Press. Copyright © 2009 RNA Society.



Distinct functions of Loquacious isoforms

from double-stranded regions formed by intermolecular
hybridization of convergently transcribed mRNAs. Endo-
siRNAs usually join Argonaute-2 (AGO2) and function in
the regulation of gene expression and transposon silencing.

The biogenesis of endo-siRNAs and miRNAs depends on
a number of protein complexes containing RNA processing
enzymes and their dsSRNA-binding protein (dsRBPs) part-
ners. In the case of miRNA processing, the nuclear type III
ribonuclease Drosha associates with the dsRBP, Pasha, and
processes primary miRNA transcripts to pre-miRNAs (Lee
et al. 2003; Denli et al. 2004; Gregory et al. 2004). In a
second step, the cytoplasmic Dicer enzyme Dcr-1, assisted
by the dsRBP Loquacious (Logs/R3D1), further processes
pre-miRNAs to mature miRNAs (Forstemann et al. 2005;
Jiang et al. 2005; Saito et al. 2005). In contrast, processing
of long dsRNA precursors into siRNA duplexes depends on
a second Drosophila Dicer protein, Dcr-2 (Lee et al. 2004).
The canonical Dcr-2 partner R2D2 seems not to be
required for the production of siRNAs. Instead, it was
found to impact the loading of siRNA duplexes into the
RNA-induced silencing complex (RISC) and proper guide
strand selection (Liu et al. 2003; Tomari et al. 2004). In
general, it is believed that the dsRBPs contribute to the
substrate specificity of their partner RNA processing
enzymes.

The dsRNA binding protein Loquacious was identified in
Drosophila as a component of a complex that also contains
the type III RNase Dicer-1 (Dcr-1). Genetic experiments
suggested that Loqs was required for efficient miRNA
biogenesis (Forstemann et al. 2005; Jiang et al. 2005; Saito
et al. 2005; Liu et al. 2007). Loss of logs mainly impacted
the final step of miRNA processing as indicated by the ac-
cumulation of pre-miRNAs, which are formed by Drosha/
Pasha complexes. Mutations in logs also reduced levels of
a subset of mature miRNAs, consistent with the impacts of
these lesions on Drosophila viability and fertility (Forstemann
et al. 2005; Jiang et al. 2005; Saito et al. 2005; Liu et al. 2007;
Park et al. 2007; Ye et al. 2007). Recently, it was found that
loss of logs strongly reduced levels of endogenous siRNAs
(endo-siRNAs) derived from structured loci in both S2 cells
and flies (Czech et al. 2008; Okamura et al. 2008).

In Drosophila, the alternative splicing of logs transcripts
was reported to produce three distinct isoforms: logs-RA,
RB, and RC (Forstemann et al. 2005; Jiang et al. 2005). These
are translated into three protein isoforms, Logs-PA, PB, and
PC. RB is the isoform predominantly expressed in ovaries,
whereas RA is the principal isoform found in males. The
third mRNA isoform, RC, was detected only in Drosophila
S2 cells (Forstemann et al. 2005). While Logs-PB was
sufficient to rescue the miRNA processing defects of logs“®
flies, Logs-PA was incapable of restoring proper miRNA
processing (Park et al. 2007), indicating that these Logs
isoforms had distinct functions during development.

Here we examined the roles of individual Logs isoforms
in different small RNA pathways and characterized the

activity of a novel Logs isoform, Logs-PD. We show that
coordinated depletion of all Logs isoforms in cultured cells
affects the biogenesis of both miRNAs and endo-siRNAs,
whereas cells singly depleted of Logs-PB or Logs-PD show
an impact only on the miRNA or on the endo-siRNA
pathway, respectively. While the re-expression of Logs-PD
restored endo-siRNA levels in cultured cells that had been
depleted of all Logs isoforms, Logs-PD was incapable of
rescuing miRNA processing defects. Moreover, we show
that Logs-PD preferentially interacts with Dcr-2, the
enzyme responsible for the processing of all endo-siRNA
species. Considered together, our studies demonstrate that
a single Loquacious isoform, Logs-PD, is necessary and
sufficient for the biogenesis of several types of endogenous
siRNAs.

RESULTS AND DISCUSSION

Using quantitative proteomics of Logs immunoprecipitates
from flies and Drosophila S2 cells, we identified physical
interactions of Logs with both Dcr-1 and Dcr-2 (Czech
et al. 2008). In order to identify the Logs isoforms involved
in these interactions, we analyzed our proteomics data from
immunoprecipitates, prepared using an antibody specific to
the N terminus of endogenous Logs proteins, for isoform-
specific peptides. We found no significant peptide evidence
for Logs-PC in cultured cells and flies, whereas both
isoforms PA and PB were present. In addition, we detected
peptides corresponding to an as-yet-uncharacterized form
of Loquacious. These could be assigned to a novel isoform
identified by Forstemann and colleagues and termed Logs-
PD (Fig. 1A, 1B; JV Hartig, S Esslinger, R Bottcher, K Saito,
and Forstemann K, unpubl.).

To characterize the roles of individual Logs isoforms in
small RNA biogenesis, we examined isoform-specific effects
on miRNA and endo-siRNA processing. We depleted
various combinations of Logs proteins using isoform-
specific dsRNAs in Drosophila S2 cells (Fig. 1A). Treatment
of S2 cells with dsRNAs targeting logs-RA, RB, or RC either
singly or in combination led to a reduction in steady-state
levels of the corresponding transcripts, as measured by RT-
PCR (data not shown). In addition, Western blotting
confirmed the depletion of specific Logs isoforms by the
corresponding dsRNAs (Fig. 1C). Notably, while Logs-PC
and PD could not be efficiently resolved by PAGE, cells
treated with dsRNAs specifically targeting the PD isoform
were effectively depleted of the Logs protein species
migrating at the position of PC/PD (Fig. 1C, lane 11). This
indicated that the Logs-PC isoform was not detectably
expressed and confirmed our findings from the quantitative
proteomic analysis of Logs immunoprecipitates.

We examined the impact of isoform-specific knock-
downs on the biogenesis of a prevalent endo-siRNA (Fig.
1D, esi-2.1) and a miRNA (Fig. 1D, miR-bantam). Deple-
tion of all isoforms upon treatment with dsRNAs targeting
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Distinct functions of Loquacious isoforms

common 5'-UTR or ORF sequences resulted in the ac-
cumulation of the miR-bantam precursor and in a strong
reduction of esi-2.1 levels (Fig. 1D, lanes 6-8), whereas
depletion of isoforms PA, PB, and PC by dsRNAs targeting
isoform-specific 3'-UTRs only affected miRNA processing
(Fig. 1D, lane 12). We observed miRNA processing de-
fects in all cells treated with dsRNAs that cotargeted Logs-
PB (Fig. 1D, lanes 6-9,12-14), whereas the biogenesis of
endo-siRNA was affected only if cells were treated with
dsRNAs that target Logs-PD, either singly or together with
other isoforms (Fig. 1D, lanes 6-11). Notably, depletion
of Logs-PD alone caused a strong reduction in esi-2.1
levels, while miRNA processing was unaffected (Fig. 1D,
lane 11).

To validate these findings, we depleted all Logs isoforms
in S2 cells using dsRNA targeting shared 5’-UTR sequences
and tested whether the subsequent introduction of RNAi-
resistant ORFs directing expression of individual Logs
isoforms was capable of rescuing defects in endo-siRNA
or miRNA processing. In control cells, depletion of all Logs
isoforms led to a significant reduction in levels of esi-2.1
(Fig. 1E, lanes 3,4), whereas dsRNAs targeting logs 5'- or
3’-UTRs or targeting ORFs caused a moderate accumula-
tion of the miR-bantam precursor (Fig. 1E, lanes 3-5). The
expression of Logs-PA, Logs-PC, or R2D2 failed to rescue
any observed biogenesis defect (Fig. 1E, lanes 6-10,16—
20,26-30). In contrast, the re-expression of Loqs-PB
effectively rescued miRNA-processing defects (Fig. 1E, cf.
pre-miR-bantam levels in lanes 14,15 and lane 13). How-
ever, Logs-PB failed to restore normal endo-siRNA levels
(Fig. 1E, lane 14). The re-expression of Logs-PD restored
levels of esi-2.1 in Logs-depleted cells (Fig. 1E, lane 24) but
was incapable of rescuing miRNA-processing defects (Fig.
1E, cf. lanes 24,25 and lane 23). Our observation that the
expression of R2D2 was incapable of rescuing any small
RNA-processing defect caused by depletion of Logs
strongly suggests that R2D2 and all Logs isoforms cannot
function in a redundant manner. Considered together,
these data indicate that only the Logs-PB isoform is
required for the biogenesis of miRNAs and suggest that
only Logs-PD is essential for endo-siRNA production.

To support results emerging from cell culture, we also
examined the roles of Logs isoforms in vivo. Flies express-

ing the Logs-PB isoform under the control of its endoge-
nous regulatory elements could rescue both the pre-
miRNA-processing defects and the pronounced phenotypes
of logs-null animals (Park et al. 2007). Strikingly, homozy-
gous mutant logs"® flies carrying a Loqs-PB transgene did
not regain normal levels of the endo-siRNA, esi-2.1, but did
express normal amounts of miR-8 (Supplemental Fig. S1A).
Similarly, the introduction of Logs-PB also restored normal
miR-8 levels in logs’””*! homozygous mutant flies, whereas
endo-siRNA biogenesis defects were not affected (Supple-
mental Fig. S1B). The expression of Logs-PA in logs/*"”!
homozygous mutant flies was incapable of restoring either
miRNA or endo-siRNA processing (Supplemental Fig.
S1B). These results are consistent with the observation
from cell-based studies showing that neither Logs-PA nor
PB is required for the endo-siRNA pathway. We conclude
that Loqs-PB is required for miRNA biogenesis in multiple
cell types, whereas Logs-PD supports endo-siRNA bio-
genesis. Logqs-PC seems neither to be expressed at signifi-
cant levels nor to impact small RNA biogenesis. The
function of Logs-PA, which is expressed both in cultured
cells and in animals, remains elusive.

Given the unexpected requirement for Logs in the
biogenesis of endogenous siRNAs (endo-siRNAs) (Czech
et al. 2008; Okamura et al. 2008) and the physical
interaction between Logs and both Dcr-1 and Dcr-2 (Czech
et al. 2008), we sought to investigate whether individual
Logs isoforms might show specificity for either Dicer
protein. Immunoprecipitation of Flag-tagged Dcr-2 fol-
lowed by immunoblotting with an antibody specific to the
N-terminus of endogenous Logs, and thus recognizing all
known Logs isoforms, revealed a strong signal correspond-
ing to the molecular weight of Logs-PC/PD (Fig. 2A, lane
2). Since the levels of endogenous Logs-PC in S2 cells are
negligible, the predominant Dcr-2-interacting endogenous
Logs isoform appears to be Logs-PD. Next, we examined
the interactions between various Logs isoforms and Dcr-2
by expressing Flag-tagged Dcr-2 together with T7-tagged
Logs isoforms in S2 cells. Cell extracts were subjected to
anti-Flag immunoprecipitation, and coimmunoprecipi-
tated proteins were detected using an anti-T7 antibody.
All four tagged Logs isoforms and the positive control T7-
R2D2 were able to interact with Dcr-2 (Fig. 2B, lanes 7-11),

FIGURE 1. A specific Logs isoform, Logs-PD, is required for the biogenesis of endo-siRNAs derived from structured loci. (A) Shown is a scheme
of the annotated genomic structure of the four isoforms of Loquacious. The regions targeted by isoform-specific dsRNAs are indicated. (Thin
lines) Introns; (thin boxes) UTRs; (thick boxes) ORFs. (B) A scheme showing domain structures and molecular weights of the Logs isoforms.
(Small boxes) dsRNA-binding domains. (C) Western blots showing steady-state protein levels of Logs isoforms upon treatment of S2 cells with
the indicated dsRNAs. a-Tubulin served as a loading control. To increase the length of dsRNAs to facilitate dsSRNA uptake by S2 cells, some
dsRNAs were fused with a lacZ carrier sequence (indicated by “-Z”). (D) Northern blots probing levels of an endo-siRNA derived from a
structured locus, esi-2.1, and the microRNA miR-bantam (pre-miRNA indicated by the asterisk) in S2 cells treated with dsRNA against the
indicated genes (as in C). As a loading control, the membrane was stripped and re-probed for 2S rRNA. (E) Expression of Logs-PD is sufficient to
rescue endo-siRNA processing defects, while only Logs-PB restores proper miRNA biogenesis. Control cells expressing the TAP epitope alone or
those expressing various TAP-tagged proteins were treated twice with various dsRNAs (as indicated on top of the panel) for a total duration of 8 d.
The expression of the transgenes was controlled by the basal activity of the metallothionein promoter. Total RNAs were prepared and subjected to
Northern blotting using probes against esi-2.1, miR-bantam, and 2S rRNA.
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FIGURE 2. Interaction of Logs isoforms with Dicer proteins. (A) Flag-tagged Dcr-2 coimmunoprecipitates endogenous Logs-PD. Flag-Dcr-2
immunoprecipitates were subjected to immunoblotting using antibodies against the N terminus of endogenous Logs and against the Flag epitope.
(B) Flag-Dcr-2 was expressed in S2 cells together with T7-tagged R2D2 or various Logs isoforms. T7-Ran served as a control. Flag-Dcr-2 was
immunoprecipitated using an anti-Flag antibody, and the interaction with coexpressed proteins was examined by Western blotting using an anti-
T7 antibody. (C) Coimmunoprecipitation of endogenous Dcr-1 with TAP-tagged Logs isoforms. TAP-tagged proteins were expressed in S2 cells,
immunoprecipitated using antibodies against the TAP epitope, and subjected to immunoblotting using antibodies against endogenous Dcr-1 and
the TAP tag, respectively. RNase treatment (as indicated on top of the panel) revealed that the strong interaction between Dcr-1 and Logs-PB as
well as the weak interaction between Dcr-1 and Logs-PA are RNA-independent.

while no interaction was detected for the negative control
T7-Ran (Fig. 2B, lane 12). Therefore, Dcr-2 seems capable
of interacting with all isoforms of Logs if they are over-
expressed. Interestingly, we also found that Logs isoforms
are capable of forming homo- and heterodimers (or even
oligomers) with each other, as Flag-tagged Logs isoforms
PA, PB, and PC are capable of pulling down T7-tagged
Logs-PA in coimmunoprecipitation assays (Supplemental
Fig. S3; data not shown). This could account for the
apparent lack of specificity in the interaction between
Dcr-2 with individual Logs isoforms upon overexpression.
We also probed the interaction between Logs isoforms
and Dcr-1. We detected robust interaction between endog-
enous Dcr-1 and TAP-Logs-PB and a weak interaction
between Dcr-1 and TAP-Logs-PA (Fig. 2C, lanes 1-4). In
contrast, no endogenous Dcr-1 was detected in the TAP-
Logs-PC, TAP-Logs-PD, or TAP-R2D2 complexes.

To test whether the observed binding resulted from
protein—protein interaction or from Logs and Dicer pro-
teins binding independently to the same RNA substrates,
we treated immunoprecipitates with RNase. This had no
significant effect on the observed interactions (Fig. 2C; data
not shown). Overexpression of neither a pri-miRNA (pri-
miR-bantam), nor a precursor of the endo-siRNA cluster,
esi-2 altered patterns of differential affinity (data not
shown), indicating that our experiments detected RNA-
independent protein—protein interactions. Therefore, we
conclude that two Logs isoforms, Logs-PB and to a lesser
extent Logs-PA, are capable of interacting with Dcr-1, a
result consistent with findings reported by Forstemann
et al. (2005). In contrast, Dcr-2 predominantly interacts
with endogenous Logs-PD, while other isoforms interact
with Dcr-2 to a significant extent only when overexpressed.
Considering the restriction of logs-PC transcripts to S2 cells
(Forstemann et al. 2005) and the negligible protein levels of
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Logs-PC, we conclude that endogenous Logs-PD is the
predominant isoform that interacts with Dcr-2.

In order to investigate the effects of Loqs depletion on
small RNA profiles in more detail, we prepared small RNA
libraries from S2 cells treated with logs-ORF dsRNAs and
from control knockdown cells, including lacZ, dcr-1, der-2,
r2d2, and untreated cells (“mock”). These were deep-
sequenced using the Illumina platform. Normalized cloning
counts were plotted by read length to create size profiles
(Fig. 3A). The indicated small RNA categories were isolated
from the total library bioinformatically (Czech et al. 2008).
Mature microRNAs populated a broad peak centered
around 22-23 nt, and these were decreased most promi-
nently in the dcr-1 knockdown. MicroRNAs appeared to be
slightly increased in logs-ORF and dcr-2 knockdowns as
compared to lacZ (Fig. 3A), probably because of an artifact
of library normalization due to the strong impact on endo-
siRNA levels (Figs. 1D, 3B). Endo-siRNAs mapping to
overlapping transcripts (exonic antisense) were strongly
reduced in dcr-2 and logs-ORF knockdowns (Fig. 3A). A
moderate reduction was also observed for endo-siRNAs
derived from the klarsicht locus upon Logs depletion, while
dcr-2 knockdowns had more prominent impacts. Finally,
knockdowns of dcr-2 or logs caused a substantial (~50%)
reduction in endo-siRNAs corresponding to repeat and
transposon sequences, while the levels of these small RNAs
remained unchanged in all other knockdowns tested (Fig.
3A).

We validated results from small RNA sequencing by
Northern blotting. We saw decreased levels of three
independent endo-siRNAs derived from structured loci
(esi-1.2, esi-2.1, esi-4.1) in dcr-2 and logs-ORF knockdowns,
while knockdown of logs-BC had no similar impact (Fig.
3B). Consistent with these small RNA sequencing and
Northern blotting results, depletion of all Logs isoforms,
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FIGURE 3. Logs is involved in the biogenesis of several classes of endo-siRNAs. (A) Length profiles for small RNAs isolated from S2 cells treated
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normalized cloning counts were plotted over their length. (B) Northern blots show levels of miRNAs (pre-miRNAs indicated by asterisks), endo-
siRNAs derived from structured loci, the LTR transposon DM1731, and the S2 cell-specific klarsicht locus in S2 cells treated with the indicated

dsRNAs. 2S rRNA served as a control for equal loading.

but not depletion of Logs-BC or Logs-C, caused a de-
repression of a Renilla luciferase sensor for esi-2.1 (Sup-
plemental Fig. S2). We also noted a reduction of klarsicht
siRNAs and sequences derived from the transposon
DM1731 upon logs-ORF knockdown, but not upon Logs-

BC depletion (Fig. 3B). Probing the same membrane for
three miRNAs revealed a slight reduction in mature
miRNA levels and a slight but detectable accumulation of
pre-miRNAs in dcr-1, logs-ORF, and logs-BC knockdown
cells (Fig. 3B). Considered together, these results support a
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dependence of various categories of endo-siRNAs on the
Logs-PD isoform.

Given the effect of logs-ORF knockdowns on repeat
endo-siRNAs, we probed the potential impact of logs
mutations on transposon silencing. All endo-siRNAs that
correspond to repeats and that were 21 nt in length were
extracted bioinformatically, and heat maps showing their
relative abundance were created for the indicated libraries
(Fig. 4A). Knockdown of dcr-2 caused a reduction of endo-
siRNA sequences for the majority of transposable elements
as compared to the number of reads in the lacZ library,
while untreated cells (“mock™), dcr-1 and r2d2 knock-
downs, showed only minor, if any, effects. Depletion of all
Logs isoforms reduced levels of repeat endo-siRNAs, which
at least in part correlated with dcr-2 depletion. Interest-
ingly, we noted that knockdown of r2d2 showed a weak
impact on those repetitive elements that did not depend on
Logs depletion. Plotting the abundance of repeat siRNAs in
Logs or Dcr-2-depleted cells against those in the lacZ
control library showed similar patterns, with some siRNAs
appearing unaffected and others showing drastic reduction
in logs-ORF or dcr-2 knockdowns (Fig. 4B,C). Plotting the
normalized read number of endo-siRNAs matching to the
transposable element DM1731, which shows the highest
levels of transposon-derived endo-siRNAs in S2 cells, for
the lacZ, dcr-2, and logs-ORF libraries also shows clear
dependence on dcr-2 and logs (Fig. 4D). Interestingly,
depletion of Dcr-2 and Logs does not show identical
impacts on the patterns of individual sequences over this
representative transposon (Fig. 4D). This could indicate
multiple overlapping biogenesis pathways or differential
affinities of one machinery for different processing sites.

Previous studies indicated that Dcr-1 preferentially binds
Logs-PB (Forstemann et al. 2005; Ye et al. 2007), and that
Dcr-2 is capable of interacting with Logs proteins, although
isoforms were not examined in that study (Czech et al.
2008). Here we have characterized the role of a novel Logs
isoform, Logs-PD, in the biogenesis of various categories of
endo-siRNAs. We present evidence that Logs-PD, in
addition to the canonical partner R2D2 (Liu et al. 2003),
is the predominant interacting partner for Dcr-2 in S2 cells.
Our genetic studies clearly demonstrate the differential
requirement for Logs-PD and Logs-PB in the biogenesis of
endo-siRNAs and miRNAs, respectively. Thus, it is likely
that besides the intrinsic substrate specificity of the indi-
vidual Dicer proteins, the identity of Dicer interacting
cofactors is also crucial for the biogenesis of different
classes of small RNAs. Although small dsRNA-binding
proteins are clearly important for small RNA production
and act as cofactors for Dicer and Drosha enzymes, their
precise biochemical roles remain unclear. Our studies add
complexity to the landscape of the roles of dsRBPs in small
RNA biogenesis and raise fundamental questions about
why so many distinct forms of these proteins are required
for these pathways to operate.
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MATERIALS AND METHODS

DNA constructs

An ~500-base-pair DNA fragment encompassing the miR-bantam
sequence was amplified by PCR and cloned into pRmHa-3 using
BamHI/EcoRI sites to generate pRmHa-3-Bantam. A pair of
oligos containing three imperfect binding sites for miR-bantam
were annealed and cloned into pRmHa-3-Renilla (Zhou et al.
2008) using Sall to generate the sensor constructs for miR-bantam
(pRmHa-3-Renilla-Bantam sensor). To generate epitope-tagged
expression constructs, DNA fragments encoding epitope-tagged
proteins were amplified by PCR and cloned into pRmHa-3 using
the following restriction enzymes (Sacl/Kpnl for Flag-Dcr-2;
EcoRI/BamHI for all T7-tagged Logs isoforms; Kpnl/BamHI for
T7-R2D2; EcoRI/BamHI for T7-Ran). For TAP-tagged vectors, a
pair of oligos was annealed and cloned into pMK33-NTAP
(Veraksa et al. 2005) using Xhol and BamHI sites to generate
pMK33-RZ-NTAP. DNA fragments encoding the corresponding
proteins were either amplified by PCR and cloned into pMK33-
RZ-NTAP using the following restriction enzymes (SacI/Kpnl for
Logs-PA, PC, and PD), or subcloned from the Flag-tagged
pRmHa-3 constructs using the following restriction enzymes
(Kpnl/BamHI for R2D2; EcoRI— blunt/BamHI-treated ¢cDNA
fragment cloned into Sacl— blunt/BamHI-digested vector for
Logs-PB and Ran). DNA oligonucleotide sequences are listed in
Supplemental Table S1.

Immunoprecipitation and immunoblotting

Cells were transfected with expression constructs for epitope-
tagged proteins, induced with 500 uM CuSO, 2 d after trans-
fection, and harvested another 24 h later. Immunoprecipitation
and RNase treatment were performed as previously described
(Czech et al. 2008; Zhou et al. 2008). The immunoprecipitated
samples were resolved by SDS-PAGE, transferred to nitrocellulose
membranes, and probed with antibodies against the T7 epitope
(Novagen), the Flag-epitope (Sigma), the TAP-tag (Open Biosys-
tems), or rabbit antibodies against Dcr-1 or Logs. a-Tubulin was
detected using an anti-o-tubulin antibody raised in mouse (Sigma).

Cell culture and dsRNA treatment

S2-NP cells were maintained in Schneider’s medium (Invitrogen)
supplemented with 10% FBS and 1% pen-strep (Invitrogen). For
dsRNA treatment, ~3 X 10° S2-NP cells were soaked in 1.5 mL of
serum-free Schneider’s medium containing 10 pg of dsRNAs in
6-well plates, and 3 mL of serum-containing medium was added
45 min later. After 4 d of initial dsRNA treatment, cells were
treated with dsRNAs for a second round and harvested another
4 d later. Sequences of the primers for generation the dsRNAs are
listed in Supplemental Table S1.

RT-PCR

To measure levels of various logs transcripts upon dsRNA
treatment, total RNA from S2 cells was extracted using Trizol
(Invitrogen). RNA was treated with RQl1 DNase (Promega)
according to the manufacturer’s instructions. cDNA was synthe-
sized by reverse transcription using Quantiscript reverse tran-
scriptase (QIAGEN) and a mixture of oligo-dT and random
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FIGURE 4. Depletion of Logs in S2 cells results in reduced levels of endo-siRNAs derived from repeats and transposable elements. (A) Heat maps
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hexamer primers. cDNA was amplified using primers that amplify with two biological replicates per sample. The sequences of the
all three isoforms (products vary by size). The PCR products were DNA oligonucleotides used in this study are listed in Supplemen-
separated by agarose gel electrophoresis. Analysis was carried out tal Table S1.
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Northern blotting

Total RNA was isolated using Trizol (Invitrogen). Twenty micro-
grams of total RNA from S2 cells or 40 pg of total RNA from flies
was separated on 15% denaturing poly acrylamide gels and
transferred onto Hybond-N* membranes (Amersham Bioscien-
ces) in 0.5X TBE. RNA was UV cross-linked to the membrane and
pre-hybridized in ULTRAhyb-Oligo buffer (Ambion) for 1 h.
DNA probes (sequences are listed in Supplemental Table S1)
complementary to the indicated endo-siRNAs, miRNAs, and 2S
rRNA were 5’ radio-labeled and added to the hybridization buffer
(hybridization overnight at 30°C). Membranes were washed four
to six times in 1X SSC with 0.1% SDS at 30°C and exposed to
PhosphorImager screens for 12-72 h. Probes were stripped by
boiling the membrane twice in 0.2X SSC containing 0.1% SDS in
a microwave.

Reporter assays

Transfections were performed in 384-well plate format. For each
well, a total of ~100 ng of plasmid DNA was transfected. To
measure esi-2.1 sensor activity, 100 ng of pPRmHa-3-Renilla-esi-2.1
sensor (Czech et al. 2008) and 2 ng of pRmHa-3-Firefly-long
(Zhou et al. 2008) (as a control for transfection efficiency) were
transfected. To measure the activity of endogenous miR-bantam,
2 ng of pRmHa-3-Firefly-long, 50 ng of pRmHa-3-Renilla-
Bantam sensor, and 50 ng of pRmHa-3 (serving as carrier DNA)
were transfected. The activity of overexpressed miR-bantam was
measured by transfecting 2 ng of pRmHa-3-Firefly-long, 80 ng
of pRmHa-3-Renilla-Bantam sensor, and 20 ng of pRmHa-3-
Bantam. For each well, DNA was mixed with 0.8 wL of Enhancer
in 15 pL of EC (QIAGEN) and incubated for 5 min at room
temperature. Then 0.35 pL of Effectene reagent was added, and the
mixture was immediately dispensed into each well containing ~80
ng of dsRNA. After incubation for 10 min at room temperature,
40 WL of S2-NP cells (10° cells/mL) were dispensed into the well.
Cells were induced with 200 pM CuSO, 144 h post-transfection,
and luciferase assays were performed 24 h later using DualGlo
reagents (Promega). For each well, the reporter activity, referred to
as relative luciferase units (RLU), was calculated as the ratio of
Renilla luciferase to firefly luciferase. To calculate the effect of
dsRNA treatment on the activity of specific sensors, the data points
were first normalized against corresponding data points where
pRmHa-3-Renilla was transfected (serving as no-site control), then
normalized against samples transfected with dsRNA against LacZ.

Small RNA libraries

Small RNAs from total RNA were cloned as described (Brennecke
et al. 2007) (detailed protocol available upon request). The following
small RNA libraries from total RNA were prepared for this study:

19-24 nt from untreated S2 cells (“mock”);

19-24 nt from S2 cells treated with dsRNA against Dcr-1;
19-24 nt from S2 cells treated with dsRNA against Dcr-2;
19-24 nt from S2 cells treated with dsRNA against Loqs-ORF;
19-24 nt from S2 cells treated with dsRNA against R2D2; and
19-24 nt from S2 cells treated with dsRNA against LacZ.

Libraries were sequenced using the Illumina sequencing platform.
Small RNA sequences were deposited in the Gene Expression

1894  RNA, Vol. 15, No. 10

Omnibus (www.ncbinlm.nih.gov/geo/) under accession number
GSE17171.

Bioinformatics analysis of small RNA libraries

Small RNA libraries were analyzed as described (Czech et al.
2008). Small RNA sequences were matched to the Drosophila
release 5 genome and genomes of Drosophila C virus, Flock house
virus, and Cricket paralysis virus. Only reads perfectly matching
the fly genome or matching to viral genomes with up to three
mismatches were used for further analysis. For annotations we
used FlyBase for protein-coding genes, UCSC for non-coding
RNAs and transposons/repeats, and the most recent miRNA
catalog (Ruby et al. 2007; Stark et al. 2007).

Fly stocks

logs®© flies and flies expressing Logs-PA and Logs-PB isoforms were
a kind gift of Qinghua Liu (University of Texas Southwestern
Medical Center) (Park et al. 2007). The hypomorphic logs™”' flies
were obtained from Bloomington (stock #18371). AGO2* flies
were a kind gift of Haruhiko Siomi (Keiko University School of
Medicine) (Okamura et al. 2004), dcr-2 Y115 flies were a kind gift of
Richard Carthew (Northwestern University) (Lee et al. 2004), and
12d2" flies were a kind gift of Dean Smith (University of Texas
Southwestern Medical Center) (Liu et al. 2003). Flies were double-
balanced [double-balancer stock (w; Sp/CyO; Dr/TM6C,Tb), a gift
from Phil Zamore (University of Massachusetts Medical Center)],
then homozygous and heterozygotes flies were collected. Stock #2057
from Bloomington (Celera sequencing strain) was used as wild type.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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Table S$1
DNA Oligonucleotides
dsRNA aeneratina PCR primers:

T7-Dicer1-F
T7-Dicer1-R
T7-Dicer2-F
T7-Dicer2-R
T7-Drosha-F
T7-Drosha-R
T7-Ago1-F
T7-Ado1-R
T7-Aao2-F
T7-Ado2-R
T7-R2D2-F
T7-R2D2-R
T7-Pasha-F
T7-Pasha-R
T7-Loas-ORF-F
T7-Loas-ORF-R
T7-Logs-BC268-F
T7-Logs-BC268-R
Logs-C-lacZ-R
Logs-C-lacZ-F
Logs-BC-lacZ-R
Logs-BC-lacZ-F
T7-LacZ-R-1580
T7-Loas-C-R
T7-Logs-RD-F
T7-Logs-RD-R
T7-LacZ-F
T7-LacZ-R
T7-logs-3-UTR-F
T7-logs-3-UTR-R
T7-logs-5-UTR-F
T7-logs-5-UTR-R
Logs-5-UTR-lacZ-R
Logs-5-UTR-lacZ-F

SiRNA sensor oligos:

Bam-si2-S2-2P-F
Sal-si2-S2-2P-R
miR-bantam_guide_bulged-F
miR_bantam_guide_bulged-R

RT-PCR:

Loas-F
Loas-R

Northern probes:

esi-2.1
esi-1.2
esi-4.1
miR-bantam
miR-277
miR-8
DM1731.1
DM1731.2
DM1731.3
DM1731.4
DM1731.5
DM1731.6
DM1731.7
DM1731.8
Klarsicht.1
Klarsicht.2
Klarsicht.3
Klarsicht.4
Klarsicht.5
Klarsicht.6
Klarsicht.7
Klarsicht.8
2S rRNA

Oligos for cloning:
Sac-Fla-Der2-F1
Kpn-Dcr2-R5169
EcoR-Fla-Log-F1
EcoR-T7-Log-F1
Bam-Log-R-1398
EcoR-Fla-Ran-F1
EcoR-T7-Ran-F1
Bam-Ran-R-651
Kpn-Fla-R2D2-F1
Kpn-T7-R2D2-F1
Bam-R2D2-R-936
new-MCS-NTAP-F
new-MCS-NTAP-R
Sac-Logs-PA-F1
Kpn-Logs-PA-R1260
Sac-Fla-Log-F1
Bam-Logs-PC-R
Bam-Logs-PD-R

TAATACGACTCACTATAGGGTGCGACAACAATCTGC
TAATACGACTCACTATAGGGTCAGTTGCTGCAGCTCAC
TAATACGACTCACTATAGGGAAGATGTGGAAATCAAGCC
TAATACGACTCACTATAGGGCCACGTTCGTAATTTC
TAATACGACTCACTATAGGGTGAATCAGGACTGGAACG
TAATACGACTCACTATAGGGAGCCATCGCTATCACTGC
TAATACGACTCACTATAGGGAACGGACAGACCGTAGAG
TAATACGACTCACTATAGGGTGGCGTACTTACAGAAGC
TAATACGACTCACTATAGGGAGCCACATCGACGAACG
TAATACGACTCACTATAGGGCGAGGATCATCCTTGATC
TAATACGACTCACTATAGGGCATACACGGCTTGATGAAGGATTC
TAATACGACTCACTATAGGGTTGCTTGTGCTCGCTACTTGC
TAATACGACTCACTATAGGGACTTTGAAGTCCTACCCG
TAATACGACTCACTATAGGGCTCCTTGAACTCATAGG
TAATACGACTCACTATAGGGATGGACCAGGAGAATTTCC
TAATACGACTCACTATAGGGAAGGGCGTATCCTTGTC
TAATACGACTCACTATAGGGAACGAATCTGTAAAGCACCTTTTC
TAATACGACTCACTATAGGGCTGTAACTTAAGCAGTTTTTTGCC
CGGATGGTTCGGATAATGCTGTAAATAAGAGCGCAAAGTTTT
AAAACTTTGCGCTCTTATTTACAGCATTATCCGAACCATCCG
CGGATGGTTCGGATAATGCTGTAACTTAAGCAGTTTTTTGC
GCAAAAAACTGCTTAAGTTACAGCATTATCCGAACCATCCG
TAATACGACTCACTATAGGGCCAGGTAGCGAAAGCCAT
TAATACGACTCACTATAGGGCTGTAAATAAGAGCGCAAAGTTTT
TAATACGACTCACTATAGGGTGAGTATCATTCAAGACATCG
TAATACGACTCACTATAGGGTAAGGTGTAAGCATTATGTTAATTATATGTATAATTATG
TAATACGACTCACTATAGGGCATTATCCGAACCATCC
TAATACGACTCACTATAGGGCAGAACTGGCGATCGTTCG
TAATACGACTCACTATAGGGGTGCAGCCAACTGAATAG
TAATACGACTCACTATAGGGAGTAGCGATTACCAAATACCG
TAATACGACTCACTATAGGGGCAACCACAAATATCAGTAAAATAC
TAATACGACTCACTATAGGGTGTTCTTGTTTTGCACG
CGGATGGTTCGGATAATGGTGTTCTTGTTTTGCAC
GTGCAAAACAAGAACACCATTATCCGAACCATCCG

GATCCCAACAGTTTATTGGAGCGAACTTGTTGGAGTCAAAATGAACTGAGGGTGGAGCGAACTTGTTGGAGTCAAG
TCGACTTGACTCCAACAAGTTCGCTCCACCCTCAGTTCATTTTGACTCCAACAAGTTCGCTCCAATAAACTGTTGG
TCGAATCAGCTTTCCTATGATCTCAAATGATATGAATCAGCTTTCCTATGATCTCAAATGAACTGAATCAGCTTTCCTATGATCTCA
TCGATGAGATCATAGGAAAGCTGATTCAGTTCATTTGAGATCATAGGAAAGCTGATTCATATCATTTGAGATCATAGGAAAGCTGAT

GGCAAAATCAGCGACAGC
CATCGGCAGCTGTTGGTC

GGAGCGAACTTGTTGGAGTCAA
CATTTGATCCATAGTTTCCCG
CCCTTCGCGTTTGGCCAACTC
AATCAGCTTTCAAAATGATCTCA
TGTCGTACCAGATAGTGCATTTA
GACATCTTTACCTGACAGTATTA
CGGGGTCTTCAGATCACCGCA
CAACAGCTCTTCAGCTCTGCT
CAACAAACGTTTGCTCAGCAA
GCGCCCTAGGAGCTGCCTAAA
AGACGTCTCTGGTAGAATTGA
GCCCGTCCGAACAATCTTTGG
CGAGCCAACCGCACGCTAGTA
AGCATCCAGATGCGTTCAGTG
GCCCAATCGATCAGAGCCAAT
TGCCAACCGATTGTGGAGCAC
CAGCTGCGGCTGCGATCGGGA
GCCGCATCCGAGTCGAAATTG
ACGAAACTCTGTAAAACTTAA
GACACCCATTCGATAGAATCG
GCACAGGAAGAAACGCTCGAA
ACGCCAAGTTTGGTGTCAAAA
TACAACCCTCAACCATATGTAGTCCAAGCA

GCCGAGCTCATGGACTACAAGGACGACGATGACAAGATGGAAGATGTGGAAATCAAG
GGGGTACCTTAGGCGTCGCATTTGCTTAG
GGAATTCATGGACTACAAGGACGACGATGACAAGATGGACCAGGAGAATTTCC
GGAATTCATGGCTAGCATGACTGGTGGACAGCAAATGGGTATGGACCAGGAGAATTTCC
GGGGATCCTACTTCTTGGTCATGATC
GGAATTCATGGACTACAAGGACGACGATGACAAGATGGCTCAGGAAGGTCAG
GGAATTCATGGCTAGCATGACTGGTGGACAGCAAATGGGTATGGCTCAGGAAGGTCAG
GGGGATCCTTATAGCTCCTCGTCCTC
GGGGTACCATGGACTACAAGGACGACGATGACAAGATGGATAACAAGTCAGCC
GGGGTACCATGGCTAGCATGACTGGTGGACAGCAAATGGGTATGGATAACAAGTCAGCC
GGGGATCCTTAAATCAACATGGTGCGAAAATAG
TCGAGGAGCTCGGTACCCCCGGGTCTAGAG
GATCCTCTAGACCCGGGGGTACCGAGCTCC

GCCGAGCTCATGGACCAGGAGAATTTCC

GGGGTACCCTACTTCTTGGTCATGATCTTC
GCCGAGCTCATGGACTACAAGGACGACGATGACAAGATGGACCAGGAGAATTTCC
GGGGATCCTACTGCGGGGCTGTAAATAAGAG
GGGGATCCTTAGATCTTGATGAACTCAAAATCTTTAGAG
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SUMMARY

Drosophila Argonaute-1 and Argonaute-2 differ in
function and small RNA content. AGO2 binds to
siRNAs, whereas AGO1 is almost exclusively occu-
pied by microRNAs. MicroRNA duplexes are intrinsi-
cally asymmetric, with one strand, the miR strand,
preferentially entering AGO1 to recognize and
regulate the expression of target mRNAs. The other
strand, miR*, has been viewed as a byproduct of
microRNA biogenesis. Here, we show that miR*s
are often loaded as functional species into AGO2.
This indicates that each microRNA precursor can
potentially produce two mature small RNA strands
that are differentially sorted within the RNAi pathway.
miR* biogenesis depends upon the canonical micro-
RNA pathway, but loading into AGO2 is mediated by
factors traditionally dedicated to siRNAs. By inferring
and validating hierarchical rules that predict differen-
tial AGO loading, we find that intrinsic determinants,
including structural and thermodynamic properties
of the processed duplex, regulate the fate of each
RNA strand within the RNAi pathway.

INTRODUCTION

The biogenesis of small RNAs derived from double-stranded or
structured precursors requires the action of RNase Il family
proteins. In Drosophila, these small RNAs interact with the two
AGO clade proteins, Argonaute-1 (AGO1) and Argonaute-2
(AGO2), and represent two major classes, microRNAs (miRNAs)
and small interfering RNAs (siRNAs), respectively.

siRNAs are processed from exogenous dsRNAs by a dedi-
cated Dicer protein, Dcr-2, and its cofactor, R2D2 (Lee et al.,
2004b; Liu et al., 2003). Dcr-2 and R2D2 additionally function
during siRNA loading into AGO2 (Tomari et al., 2004). In a mature
complex, only one siRNA strand, the guide strand, is retained.
The remaining strand, the passenger strand, is cleaved by
AGO2 and ultimately degraded (Matranga et al., 2005; Miyoshi
et al., 2005).

Endogenously encoded double-stranded RNAs can also form
siRNAs, endo-siRNAs (Czech et al., 2008; Ghildiyal et al., 2008;
Kawamura et al., 2008; Okamura et al., 2008a). These can be
derived from dedicated noncoding transcripts that are exten-
sively structured, from intermolecular hybrids of RNAs from
convergently transcribed genes, or from transposon loci, which
form dsRNA through unknown mechanisms. Endo-siRNAs are
processed by Dcr-2 but lack a strong dependency on R2D2
(Czech et al., 2008; Okamura et al., 2008a). Instead, they rely
upon a specific isoform of the dsRNA binding protein, Loqua-
cious (Logs-PD) (Czech et al., 2008; Hartig et al., 2009; Okamura
et al., 2008a; Zhou et al., 2009). Both endo- and exo-siRNA
primed AGO2 execute efficient small RNA-directed cleavage
of complementary targets (Czech et al., 2008; Hammond
et al., 2000). Moreover, all AGO2-bound guide strands become
2’-O-methyl modified at their 3’ termini by the methytransferase
Hen1/Pimet (Horwich et al., 2007; Saito et al., 2007).

In contrast to AGO2, AGO1 principally hosts miRNAs. These
are derived mainly from long RNA polymerase Il transcripts
through two site-specific cleavages. The first is catalyzed by
Drosha/Pasha complexes (Denli et al., 2004; Gregory et al.,
2004; Lee et al., 2003, 2004a) and the second by Dcr-1 in collab-
oration with another Loquacious isoform, Logs-PB (Férstemann
etal., 2005; Jiang et al., 2005; Park et al., 2007; Saito et al., 2005).
The product of Dcr-1 cleavage is a duplex comprised of the
miRNA (miR) and the miRNA-star (miR*) strands, with the miR
corresponding to the guide strand and the miR* resembling the
passenger strand. Loading of these duplexes into AGO1 fol-
lowed by unwinding and degradation of the miR* strand leads
to mature RISC. The miR strand guides AGO1 to mRNA targets,
which are generally recognized by imperfect base-pairing inter-
actions. Recognition by miRNAs generally leads to repression
via reduction in protein synthesis. Although both AGO1 and
AGO2 can act via this mechanism (Férstemann et al., 2007; Iwa-
saki et al.,, 2009), AGO1 seems biochemically optimized for
cleavage-independent repression, while AGO2 is optimized as
a multiturnover nuclease (Forstemann et al., 2007).

Based upon these observations, small RNAs in the RNAI
pathway must be sorted in several ways. First, different types
of small RNA duplexes are directed toward specific AGO
complexes. Second, the individual strands of each small RNA
duplex have a different probability of guiding mature RISC. As
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a consequence of coupled dicing and loading, selective incor-
poration into AGO1 or AGO2 could rely in part on the distinct
enzymatic machinery underlying the biogenesis of siRNAs
and miRNAs. However, at least one miRNA, miR-277, is
substantially AGO2 loaded, although it is processed conven-
tionally by Dcr-1 and Logs (Férstemann et al., 2007). In contrast
to many miRNA precursors, which contain several mismatches
and bulges, the duplex precursor to miR-277 has an unusual
degree of perfect double-stranded character and therefore
strongly resembles a siRNA precursor. Moreover, alterations
in the extent of pairing in miRNA-mimetic siRNA duplexes al-
lowed experimental direction to AGO1 or AGO2 preferentially
(Tomari et al., 2007). The discrimination of miR and guide
strands from miR* and passenger strands is proposed to rely
upon the thermodynamic properties of the processed
duplexes. In both cases, the strand with the less-stable 5
end preferentially enters RISC.

Conventional wisdom holds that the passenger and miR*
strands are simply byproducts of siRNA and miRNA biogenesis
and RISC loading and are, therefore, discarded and degraded.
However, in our studies of AGO2-bound small RNA species,
we noted that a wide range of miR* strands represented
some of the most abundant individual species in AGO2
RISC. This indicated that, following processing by Dcr-1, the
miR:miR* duplex could be bifunctional, flowing down either
the AGO1 or AGO2 loading pathway with the properties of
each individual strand determining its destination. By studying
the patterns of mismatches and thermodynamic stabilities of
precursors to small RNAs resident within each complex and
by selectively manipulating these characteristics, we find that
a hierarchy of rules, depending both on duplex structure and
thermodynamic properties, determines the fate of small RNAs
in the RNAi pathway.

Molecular Cell
Drosophila Small RNA Sorting

Figure 1. miR*s Have Modified 3' Termini

(A) Pie charts represent the relative abundance
of different endo-siRNA classes and miRNAs in 19—
24 nt small RNA libraries from wild-type S2 cells.
Results from a standard cloning protocol (upper
diagram) and from a cloning strategy that enriches
for small RNAs with modified 3’ termini (lower diagram)
are shown. The fraction of miRs and miR*s is indicated
for both libraries.
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miR* Strands Often Bear
2'-0-Methylated 3’ Termini
We sought to investigate the fates of dsRNA-
derived small RNAs and their flow through
the RNAIi pathway. We began by sequencing
a 19-24 nt small RNA library from wild-type
Drosophila S2 cells using our standard
cloning protocol (“standard”) (Figure 1). In parallel, we analyzed
a library enriched for small RNAs with 2’-O-methylated 3’ termini
(“oxidized”) prepared using a modified cloning strategy (Seitz
et al., 2008). After removing degradation products of abundant
cellular RNAs, sequences were split into six categories: endo-
siRNAs corresponding to (1) genes, (2) structured loci, (3)
repeats, (4) viruses, and (5) genomic regions without annotation
(“none”) and (6) MiRNA (miR or miR*). Within the standard library,
62.6% of all sequences fell within different endo-siRNA classes.
The remaining 37.4% corresponded to miRNA sequences, of
which the vast majority derived from mature miRNA strands
(Figure 1A). Consistent with previous reports that Drosophila
miRNAs lack methylated 3’ termini (Horwich et al., 2007; Saito
et al., 2007), miRNA species were significantly depleted in the
oxidized library. There, 97.7% reads could be assigned endo-
siRNAs, while only 2.3% corresponded to miRNA sequences.
Within the remaining miRNA sequences, mature miRNA strands
were strongly depleted, while levels of miRNA* strands did not
change substantially. Specifically, ratios between miR and
miR* strands changed from ~33:1 in the standard library to
~2:1 in the oxidized library, which corresponds to a 16-fold rela-
tive enrichment of miR*. Consistent with previous reports of
siRNAs derived from the flock house virus (FHV) being only
partially methylated (Aliyari et al., 2008; Flynt et al., 2009), viral
siRNAs (more than 99% of our viral siRNAs matched to the
FHV genome) were also reduced in the oxidized library. All other
categories of endo-siRNAs were enriched by the modified
cloning strategy (Figure 1A), consistent with the RNAs bearing
modified 3’ termini (Chung et al., 2008; Kawamura et al., 2008;
Okamura et al., 2008a). We plotted the cloning frequencies of
the 40 most abundant sequences in each library corresponding
to miRs (red text), miR*s (blue text), and endo-siRNAs from struc-
tured loci (black text) (Figure 1B). We calculated the relative
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(D) Median base-pairing (upper chart) and nucleotide composition (lower chart)
Bulges on each strand were counted as mismatches.

of all sequences that show a relative association with AGO1 of 70% or more.

(E) Analysis as in (D) but with all sequences having a relative association of 70% or more with AGO2.

representation of each sequence in the two libraries and sorted
by this ratio. Green bars indicate enrichment in the standard
library, and red bars indicate enrichment in the oxidized
library. Since 2’-O-methylation is characteristic of AGO2-loaded
sequences, this ratio can also be taken as a rough surrogate for
relative loading into AGO1 and AGO2 complexes. The results of
this analysis are consistent with previous reports of miRNAs prin-
cipally occupying AGO1 and endo-siRNAs occupying AGO2
(Figure 1B). Notably, these data also indicated that miR* strands
were individually abundant within AGO2 complexes.

miR* Strands Primarily Associate with AGO2

To confirm the patterns of small RNA loading, we examined small
RNA libraries from immunoprecipitates of AGO1 and AGO2 from
Drosophila S2 cells (Czech et al., 2008), separating miRNA-
related sequences into miR and miR* strands. Approximately

98% of all AGO1-associated reads match to annotated miRNAs,
with 99% of these representing the miR strand. In contrast to
recent reports, we did not observe significant loading of miR*s
into AGO1 (Okamura et al., 2008b). The remaining AGO1-associ-
ated sequences comprised distinct classes of endo-siRNAs,
including genic and viral sequences (Figure 2A). In contrast,
AGO?2 is predominantly loaded with all classes of endo-siRNAs.
Approximately 8% of all reads in AGO2 immunoprecipitates
match to miRNAs. Among the AGO2-associated miRNA
seqguences, only ~40% matched to the miR strand, while almost
60% represented miR* strands (Figure 2A).

To verify conclusions emerging from deep sequencing, we
prepared total RNA from AGO1 and FLAG immunoprecipitates
from a stable S2 line expressing FLAG/HA-AGO2 under its endog-
enous regulatory elements (Czech et al., 2008) (Figure S1A) and
subjected a fraction of this material to B-elimination. Treated
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and untreated RNAs were blotted with probes specific to the miR
and miR* strands of three miRNAs, miR-bantam, miR-184, and
miR-276a. miR-strand probes for all three miRNAs generated
strong signals in AGO1 immunoprecipitates and were only
weakly, if at all, detected in AGO2 immunoprecipitates
(Figure 2B). In contrast, all three miR* probes detected strong
signals selectively in AGO2 immunoprecipitates. As expected,
the endo-siRNA, esi-2.1, strongly associated with AGO2 (Czech
etal., 2008). RNAs coimmunoprecipitated with AGO1 were sensi-
tive to periodate treatment followed by B-elimination. However, all
AGO2-associated RNAs, including the low-abundance AGO2-
associated miR strands, were completely resistant to B-elimina-
tion (Figure 2B).

Patterns observed by northern blotting were also apparent in
an analysis of the most abundant sequences derived from
AGO1 and AGO2 complexes (Figure 2C). In AGO1 complexes,
miR strands (red text) were strongly enriched, whereas miR*s
(blue text) and endo-siRNAs (black text) were rare. In AGO2,
miR*s and endo-siRNAs were cloned at higher frequencies.
Consistent with a previous report (Férstemann et al., 2007), we
also observed a significant proportion of miR-277 in AGO2.

Our data imply that AGO1 and AGO?2 loading rest on a more
complex set of parameters than was previously supposed (For-
stemann et al., 2007; Tomari et al., 2007). We therefore analyzed
the properties of sequences that showed strong preferential
(>70%) association with either AGO1 or AGO2 (Figures 2D and
2E). We assessed overall base-pairing patterns and the distribu-
tions of mismatches within miR:miR* and endo-siRNA guide:
passenger duplexes and determined their positional nucleotide
biases. In general, duplexes sorted to AGO1 contained slightly
higher frequencies of mismatched bases than those sorted to
AGO2, indicating that overall pairing is a minor determinant of
small RNA sorting. Nucleotide biases were prominent for
AGO1-loaded RNAs, with the previously noted strong enrich-
ment for a 5 U in miRNAs being easily observed (Figure 2D).
Most of either AGO1- or AGO2-destined duplexes showed
standard Watson-Crick base pairs across their first two residues,
with rates reaching 80% for AGO2 but only 60% for AGO1
(Figures 2D and 2E). In AGO2-bound RNAs, there was an enrich-
ment for a terminal C residue (~50% of sequences).

Strong differences were detected in the structure of the central
regions of duplexes sorted to AGO1 and AGO2. In particular, the
strand destined for AGO1 was often unpaired at position 9, while
pairing at this position occurred in more than 90% of AGO2-
associated strands. This pattern not only held for miR and
miR* strands but also for the guide and passenger strands of
endo-siRNAs. For example, both deep sequencing (data not
shown) and northern blotting (Figure 2B) highlighted the guide

strand of one endo-siRNA, esi-2.3, that acted anomalously, pref-
erentially entering AGO1 rather than AGO2 complexes. Notably,
in its precursor duplex, esi-2.3 shows central mismatches char-
acteristic of miR strands (Figure S2). Thus, a combination of
sequence and structural determinants contributes to strand
and small RNA sorting in the RNAi pathway, and these character-
istics dominate over signals emanating from the upstream
biogenesis pathways.

Validating Rules for Strand Sorting
To assess the relevance of our observations for small RNA strand
sorting, S2 cells stably expressing FLAG/HA-AGO2 were trans-
fected with altered miRNA-276a and let-7 siRNA duplexes, and
AGO1 and AGO2 complexes were subsequently recovered by
immunoprecipitation (Figure 3A). Differential loading was probed
by northern blotting (Figures 3B and S3). Levels of both top (miR*
for miR-276a, guide for let-7) and bottom (miR for miR-276a,
passenger for let-7) strands were normalized to nontransfected
controls, and relative Argonaute loading indices for each strand
were calculated compared to corresponding wild-type controls
(Figures 3C and 3D). We found that both strands of the perfectly
matched /let-7-1 duplex showed relatively strong association
with AGO2 (Figure 3D). The insertion of central bulges or
mismatches at the ends of let-7 duplexes caused a general shift
of both top (guide) and bottom (passenger) strands toward
AGO1. We observed stronger effects on AGO1 loading for the
strand featuring central bulges around position 9, as measured
from its 5’ end (compare let-7-4 and let-7-7 with let-7-2 and
let-7-3). Introduction of mismatches at positions 9 and 10
caused a stronger preference for AGO1 loading than introduc-
tion of mismatches at positions 11 and 12 (compare the top
strand with the bottom strand of let-7-2 and let-7-3), in accord
with our analysis of naturally AGO1-associated miRNA strands
(Figure 2D). The combination of central bulges with unpaired
terminal nucleotides in reciprocal configurations caused both
strands to favor AGO1 (let-7-5, let-7-6, let-7-8, and let-7-9).
However, the effects of central mismatches at positions 9 and
10 still showed a stronger impact than did alterations of duplex
ends (compare let-7-5 with let-7-6 and let-7-8 with let-7-9).
Generally, consistent results were obtained for sorting of
miR-276a duplexes (Figure 3C). Changing the 5’ uracil of the
miR strand (bottom, in red) to adenine did not extinguish AGO1
loading (miR-276a-2), while substitution of the 5’ adenine of the
miR* strand (top, in blue) to uracil did cause a slight shift toward
AGO1 (miR-276a-3). Modifying the terminal nucleotides of
both strands at once failed to trigger more dramatic changes in
AGO preference than did single substitutions, indicating that
the observed nucleotide bias of miRNAs has a minor, if any,

Figure 3. Small RNA Duplexes Can Be Directed to AGO1 or AGO2

(A) Schematic drawing of the experimental procedure (Argonaute loading assay).

(B) Immunoprecipitation followed by northern blotting shows the loading of both top and bottom strands of various modified miR-276a duplexes into AGO1 or

AGO2. miR-bantam and esi-2.1 served as controls.

(C) Quantification of the Argonaute loading assay for modified miR-276a duplexes. The relative Argonaute loading index for each strand was normalized to that of
the corresponding strand of duplex #1 (wild-type control); results were log,) transformed and plotted. Positive numbers indicate preferential loading into AGO1,
whereas negative numbers indicate favored loading into AGO2. The asterisk indicates that the bottom strand of duplex 5 had low signal and could not be reliably
quantified. The inset shows the loading pattern of both individual strands of duplex #1. Duplex structures are shown to the right.

(D) The relative Argonaute loading index for modified let-7 duplexes as described in (C).
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impact on sorting behavior (miR-276a-4). Next, we combined
modification of terminal nucleotides with altered central bulges
by inserting mismatches at positions 9 and 10 counted from
the 5’ end of either the top or bottom strands. Alteration of the
miR* strand combined with reversed terminal nucleotides
(miR-276a-6) caused a dramatic shift of the miR* toward
AGO1, while the miR strand was moderately shifted toward
AGO2. Similar results were obtained if central mismatches only
were introduced into the miR* strand (miR-276a-8) or if the
central mismatches were combined with mismatches in the
seed region of the miR strand (miR-276a-5 and miR-276a-10).
Sealing the central mismatches in the miR strand either alone
(miR-276a-11) or in combination with a reversion of seed
mismatches (miR-276a-9) biased the miR strand toward AGO2
as compared to the wild-type duplex. Considered together, we
conclude that central mismatches are the dominant determinant
for sorting of small RNAs among AGO1 and AGO2 complexes,
while the overall pairing within the duplex also contributes, albeit
to a lesser extent. Central mismatches also contribute to the
decision of which strand is loaded, while thermodynamic proper-
ties become important for duplexes with relatively perfect
dsRNA character.

Biogenesis of miRNA* Strands

Since our results pointed to bifunctionality within miRNA precur-
sors, we wished to compare the requirements for processing
and loading of miR and miR* strands. We depleted canonical
components of the miRNA and endo-siRNA pathways in S2 cells
and examined the impacts on levels of miRNAs, miR*s, and
endo-siRNAs derived from structured loci. RNAs from the
indicated knockdowns were split and subjected to B-elimination
or left untreated prior to northern blotting. Knockdown of
established miRNA pathway components generally had consis-
tent effects on miR and miR* strands. Reduction of drosha and
pasha together led to a decrease in both the miR and miR*
strands, while endo-siRNA levels were not affected (Figure 4A).
Depletion of Dcr-1 caused accumulation of pre-miRNAs and
slightly reduced the levels of mature miRs and miR*s, while not
affecting endo-siRNAs. In contrast, knockdown of some siRNA
pathway components showed differential effects on miR and
miR*. Knockdown of dcr-2 or logs had no effect on either miR
or miR* levels, while endo-siRNAs were strongly reduced. How-
ever, depletion of Dcr-2 or R2D2 did cause significant band shifts
for B-eliminated RNAs corresponding to miR*s. Upon AGO1
depletion, we noted a significant reduction in mature miRNA
strands and an unexpected concomitant increase in the levels
of miR-bantam™ and miR-276a*. The latter resisted B-elimination,
indicating proper loading into AGO2. Finally, depletion of
AGO2 caused a reduction of endo-siRNA and miR* levels, while
miRNA levels were unaffected. Consistent with the requirement
of AGO2 binding for terminal methylation, miR*s remaining
in ago2 knockdowns had completely lost their resistance to
B-elimination.

To probe the effects of AGO1 and AGO2 depletion more
broadly, we sequenced small RNAs from knockdown cells
(Figure 4B). By comparing individual sequences within these
libraries, we could establish relative dependence on the two
AGO proteins. miR*s and endo-siRNAs showed more depen-
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dence on AGO2, whereas miRNAs were more dependent
on AGO1 (Figure 4B). We also examined the small RNA popula-
tions associated with AGO1 or AGO2 in cells depleted of Dcr-2
and observed a significant decrease in the miR* fraction
within AGO2-bound miRNAs as compared to control samples
(Figure S4). These results are consistent with miR*s being
predominantly associated with AGO2 and depending upon
components of the miRNA pathway for processing and compo-
nents of the siRNA pathway for loading, stabilization, and 3’ end
modification.

miR* Strands Can Silence Targets In Vitro

miR* strands show abundances in AGO2 RISC similar to those of
endo-siRNAs, which are competent to silence target RNAs
(Czech et al., 2008; Okamura et al., 2008b). We therefore tested
whether AGO2-loaded miR*s could repress sensors carrying
perfect complementary sites. Since a recent report employed
AGO2 in the regulation of bulged target sites, we also probed
the impact of miR* strands on sensors carrying imperfect sites
(Iwasaki et al., 2009). We generated Renilla luciferase reporter
constructs that carry multiple perfect or bulged binding sites
for either the miR or miR* strand of miR-276a or miR-bantam
(Figure 5A). These sensor constructs were transfected into S2
cells together with dsRNAs targeting canonical miRNA and
siRNA pathway components, and the impact of depletion of
these factors on reporter activity was examined. As expected,
depletion of Drosha caused a consistent derepression of all
sensors for the miR strand of miR-276a or miR-bantam. Impor-
tantly, Drosha depletion also led to a similar derepression of all
sensors for miR* strands, indicating that these are also capable
of repressing mRNA targets (Figures 5B and 5C). While depletion
of Pasha or Dcr-1 caused a moderate derepression of sensors
for endogenous miR or miR* strands, we observed a more con-
sistent phenotype following overexpression of primary miRNAs
(Figures 5B-5E). In addition, the sensor constructs for either
miR-276a* or miR-bantam™ in a “perfect match” configuration
were derepressed upon depletion of AGO2, consistent with their
acting in a complex with this protein (Figures 5B and 5C). This
was dependent on Dcr-2 and R2D2, but not Logs. Most notably,
depletion of AGO1 enhanced the repression of the same set of
sensors, in accord with the observed increase in miR* strands
in knockdown cells (Figures 5B and 5C). Similar changes in
sensor activity were observed when pri-miRNAs were overex-
pressed (Figures 5D and 5E). We therefore conclude that miR*
strands are capable of silencing target transcripts carrying either
perfect or imperfect complementary sites in cultured S2 cells
and that the silencing of “perfect match” targets by miR* species
depends on canonical siRNA pathway components.

miR* Strands Can Silence Targets In Vivo

To test whether the miR* strands also function in vivo, we gener-
ated transgenic sensor flies in which binding sites for either
strand of miR-276a or miR-bantam in perfect or bulged configu-
rations were placed within the 3’ UTR of an EGFP transgene. We
tested silencing using clonal analyses in the developing wing
disc. In homozygous dcr-1 clones, GFP signals from sensors
for the miRNA strand of miR-276a or miR-bantam (in both perfect
and bulged configurations) increased as expected (Figures 6A,
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(A) Northern blots were probed with two miRs, two miR*s, and an endo-siRNA derived from a structured locus. Total RNAs from the indicated RNAi knockdowns
were untreated (—) or subjected to B-elimination (+) prior to gel electrophoresis. 2S rRNA served as loading control.

(B) Heat maps showing the relative abundance of miRs, miR*s, and endo-siRNAs derived from structured loci in total RNA libraries of samples treated with
dsRNAs against AGO1 or AGO2 (in grayscale). Preferential dependence of small RNAs on AGO1 (green) or AGO2 (red) is shown to the right.

6B, S5A, and S5B). Sensors for the miR* strand of miR-bantam
(in perfect and bulged configurations) were also derepressed in
dcr-1 clones (Figures 6C and 6D). We did not observe the
same effect with sensors for the miR-276a* strand, presumably
due to its low endogenous levels in the wing disc (Figures S5C
and S5D). We conclude that the miR-bantam* strand is gener-
ated in a Dcr-1-dependent manner and is capable of repressing
sensors carrying either perfect or bulged binding sites.

In ago1 clones, perfectly complementary sensors for the miR
strand of miR-276a or miR-bantam were derepressed (Figures

6E and S5E), as were sensors for the miR strand of miR-276a
or miR-bantam in bulged configurations (Figures 6F and S5F).
In ago? mutant clones, we found that perfect match sensors
for the miR* strand of miR-bantam became hyper-repressed as
compared to background tissue, which is heterozygous for the
ago1 mutation. We saw concomitant derepression in the twin
spots, which carry two copies of the wild-type ago? gene
(Figure 6G). The increase in silencing upon AGO1 depletion is
consistent with effects of ago7 knockdown in S2 cells (Figures
5B-5E). We were unable to detect significant derepression of
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with a firefly luciferase construct. Cells were treated with dsRNAs targeting indicated RNAi pathway components. Fold changes in reporter activity were calcu-
lated as Renilla/firefly ratio normalized first against the control sample (cells treated with dsRNA targeting lacZ), then against cells transfected with the control
construct without target sites. Shown is the average reporter activity (error bars indicate SD; n = 2).

(C) Sensor activities for miR-276a as described in (B).

(D) Sensor activities for overexpressed miR-bantam. Experiments were performed as described in (B), but in addition, an expression construct for miR-bantam

was cotransfected with the reporter constructs.
(E) Sensor activities for overexpressed miR-276a as described in (D).

the sensors for the miR* strand of either miR-bantam or miR-
276a in perfect configuration in ago2 clones, possibly due to
residual AGO2 protein in mutant clones (Figure S6). In fact,
a sensor transgene for esi-2.1, a highly abundant endo-siRNA
shown to be loaded to AGO2, was only mildly derepressed in
ago2 clones (Figure S10). Neither were obvious phenotypes
observed in logs clones (Figure S9). We did observe a moderate
derepression of a perfect match sensor for the miR-bantam*
strand in dcr-2 or r2d2 clones (Figures S7G and S8G), consistent
with their derepression following similar treatment of S2 cells
(Figures 5B-5E).

Thermodynamic Properties of Endo-siRNAs

and Strand Selection

Our data indicated that central bulges are the major determinant
of sorting and strand selection in mismatch-containing duplexes.
For these species, the thermodynamic properties of duplex ends

impact sorting and strand selection to only a minor degree. To
test the contribution of thermodynamic asymmetry for sorting
and loading from perfect duplexes, we analyzed the energies
of endo-siRNAs from the klarsicht locus and of viral siRNAs.
These were almost absent from AGO1 immunoprecipitates
but were loaded into AGO2 (Figure 2A). Only sequences where
both the guide and passenger strands were cloned in libraries
from AGO2 immunoprecipitates were considered for our
analysis. We split siRNA duplexes into those showing strong
asymmetry (strand bias of guide to passenger of 20:1 or
higher) and weak asymmetry (strand bias of 5:1 or lower). We
calculated the average thermodynamic energies of both ends,
considering up to six terminal nucleotides. The average
energies of guide-strand ends were divided by the average ener-
gies of passenger-strand ends, and the results were plotted
(Figure 7A). Endo-siRNAs derived from the klarsicht locus that
show stronger asymmetry (as indicated by the ratio of 20:1 or
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Figure 6. Silencing by miR and miR* Strands in Flies

ago1

(A-D) Shown are sensors for miR-bantam or miR-bantam* containing perfectly matched or bulged target sites (as indicated to the left). Negative B-Gal staining
(red channel in the merged images) indicates dcr-1 mutant clones (also marked with arrows). Cells with strong B-Gal staining contain two wild-type dcr-1 genes,
while cells with intermediate staining are heterozygous for dcr-1. EGFP sensor activity is shown in green. The black and white panels indicate the separate chan-

nels for B-Gal and EGFP.

(E-H) Clonal analysis for ago1: details as in (A-D). Selected regions (enclosed in white boxes) were enlarged and shown as insets within each panel to display the

smaller ago1 clones.

higher) also show prominent differences in the end energy
between guide and passenger strands for up to four terminal
nucleotides. In contrast, klarsicht endo-siRNAs with low asym-
metry (ratio of 5:1 or lower) show little if any energy differences
between their ends. Similar results were obtained for siRNAs
derived from viruses, although the magnitude of the overall
energy differences was lower (Figure 7A).

DISCUSSION

miRNAs have been honed by evolution to selectively load one
strand, the miR strand, into RISC and thus specifically regulate
a set of targets that contain complementarity to its specific
seed (Bushati and Cohen, 2007; Eulalio et al., 2008). The data
presented herein suggest that miRNA precursors can be bifunc-
tional, with individual strands adopting different fates within
small RNA pathways. We find that miR* strands are not mere
byproducts of miRNA biogenesis but can instead be loaded
into demonstrably functional AGO complexes. Notably, this
occurs despite miR and miR* strands being produced by pre-
cisely the same biogenesis mechanism involving Drosha/Pasha
and Dcr-1/Logs-PB complexes (Figure 4A). Current models
incorporate coupled small RNA biogenesis and AGO loading in
which Dicer-AGO interactions capture the energy of phospho-
diester bond hydrolysis to facilitate incorporation of the small
RNA into RISC. Results presented here seem at odds with this

model unless Dcr-1 interacts simultaneously with AGO1 and
AGO2 to drive the individual strands of a single duplex into sepa-
rate RISCs. However, this seems unlikely, because depletion of
either AGO tends to enrich rather than simultaneously deplete
those RNAs present within the other complex. miR* strands
persist but lose their terminal 2’-O-methylation in the absence
of Dcr-2/R2D2, and the ratio of miR*/miR of AGO2-bound small
RNA species significantly decreases under these conditions,
indicating that this complex is required not for biogenesis but
instead for successful and proper miR* loading into AGO2.
Thus, we instead favor a model in which the miR:miR* duplex
is released from Dcr-1 and subsequently recognized by Dcr-2/
R2D2, which shepherds loading into AGO2 (Figure 7B). This
release and rebinding has previously been proposed for strand
selection within the siRNA pathway (Preall et al., 2006; Tomari
and Zamore, 2005). Whether the proximate Dcr-1 product is
ever released en route to miR strand loading into AGO1 remains
an open question. In one scenario, loading of the miR strand
could remain coupled to Dcr-1 cleavage, with those duplexes
destined to produce miR*/AGO2 RISC being produced and
released by Dcr-1 enzymes that had not formed a complex
with AGO1 prior to pre-miRNA cleavage. However, even Dcr-1
complexes must somehow coordinate loading of miR strands,
which lie on either the 5p or 3p arm of the precursor, perhaps
suggesting that the AGO1 loading machinery might also rely on
Dcr-1 product release prior to loading so that both strands can
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Figure 7. A Hierarchy of Rules for Small RNA Loading in Flies

miR*

(A) Thermodynamic properties of AGO2-associated endo-siRNAs matching the klarsicht locus (upper chart) and viral siRNAs (lower chart). All siRNA duplexes
with both strands cloned were extracted bioinformatically, and ratios of cloning abundances between guide and passenger strands were calculated. Average
energies for up to six terminal nucleotides were plotted for strongly asymmetric (strand bias of 20:1 or higher) and weakly asymmetric duplexes (strand bias

of 5:1 or lower).
(B) Model for differential sorting of miRNA duplexes in flies.

be interrogated. This is further supported by the observation that
the endo-siRNA esi-2.3, a Dcr-2 product, is preferentially loaded
into AGO1 (Figure 2B).

In this regard, several lines of evidence suggest that the avail-
ability of AGO proteins influences the fate of the miR and miR*
strands. The absence of AGO1 clearly impacts the abundance
of miR* strands relative to other small RNAs, e.g., endo-siRNAs,
that join AGO2 complexes. However, the strongest indications
for coupling between AGOs and the fates of miR and miR*
come from functional analysis of sensors in cell culture and in
animals. A comparison of tissues containing 0, 1, or 2 copies
of the ago1 gene shows a graded ability to repress sensors for
the miR* strands of miR-bantam or miR-276a. As compared to
heterozygous cells, homozygous ago? clones hyper-repress
miR* sensors, while cells with 2 copies of intact ago7 show
reduced repression as compared to heterozygous cells. Thus,
either a true coupling remains between the biogenesis
machinery and AGO proteins that determines the fate of small
RNA duplexes, or the relative levels of proteins that will accept
miR or miR* strands simply influence the availability of substrates
for loading along each pathway.

Results presented herein incorporate several previously
proposed rules for small RNA sorting in the Drosophila RNAI
pathway, but refine some and place these within an overall hier-
archy for selection of both the loaded strand and the destination
AGO protein. For imperfect small RNA duplexes, the principal
determinant seems to be the detection of paired or unpaired resi-

dues around the ninth position of the interrogated strand. Each
strand of a precursor duplex seems to be assessed individually,
since a single miRNA precursor can funnel one strand into AGO1
with the other independently flowing into AGO2. This is not
specific to small RNAs generated by Dcr-1, since endo-siRNAs,
which are Dcr-2 products, also follow this rule and can, based
upon the pattern of interior bulges, select a particular strand
for loading into AGO1. Analyses of natural miRNAs and of
experimentally altered precursor duplexes indicate that this
strand selection rule dominates thermodynamic asymmetry.
For example, a number of miR* strands join AGO2 despite having
a substantially more stable 5’ end than the miR strand. Previously
proposed thermodynamic asymmetry rules (Khvorova et al.,
2003; Schwarz et al., 2003) become dominant for perfectly
paired small RNA duplexes, such as those arising from the
klarsicht locus and from viruses. Thus, our studies not only begin
to hierarchically integrate rules for small RNA selection in the
RNAi pathway but also suggest that the pathways leading
to the generation of miR-loaded AGO1 RISC and siRNA-
loaded AGO2 RISC are perhaps not as separate as generally
supposed.

EXPERIMENTAL PROCEDURES
Cell Culture, Transfection, and RNAi

S2-NP cells were maintained, transfected, and selected as previously
described (see Supplemental Experimental Procedures).
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DNA Constructs

DNA fragments (~500 bp) encompassing miR-bantam and miR-276a were
amplified by PCR and cloned into pRmHa-3. Pairs of oligonucleotides contain-
ing three perfect or bulged target sites for miR-bantam, miR-bantam*, miR-
276a, or miR-276a* were annealed and cloned into pRmHa-3-Renilla or
pJB8 (tubulin-EGFP in pCaSpeR4) to generate sensor constructs. A pair of
oligonucleotides containing two perfect sites for esi-2.7 was annealed and
cloned into pJB8 to generate an esi-2.7 sensor. All these sensor constructs
were used to generate transgenic flies using standard P-element-mediated
transformation. See Table S1 for oligonucleotide sequences.

pB-Elimination
The chemical structure of 3’ termini of small RNAs was analyzed as described
(Vagin et al., 2006) (see Supplemental Experimental Procedures).

Immunoprecipitation

Cell extracts were prepared, evenly split and subjected to immunoprecipita-
tion using antibodies against AGO1 (Abcam; Cambridge, MA) or the FLAG
epitope (Sigma; St. Louis), respectively, as described (Czech et al., 2008;
Zhou et al., 2008). RNAs were recovered from the immunoprecipitated
samples using TRIzol (Invitrogen; Carlsbad, CA) and used for production of
small RNA libraries or northern blotting.

Northern Blotting
Northern blotting was carried out as described (Czech et al., 2008; Zhou et al.,
2009) (see Supplemental Experimental Procedures).

Small RNA Libraries

Small RNAs were cloned as described (Brennecke et al., 2007). A detailed
description of small RNA libraries prepared or used in this study can be found
in the Supplemental Experimental Procedures.

Bioinformatic Analysis of Small RNA Libraries
The analysis of small RNA libraries was performed similarly as described
(Czech et al., 2008) (see Supplemental Experimental Procedures).

Fly Strains
Fly strains were maintained in standard media. All generated and used strains
are listed in Table S2.

Clonal Analysis

Clonal analysis was performed as described (Brennecke et al., 2005). Briefly,
developing larva were heat-shocked at 37°C for 1 hr at 50-60 hr of develop-
ment for flies carrying mutations for dcr-1, dcr-2, ago2, r2d2, or logs, except
for ago? flies, which were heat-shocked at 96-108 hr of development.
Wandering third-instar larva were dissected, and the imaginal wing discs
were fixed in 4% formaldehyde-PBS at room temperature for 30 min and
stained with monoclonal anti-B-Gal antibody (1:500; Promega; Madison, WI),
rabbit anti-GFP antibody (1:1000; Molecular Probes; Carlsbad, CA), and
secondary antibodies (Alexa 488-conjugated goat anti-rabbit and Alexa 594-
conjugated goat anti-mouse; 1:500; Molecular Probes). A rat anti-HA antibody
(1:1000; Roche; Indianapolis, IN) was employed to examine the expression
pattern of FLAG/HA-AGO?2 in the imaginal wing disc.

Argonaute Loading Assay

Cells expressing FLAG/HA-AGO?2 (see above) were transfected with various
siRNA or miRNA duplexes (Table S1) using HiPerFect (QIAGEN; Valencia,
CA). Two days after transfection, cell lysates were prepared and evenly split,
and each half was subjected to immunoprecipitation using antibodies against
AGO1 and the FLAG tag, respectively (see above). RNAs were recovered from
the immunoprecipitates and subjected to sequential northern blotting using
a mixture of probes complementary to the top strands or to the bottom
strands of the miR-276a or let-7 series of duplexes and those against miR-
bantam and the guide strand of esi-2.7. The intensity of the signals was quan-
tified and normalized to those of esi-2. 7 and miR-bantam for AGO2 and AGO1
loading, respectively. The corresponding Argonaute loading index for each
sample was calculated using the following equation. For example, the AGO1

loading index for the top strand of miR-276a duplex 1 is calculated as: [(miR-
276a duplex #1 top strand™f-276a duplex #1 tha AGOT IP _ ge| hackground) /
(miR-bantam™f-276a duplex #1 thkn AGO1 IP. _ gg| hackground)] — [(miR-276a
duplex #1 top strangnontransfection control AGO1 1P _ go| hackground) / (miR-
bantamnontransfection control AGOTIP _ g0 hackground)]. To calculate the relative
Argonaute loading index, the AGO1"®/AGO2"* ratio for each strand of
the duplex was determined. Finally, the relative Argonaute index for each strand
was normalized to that of the corresponding strand of duplex 1, and the results
were log() transformed and plotted.

Thermodynamics Calculations

All 21 nt long reads within the wild-type AGO2 IP library matching to the klar-
sicht locus or viral genomes were extracted bioinformatically (Czech et al.,
2008). Only those sequences corresponding to pairs of guide and passenger
strands resembling perfect match duplexes with 2 nt overhangs at the 3
termini were subjected to further analysis. The terminal energies of up to six
nucleotides counted from both ends of those duplexes were calculated indi-
vidually using UNAfold (Markham and Zuker, 2008). Sequences matching to
both categories were next grouped into strong asymmetric duplexes (cloning
count ratio of guide to passenger of 20:1 or higher) and weak asymmetric
duplexes (strand bias of 5:1 or less). Average energies were computed for
both groups, and energies of guide-strand ends were divided by energies
for passenger-strand ends. To correlate the energies with the degree of asym-
metry, the median results were plotted for all six nucleotides individually.

ACCESSION NUMBERS

Small RNA sequences generated in this study can be obtained at GEO using
accession number GSE17734.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, two
tables, and ten figures and can be found online at http://www.cell.com/
molecular-cell/supplemental/S1097-2765(09)00688-1.
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Supplemental Experimental Procedures
Cell culture, transfection, and RNAi

S2-NP cells were maintained in Schneider's medium (Invitrogen,
Carlsbad, CA) supplemented with 10% FBS and 1% Pen-Strep (Invitrogen,
Carlsbad, CA). Cells were transfected with an expression construct for FLAG/HA-
tagged AGO2 along with the selection marker plasmid pMK33-NTAP using
Effectene (Qiagen, Valencia, CA). To generate a stable cell line, selection was
carried out with medium containing 150 pyg/mL Hygromycin B (Calbiochem, La
Jolla, CA). For dsRNA treatments, ~3X10° cells were soaked in 1.5 mL serum-
free Schneider's medium containing 10 yg dsRNAs in 6-well plates, and 3 mL
serum-containing medium was added 45 minutes later. After 4 days of initial
dsRNA treatment, cells were treated with dsRNAs for a second round and
harvested another 4 days later as described before (Czech et al., 2008; Zhou et
al., 2008). For Renilla luciferase reporter assays, transfection was performed in
384-well format using Effectene (Qiagen, Valencia, CA) as described before
(Czech et al., 2008).

B-elimination

The chemical structure of 3’ termini of small RNAs was analyzed as
described (Vagin et al., 2006). In brief, RNAs from immunoprecipitates or 25 ug
of total RNA from S2 cells treated with indicated dsRNAs (17 uL total volume for
each sample) were incubated at room temperature for 30 min with 5 yL 5x borate
buffer (148 mM borax,148 mM boric acid, pH 8.6) supplemented with 3 pL freshly
prepared 200 mM NalO4. 5 pL 50% glycerol was added to quench non-reacted



sodium periodate by incubating for additional 15 min at room temperature.
Samples were subsequently vacuum dried and dissolved in 60 yL 1x borax buffer
(30 mM borax, 30mM boric acid, 50 mM NaOH, pH 9.5). B -elimination was
carried out by incubation for 2 hours at 45°C. RNAs were Ethanol-precipitated

and resolved in 1x gel loading buffer.

Northern Blotting

Northern blotting was carried out as described (Czech et al., 2008; Zhou
et al., 2009). In brief, total RNAs from knockdown cells were isolated using Trizol
(Invitrogen, Carlsbad, CA). 30 ug total RNAs from cultured cells (with or without
B-elimination) or RNAs from immunoprecipitations were separated on 15%
denaturing poly acrylamide gels and transferred to Hybond-N+ membranes
(Amersham Biosciences) in 1x TBE buffer. Small RNAs were UV cross-linked to
the membrane and pre-hybridized in ULTRAhyb™-Oligo buffer (Ambion, Austin,
TX) for one hour. DNA probes (sequences are shown in Table S1)
complementary to the indicated strands were 5’ radio-labeled and added to the
hybridization buffer (hybridization for 6 hours at 30°C). Membranes were washed
4 times in 1x SSC with 0.1% SDS at 30°C and exposed to Phosphorimager
screens for 12-48 hours. Membranes were stripped by heating in 0.2x SSC

containing 0.1% SDS in a microwave twice.

Small RNA libraries

Small RNAs were cloned as described (Brennecke et al., 2007). For this

study, the following small RNA libraries from total RNAs were prepared:

19- to 24-nt from wild-type S2 cells subjected to a modified cloning strategy
(“oxidized”) described in (Seitz et al., 2008),

19- to 24-nt from S2 cells treated with dsRNA against ago1,
19- to 24-nt from S2 cells treated with dsRNA against ago2,



AGO1 immunoprecipitates from S2 cells treated with dsRNA against dcr-2, and

AGO2 immunoprecipitates from S2 cells treated with dsRNA against dcr-2.
Libraries were sequenced in-house or at the University of Colorado, Denver
(courtesy of J. Dover and R. E. Davis) using the lllumina GAIll sequencing
platform. Small RNA sequences were deposited in the Gene Expression

Omnibus (www.ncbi.nlm.nih.gov/geo/) under accession number GSE17734. In

addition, we used the following published small RNA libraries for our analyses:

19- to 24-nt from wild-type S2 cells (“standard”) (GSE17171) (Zhou et al., 2009),
AGO1 immunoprecipitates from S2 cells (GSE11086) (Czech et al., 2008), and
AGO2 immunoprecipitates from S2 cells (GSE11086) (Czech et al., 2008).

Bioinformatic analysis of small RNA libraries

The analysis of small RNA libraries was performed similar as described
(Czech et al., 2008). lllumina reads were stripped of the 3’ linker, collapsed, and
the resulting small RNA sequences were matched without mismatches to the
Drosophila release 5 genome, and to the genomes of Drosophila C virus, Flock
house virus and Cricket paralysis virus with up to 3 mismatches. Only reads that
met these conditions were subjected to further analyses. For annotations we
used a combination of UCSC, miRBase, and Flybase tracks for protein coding
genes, repeats/transposons, non-coding RNAs and microRNAs, as well as
custom tracks (for synthetic markers, endo-siRNAs from structured loci, miR and
miR* strands) with different priorities (annotation priority list available upon
request). For comparison of small RNA counts between libraries, reads were
normalized to the same total number after bioinformatic removal of those
sequences that matched to synthetic cloning markers or assumed degradation
products of abundant cellular RNAs (rRNAs, snoRNAs and tRNAs). Heatmaps
were created by plotting the abundance of individual sequences within each
library and by plotting the calculated relative association between the two
analyzed libraries.
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Table S1. of DNA/RNA

sensor
miR-276a_miR_perfect_for
miR-276a_miR_perfect_rev
miR-276a_miR_bulged_for
miR-276a_miR_bulged_rev
miR-276a_star_perfect_for
miR-276a_star_perfect_rev
miR-276a_star_bulged_for
miR-276a_star_bulged_rev
miR-bantam_miR_perfect_for
miR-bantam_miR_perfect_rev
miR-bantam_miR_bulged_for
miR-bantam_miR_bulged_rev
miR-bantam_star_perfect_for
miR-bantam_star_perfect_rev
miR-bantam_star_bulged_for
miR-bantam_star_bulged_rev
Xba-si2-S2-2P-F
Xho-si2-S2-2P-R

Oligonucleotides for pri-miRNA cloning
EcoR-Bantam-F

Bam-Bamtam-R

EcoR-miR-276a-F

Bam-miR-276a-R

Probes for Northern blotting
probe-miR276a-WT-F

probe-miR276a-WT-R
probe-miR276a-guide-5A-F
probe-miR276a-guide-5A-R
probe-miR276a-star-5U-F
probe-miR276a-star-5U-R
probe-miR276a-guide-5A-star-5U-F
probe-miR276a-guide-5A-star-5U-R
probe-miR276a-central-seed-guide-5A-star-5U-F
probe-miR276a-central-seed-guide-5A-star-5U-R
probe-miR276a-central-guide-5A-star-5U-F
probe-miR276a-central-guide-5A-star-5U-R
probe-miR276a-seed fixed-guide-5A-star-5U-F
probe-miR276a-seed fixed-guide-5A-star-5U-R
probe-miR276a-central-F
probe-miR276a-central-R
probe-miR276a-seed-F
probe-miR276a-seed-R
probe-miR276a-central-seed-F
probe-miR276a-central-seed-R
probe-miR276a-seed only-F
probe-miR276a-seed only-R
probe-mod(let7)_same ends-F
probe-mod(let7)_same ends-R
probe-mod(let7)_same ends+guide bulge-F
probe-mod(let7)_same ends+guide bulge-R
probe-mod(let7)_same ends+pas bulge-F
probe-mod(let7)_same ends+pas bulge-R
probe-mod(let7)_unstable guide-F
probe-mod(let7)_unstable guide-R
probe-mod(let7)_unstable guide+guide bulge-F
probe-mod(let7)_unstable guide+guide bulge-R
probe-mod(let7)_unstable guide+pas bulge-F
probe-mod(let7)_unstable guide+pas bulge-R
probe-mod(let7)_unstable pas-F
probe-mod(let7)_unstable pas-R
probe-mod(let7)_unstable pas+guide bulge-F
probe-mod(let7)_unstable pas+guide bulge-R
probe-mod(let7)_unstable pas+pas bulge-F
probe-mod(let7)_unstable pas+pas bulge-R
miR-bantam

miR-bantam-star

miR-184

miR-184-star

miR-276a

miR-276a-star

esi-2.1-quide

esi-2.3-quide

2S IRNA

SiRNAs for Argonaute loading assay
miR276a-WT-F

miR276a-WT-R

miR276a-guide-5A-F
miR276a-guide-5A-R
miR276a-star-5U-F

miR276a-star-5U-R
miR276a-guide-5A-star-5U-F
miR276a-guide-5A-star-5U-R
miR276a-central-seed-guide-5A-star-5U-F
miR276a-central-seed-guide-5A-star-5U-R
miR276a-central-guide-5A-star-5U-F
miR276a-central-guide-5A-star-5U-R
miR276a-seed fixed-guide-5A-star-5U-F
miR276a-seed fixed-guide-5A-star-5U-R
miR276a-central-F

miR276a-central-R

miR276a-seed-F

miR276a-seed-R
miR276a-central-seed-F
miR276a-central-seed-R

miR276a-seed only-F

miR276a-seed only-R

modi(let7)_same ends-F
mod(let7)_same ends-R
modi(let7)_same ends+guide bulge-F
mod(let7)_same ends+guide bulge-R
modi(let7)_same ends+pas bulge-F
mod(let7)_same ends+pas bulge-R
mod(let7)_unstable guide-F
mod(let7)_unstable guide-R
mod(let7)_unstable guide+guide bulge-F
mod(let7)_unstable guide+guide bulge-R
mod(let7)_unstable guide+pas bulge-F
mod(let7)_unstable guide+pas bulge-R
mod(let7)_unstable pas-F
mod(let7)_unstable pas-R
mod(let7)_unstable pas+guide bulge-F
mod(let7)_unstable pas+guide bulge-R
modi(let7)_unstable pas+pas bulge-F
mod(let7)_unstable pas+pas bulge-R

sequence (5'->3))

Bt CTARAT GrTCCTA

TCGATAGGAACTTCATACCGTGCTCTTCAGTTCATTTAGGAACTTCAT, TCT TCAT T TeT

B o TTCCTA

TCGATAGGAACTTACACCGTGCTCTTCAGTTCATTTAGGAACT TACA crerTc 17T TTACACCGTGCTCT

TCGAAGCGAGGTA CAGTTCATTAGCGAG CCTACG

TCGCTAATGATATGAC TCGeT

T CCTACGTCAGTTCATT: TACGTC: J

L CAGCTTTC: CTCARATY TcA
TC; A GA( TTTTGAAAGCTGA G

L TTCCT TGAATCAG!

TCGATG o AGGA

TCCGGTTTTCG

TGAG

TCGAGTTGACTCCAACAAGTTC

sequence (5->3)
GGAATTCTTTTGAGTCTCTCGT!

sequence (5->3)
CGTAGGRACTCTATACCTCGCT

GAGGTATAGAGTACCTA
AGRAACTCTATACCTCGCT
GGTTARGAGTACCTA

AGGAACTCTATACCTCGCT
AGAGCACGGTATAGAGTTCCTA

ARATTC
AATTT:
ARATTC
ARATTAC
AATTT
ARATT:
AATTT

TACAACCCTCAACCATATGTAGTCCARGCA

sequence (5>3)

gguanagaguuce;

Ugegagguauagaguuccul
RaggaacuucauaccgugeAcy
Ugegagguauagaguulcul

RaggUacuCUURaceUCge

Raggaacuacauaccucge
agegagguauagaguuccua;
uaggaacuCUUAaceUCgeucy

agegagguauagaguulcua:
uaggUacuCUauaceiCge
agegagguauagaguulcuacy

uaggUacuCUlAaceUCge
agegag
naggaacuCUauaceguge
UUUGGUAGCCGGGUUGUARAUD
UUUACAACCCGGCUACCARAUU
UUUGGUAGCAGGGUUGUARAUU
UUUACAACCCGACUACCARAUU
UUUGGUAGCCGAGUUGUARRUD
UUUACAACCAGGCUACCARAUU
UAUGGUAGCCGGGUUGUARRUD
UUUACAACCCGGCUACCAAUUU

agaguuceu

UAUACAACCCGACUACCABAUU

UAGCCGAGUUGUAAUUU

CCAGGCUACCABAUU

CTCCAATARACTGTTGT

Notes
probe miR-276a-1 top strand
probe miR-276a-1 bottom strand
probe miR-276a-2 top strand
probe mif

probe miR-276a-3 top strand
probe miR-276a-3 bottom strand
probe miR-276a-4 top strand
probe mi

probe miR-276a-5 top strand
probe miR-276a-5 bottom strand
probe miR-276a-6 top strand
probe miR-276a-6 bottom strand
probe miR-276a-7 top strand
probe miR-276a-7 bottom strand
probe miR-276a-8 top strand
probe miR-276a-8 bottom strand
probe miR-276a-9 top strand
probe miR-276a-9 bottom strand
iR-276a-10 top strand
probe miR-276a-10 bottom strand
probe miR-276a-11 top strand
probe miR-276a-11 bottom strand
probe /et-7-1 top strand

probe /et-7-1 bottom strand
probe /et-7-2 top strand

probe /et-7-2 bottom strand
probe /et-7-3 top strand

probe /et-7-3 bottom strand
probe /et-7-4 top strand

probe /et-7-4 bottom strand
probe /et-7-5 top strand

probe /et-7-5 bottom strand
probe /et-7-6 top strand

probe /et-7-6 bottom strand
probe /et-7-7 top strand

probe /et-7-7 bottom strand
probe /et-7-8 top strand

probe /et-7-8 bottom strand
probe /et-7-9 top strand

probe /et-7-9 bottom strand

Note:

miR-276a-1 top strand
miR-276a-1 bottom strand
miR-276a-2 top strand
miR-276a-2 bottom strand
miR-276a-3 top strand
miR-276a-3 bottom strand
miR-276a-4 top strand
miR-276a-4 bottom strand
miR-276a-5 top strand
miR-276a-5 bottom strand
miR-276a-6 top strand
miR-276a-6 bottom strand
miR-276a-7 top strand
miR-276a-7 bottom strand
miR-276a-8 top strand
miR-276a-8 bottom strand
miR-276a-9 top strand
miR-276a-9 bottom strand
miR-276a-10 top strand
miR-276a-10 bottom strand
miR-276a-11 top strand
miR-276a-11 bottom strand
1 top strand

1 bottom strand

-2 top strand

-2 bottom strand

-3 top strand

-3 bottom strand

-4 top strand

-4 bottom strand

let-7-6 top strand
6 bottom strand
7 top strand
7 bottom strand

-9 top strand
-9 bottom strand




Table S2. Fly strains used or produced in this study

genotype source parental stock
yw,hs-flp;arm-LacZ,FRT40A/CyO This study Bloomington
yw,hs-flp;arm-LacZ,FRT42D This study Bloomington
yw,hs-flp;arm-LacZ,FRT80B Bloomington
yw,hs-flp,arm-LacZ,FRT82B/TM®6, Tb This study Bloomington

yw ey-flp;FRT82B dcr-12"*"%/TM3,Sb, Ser

(Lee et al., 2004)

yw ey-flp;FRT42D dcr-2-8""%

(Lee et al., 2004)

w;FRT80B,ago2** This study (Okamura et al, 2004)
FRT42D,ago1"5'/CyO This study (Yang et al., 2007)
FRT40A,10gs"%/CyO (Park et al., 2007)

FRT40A,r2d2'/CyO This study (Liu et al., 2003)

tub-EGFP-bantam-guide-perfect

(Brennecke et al., 2003)

tub-EGFP-bantam-guide-bulge This study
tub-EGFP-bantam-star-perfect This study
tub-EGFP-bantam-star-bulge This study
tub-EGFP-miR276a-guide-perfect This study
tub-EGFP-miR276a-guide-bulge This study
tub-EGFP-miR276a-star-perfect This study
tub-EGFP-miR276a-star-bulge This study

w;[FLAG/HA-AGO2}/CyO

(Czech et al., 2008)




Figure S1. AGO2 expression in naive and FLAG/HA-AGO2 cells and in the

wing imaginal disc.

(A) Cell extracts from naive S2 cells or FLAG/HA-AGO2 stable cells expressing
tagged AGO2 under its endogenous regulatory elements (Czech et al., 2008)
were subjected to Western blotting using antibodies against AGO2, the FLAG
and HA epitope and a-tubulin as control for equal loading. Note that each panel
was from identical sets of samples processed in parallel using the corresponding
antibodies. Our stable cell line expresses less total AGO2 than do naive S2 cells.
(B) Expression pattern of FLAG/HA-AGO?2 in the wing imaginal disc of transgenic
fies was examined by immunofluorescence using an anti-HA antibody.

FLAG/HA-AGO2 shows uniform, broad cytoplasmic expression.



Czech et al., Fig. S1
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Figure S2. Duplex structures for miRNAs and endo-siRNAs.

Shown are the miRNA and endo-siRNA sequences and their duplex structures
that were detected by Northern Blotting in Figure 2B. The miR or guide strand
(shown in red) is annealed to its corresponding miR* or passenger strand (shown
in blue) with Watson-Crick base pairs indicated by lines and GU wobble base

pairs as colons.



Czech et al., Fig. S2
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Figure S3. AGO loading pattern of individual strands of various modified

let-7 duplexes.

Immunoprecipitation followed by Northern blotting shows the loading of both top
(guide) and bottom (passenger) strands for various modified /et-7 duplexes into
AGO1 or AGO2. miR-bantam and esi-2.1 served as controls for AGO1 and
FLAG-AGO2 immunoprecipitation, respectively.



Czech et al., Fig. S3
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Figure S4. The impact of dcr-2 knockdown on miR* loading into AGO2.

The fraction of miR strands within all AGO1-associated miRNAs was analyzed
from small RNA libraries of untreated cells or cells depleted of Dcr-2 (grey). In
parallel, the percentage of AGO2-bound miR* species within all miRNA reads

was plotted for the same conditions (black).
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Figure S5. Effects of Dcr-1 or AGO1 depletion on miR-276a and miR-276a*

sensors in flies.

Shown are sensors for miR-276a or miR-276a* featuring perfectly matched or
bulged target sites (as indicated to the left). (A-D). Negative 3-Gal staining (red in
the merged images) indicates dcr-7 mutant clones (also marked with arrows).
Cells with strong p-Gal staining contain two wild-type dcr-1 genes, while cells
with intermediate staining are heterozygous for dcr-1. EGFP sensor activity is
shown in green. The black and white panels indicate the separate channels for -
Gal and EGFP. (E-H) Clonal analysis for ago7: Details as in (A-D). Selected
regions (enclosed in white boxes) were zoomed in and shown as insets within

each panel to visualize the smaller ago1 clones.
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Figure S6. Effects of AGO2 depletion on microRNA and microRNA* sensors

in flies.

Shown are sensors for the miRNA strand or miRNA* strand of miR-276a (A-D) or
miR-bantam (E-H) featuring perfectly matched or bulged target sites (as

indicated to the left) in ago2 clones.
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Figure S7. Effects of Dcr-2 depletion on microRNA and microRNA* sensors

in flies.

Shown are sensors for the miRNA strand or miRNA* strand of miR-276a (A-D) or
miR-bantam (E-H) featuring perfectly matched or bulged target sites (as

indicated to the left) in dcr-2 clones.
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Figure S8. Effects of R2D2 depletion on microRNA and microRNA* sensors

in flies.

Shown are sensors for the miRNA strand or miRNA* strand of miR-276a (A-D) or
miR-bantam (E-H) featuring perfectly matched or bulged target sites (as

indicated to the left) in r2d2 clones.
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Figure S9. Effects of Logs depletion on on microRNA and microRNA*

sensors in flies.

Shown are sensors for the miRNA strand or miRNA* strand of miR-276a (A-D) or
miR-bantam (E-H) featuring perfectly matched or bulged target sites (as

indicated to the left) in logs clones.
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Figure $10. Effects of depletion of canonical miRNA and siRNA pathway

components on esi-2.1 sensor in flies.

Shown are sensors for esi-2.1 featuring perfectly matched target sites in mitotic
clones carrying mutations in genes encoding canonical miRNA and siRNA
pathway components. (A) dcr-1; (B) dcr-2; (C) ago1; (D) ago2; (E) logs; (F) r2d2.
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RNase Il protein

A member of a family

of ribonucleases that

process dsRNA, leaving 5’
monophosphates and 2-nt 3’
overhangs with hydroxyl ends.
Drosha and Dicer are examples
of such ribonucleases.

RNA-induced silencing
complex

A regulatory multi-protein
complex containing an
Argonaute protein bound
to a single-stranded small
RNA that regulates gene
expression through sequence
complementarity between
the guide RNA and the
target transcript.
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REVIEWS

Small RNA sorting:

matchmaking for Argonautes

Benjamin Czech and Gregory J. Hannon

in plants and animals.

The discovery of RNA interference (RNAI) in the late
1990s sparked a renaissance in our understanding of
RNAs as regulatory molecules. A growing number
of small RNA classes has since emerged from studies of
eukaryotic organisms, and these RNAs can be approxi-
mately divided into two groups: small RNAs that engage
RNAi-related machinery and those that do not. As yet,
we know very little about many newly discovered groups
of small RNAs, but our understanding of the biogenesis
and biological functions of RNAi-related small RNA
classes is growing rapidly.

Small RNAs that engage RNAi-related pathways share
several characteristic features. They are mainly ~20-30
nucleotides (nt) in length, have 5" phosphate groups
and 3’ hydroxyl (-OH) (although sometimes modified)
termini, and they associate with specific members of
a large protein family — the Argonautes. The precise
combination of a small RNA with a particular Argonaute
protein determines its biological function. Therefore, it
is crucial that these very similar species are appropri-
ately sorted among closely related partners. Only then
can the target specificity conferred on Argonaute pro-
teins by their small RNA guides enable their myriad
important roles, which include the regulation of gene
expression, modification of chromosome structure and
protection from mobile elements. Conceptually, all small
RNA-mediated regulatory events can be considered as
the culmination of several consecutive steps: small RNA
biogenesis, strand selection (in which dsRNA is the pre-
cursor), loading into Argonaute, target recognition and
effector function.

Abstract | Small RNAs directly or indirectly impact nearly every biological process in
eukaryotic cells. To perform their myriad roles, not only must precise small RNA species
be generated, but they must also be loaded into specific effector complexes called
RNA-induced silencing complexes (RISCs). Argonaute proteins form the core of RISCs
and different members of this large family have specific expression patterns, protein
binding partners and biochemical capabilities. In this Review, we explore the mechanisms
that pair specific small RNA strands with their partner proteins, with an eye towards

the substantial progress that has been recently made in understanding the sorting of the
major small RNA classes — microRNAs (miRNAs) and small interfering RNAs (siRNAs) —

The biogenesis of most small RNA classes, includ-
ing microRNAs (miRNAs) and many small interfering
RNAs (siRNAs), requires the action of RNase Il family
proteins (reviewed in REFS 1-3). Some small RNA classes,
including Piwi-interacting RNAs (piRNAs) and second-
ary siRNAs in worms, however, are not derived from
dsRNA precursors and are produced through alterna-
tive biogenesis mechanisms independently of RNase III
enzymes'®.

Following their production, small RNAs are sorted
to confer association with specific Argonaute family
proteins, which function as the core of the RNA-induced
silencing complex (RISC). Argonaute proteins can be clas-
sified into three subgroups according to their sequence
relationships: the AGO subfamily, the Piwi subfamily and
the worm-specific WAGO clade®"". Piwi subfamily pro-
teins load small RNAs derived from single-stranded
precursors (piRNAs) and AGO clade proteins usually
associate with small RNA duplexes processed by RNase
III endonucleases (miRNAs and siRNAs; reviewed in
REFS 1,2). Small RNAs that occupy WAGO clade proteins
are usually direct products of RNA synthesis®”*.

Mature RISC consists of a single-stranded small RNA
bound to an Argonaute protein. As some small RNAs are
generated as duplexes, only one strand (the guide strand)
is retained and the other (passenger) strand is discarded
during RISC assembly'***. AGO clade proteins are gen-
erally loaded with small RNA duplexes before RISC
maturation. Thus, it is of key importance to assemble
RISC in a manner that ensures that the appropriate
guide strand is selectively stabilized, as loading of the
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Guide strand

During RISC loading, one strand
of an siRNAis selected and
stabilized. This is termed the
guide strand, and it confers
target specificity. miRNA guide
strands are termed miR strands.

Passenger strand

The non-incorporated strand
of the siRNA duplex that is
degraded during the assembly
of RISC. Non-incorporated
strands of miRNAs are called
miR* strands.

Stem—loop structure

A region of dsRNA (stem)
connected by an unpaired
region (loop) in a single RNA
molecule. This is a structure
typical for miRNA precursors.

Mirtron

A miRNA that originates from a
very short intron and is excised
to form a pre-miRNA by the
splicing machinery (and
occasionally subsequent
trimming), therefore bypassing
the Drosha processing step.

passenger strand would obviously misdirect RISC
towards inappropriate targets. Small RNAs guide mature
RISC through complementary base pairing to its targets,
with the most common outcome being target repression
(reviewed in REFS 15-17).

The knowledge of the mechanisms that guide a par-
ticular small RNA strand into a specific Argonaute family
member is crucial. It impacts our ability to predict the
biological function of a small RNA and to effectively use
small RNAs as experimental tools or therapeutics. This
Review focuses on our understanding of small RNA sort-
ing in plants and animals. We consider biogenesis as a
starting point as this affects the nature of small RNAs and,
in some cases, the complexes which the small RNAs join.
Next, we discuss the small RNA-intrinsic determinants of
sorting, followed by RISC loading and maturation. Finally,
we briefly cover the implications of sorting for Argonaute
function. We do not extensively discuss the effector mech-
anisms of mature RISC, but instead refer the reader to
several excellent recent reviews on this topic'*"’.

Small RNA biogenesis

In effect, the first step of small RNA sorting is biogen-
esis, as this determines the small RNAs that are available
for RISC loading. Moreover, the precise enzymes that
liberate small RNAs from their precursor transcripts or
generate them de novo seem to impact the choice of their
ultimate Argonaute partner. Therefore, it is important
to begin with an introduction to the varied mechanisms
that can produce small RNAs.

Small RNA duplexes from partial or perfect dSsSRNA
precursors are generated by RNase III family enzymes
through sequential endonucleolytic cleavage events.
These enzymes often partner with dsRNA binding
domain (dsRBD) proteins, which serve to increase sub-
strate specificity and affinity, leading to increased activity.
The resulting products are duplex ~20-24-nt small
RNAs consisting of two strands (the guide or miR and
passenger or miR* strands). These small RNAs feature 5’
monophosphates and 2-nt overhangs that have hydroxyl
groups at their 3’ termini.

Animal miRNA processing. miRNAs are ubiquitous in
animal genomes and are often transcribed as separate
coding units, many of which consist of polycistronic
clusters containing multiple miRNAs. Some miRNAs
are also present in introns and presumably arise from
further processing of the excised introns of protein-
coding genes'®. Most miRNAs are transcribed by DNA-
dependent RNA polymerase II (RNAPII) to generate a
primary miRNA (pri-miRNA) containing a region of
imperfect dsRNA, known as the stem—loop structure, that
harbours the future mature miRNA'* (FIC. 1). Primary
miRNA transcripts seem largely like the transcripts of
protein-coding genes. They have 5’ cap structures, polyA
tails and may contain introns. The production of conven-
tional miRNAs from these precursors proceeds through
two site-specific cleavage events. Processing likely begins
with a dsRBD protein, Pasha/DiGeorge syndrome criti-
cal region gene 8 (DGCRS8), binding to the pri-miRNA
and recruiting the RNase III enzyme Drosha to form

a multiprotein complex called the Microprocessor?' .
This complex recognizes the duplex character of the pri-
miRNA, although the precise RNA-protein interactions
that select pri-miRNAs as Microprocessor substrates
and how the cleavage site is determined by these inter-
actions are matters of ongoing work. The pri-miRNA
is cleaved by Drosha to liberate a ~60-70-nt precursor
miRNA (pre-miRNA) from the primary transcript®. The
nuclear export protein Exportin 5 recognizes the 2-nt
single-stranded 3’ overhang of the pre-miRNA (char-
acteristic of RNase III-mediated cleavage) and actively
transports it in a Ran-GTP-dependent manner to the
cytoplasm?-%. Additional factors, including the nuclear
export receptor Exportin 1 (XPO1), the cap-binding
complex (CBC) and the Arabidopsis thaliana SERRATE
homologue, ARSENITE-RESISTANCE PROTEIN 2
(ARS2), were recently suggested to play a part in the
transition from pri- to pre-miRNA%-3.

Once in the cytoplasm, the pre-miRNA is cleaved
into a ~22-23-nt miRNA:miRNA* duplex by Dicer*>.
For this purpose, the sole mammalian Dicer partners
with the dsRBD protein TAR RNA-binding protein 2
(TARBP2, also known as TRBP)**¥, whereas the
Drosophila melanogaster miRNA-generating Dicer 1
(DCR1) similarly interacts with a specific isoform of
its dsRBD protein partner Loquacious (LOQS-PB)¥*-2
Small RNA duplexes generated by Dicer (and its pro-
tein partner) exhibit 2-nt single-stranded 3’ overhangs
at both ends, a signature of RNase III cleavage.

Several unconventional miRNAs that are defined by
their use of alternative maturation strategies have now
been noted. For example, mirtrons have been found in
flies and mammals*~*. Mirtrons bypass the Drosha
processing step and instead use the splicing machin-
ery to generate pre-miRNAs. Mirtrons are very short
introns and are excised, debranched and refolded into
short stem-loop structures that mimic pre-miRNAs
and are processed into mature miRNAs by Dicer. A
few recently discovered mirtrons in flies are initially
generated with extended 3’ tails that must be resected
by the exosome to form a pre-miRNA suitable for
Dicer processing*.

miRNA biogenesis in plants. Plant miRNAs are tran-
scribed by RNAPII to yield capped and polyadenylated
pri-miRNAs with local stem-loop structures that are
potentially stabilized by the RNA-binding protein
DAWDLE (DDL)". Plant pri-miRNAs typically display
greater diversity in the size and structure of their stem-
loops compared with their animal counterparts*. As plants
lack a Drosha orthologue, pri-miRNAs are converted
into mature miR:miR* duplexes by a single RNase III
family enzyme, DICER-LIKE 1 (DCL1)*-*!, which ful-
fils the functions of both Drosha and Dicer (BOX 1).
As in animals, Dicer is assisted by a dsRBD protein, in
this case, HYPONASTIC LEAVES 1 (HYL1)**~*. HYL1
and the zinc finger protein SERRATE promote accurate
miRNA processing®>**~*”. miRNA maturation is also
aided by the nuclear cap-binding complex*>****, prob-
ably by facilitating the loading of miRNA-processing
factors onto pri-miRNAs.
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Figure 1| MicroRNA biogenesis in Drosophila melanogaster. MicroRNAs (miRNAs) are generally transcribed by RNA
polymerase Il (RNAPII) to yield primary miRNAs (pri-miRNAs). pri-miRNAs are cropped in the nucleus by Drosha-Pasha
complexes to release shorter precursor miRNAs (pre-miRNAs). miRNAs that reside within short introns of protein-coding
genes are excised by the splicing machinery and are termed mirtrons. Following linearization of mirtron intermediates
by the lariat-debranching enzyme, they fold into pre-miRNAs. Some 3'-tailed mirtrons undergo further trimming by the
exosome. pre-miRNAs are transported to the cytoplasm by Exportin 5 (EXP5), where further processing takes place.
Dicer 1 (DCR1), in collaboration with an isoform of its dsSRNA binding domain protein partner Loquacious (LOQS-PB),
liberates miR:miR* duplexes that dissociate from DCR1 for downstream sorting.

Dicing

Refers to the cleavage events
carried out by the RNase Il
family nuclease Dicer.

RNA-dependent RNA
polymerase

An RNA polymerase that
uses ssRNA as a template
to synthesize dsRNA.

Maturation of plant miRNA duplexes often proceeds
through several rounds of sequential Dicing from the base
ofalong stem-loop (BOX 1). Processed miRNA duplexes are
modified by the methyltransferase HUA ENHANCER 1
(HEN1)%-%, In contrast to its D. melanogaster homo-
logue, plant HEN1 is nuclear and adds methyl groups to
the 3’ ends of both strands of the miR:miR* duplex. This
2'-O-methylation is thought to protect miRNAs from
further modifications, such as 3’ uridylation®*®, which
mark single-stranded miRNAs for destruction by exonu-
cleases of the SMALL RNA-DEGRADING NUCLEASE
(SDN) family®. This adaptation may be necessitated by
the fact that plant miRNAs pair extensively with tar-
get mRNAs and cleave them, a process which in ani-
mals provides a trigger for small RNA destruction®.
Following methylation by HEN1, miR:miR* duplexes
are thought to be transported by an Exportin 5 homo-
logue, HASTY (HST), or through HST-independent
mechanisms to the cytoplasm®, where sorting and RISC
assembly takes place. However, the exact form of the
exported cargo and the subcellular localization of plant

RISC loading and maturation remain subjects of cur-
rent debate’. In this regard, a recent study proposed a
model in which RISC is assembled in the nucleus and
only mature AGO1-RISC containing a single-stranded
miR can be exported to the cytoplasm®.

siRNAs of endogenous or exogenous origin. The first
siRNAs were discovered in plants”. The earliest identified
examples were derived from viral replication intermedi-
ates or complex interactions between transgene copies.
By considering the commonalities between these origins,
dsRNAs were indicated as the source of small RNAs. It
is now clear that plants and animals produce a wide
range of siRNAs. These vary in their biogenesis mecha-
nisms, but can be approximately divided into two classes,
depending on whether they require RNA-dependent RNA
polymerases (RARPs) for their production.

siRNAs derived from dsRNAs. The process of convert-
ing dsRNA into small RNAs is perhaps currently best
understood in D. melanogaster. Here, the experimental
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Box 1 | Plant microRNA-processing mechanisms

Plant microRNAs (miRNAs)

are generally produced by
sequential rounds of Dicing.
This is necessitated by the lack

of a Drosha orthologue. The 1
extensive nature of the hairpins

that lead to many plant miRNAs
also permits phased production
of multiple small RNA duplexes
through sequential Dicing events,
conceptually the plant version of
long hairpin endogenous small
interfering RNA (siRNA)
precursors or miRNA polycistrons
in animals. a | Usually, consecutive
Dicing proceeds from the base of
the stem-loop. The secondary
structure of the primary miRNA

(pri-miRNA) flanking the mature

miR:miR* duplex is important for
proper and efficient processing,

analogous to the proposed role @' il'
of the ‘basal stem’ of animal

pri-miRNAs*1%°, Accurate
processing depends on a region

of imperfect pairing (junction
between ssRNA and dsRNA)
approximately 15 nucleotides (nt)
from the miR:miR* duplex
(towards the free end of the
stem-loop), which localizes
DICER-LIKE 1 (DCL1) to its initial
cleavage site. This liberates an
intermediate similar to animal
precursor miRNAs (pre-miRNAs),
which is further processed by
DCL1 into the mature miR:miR*
duplex. b | Variations in

processing mechanisms are
possible. For example, miR319

and miR159 (both with conserved
long precursors) are produced by
an unusual loop-to-stem
mechanism. Following the first
cleavage of the loop by DCL1,
consecutive cuts by DCL1 are
necessary to release the mature
miRNA duplex'®. CBC,
cap-binding complex; DDL,
DAWDLE; HEN1, HUA ENHANCER 1;
HYL1, HYPONASTIC LEAVES 1,
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introduction of long dsRNAs results in the production of
exo-siRNAs that are ~21 nt in size (FIG. 2a). Long dsRNAs
are processed into siRNA duplexes through sequential
cleavage events by the RNase III protein Dicer 2 (DCR2)
(REFS 68,69) in collaboration with its dsRBD co-factor,
a particular Loquacious isoform, LOQS-PD*>"°.
Dicer 2 also interacts with another dsRBD protein
R2D2, but only LOQS-PD enhances siRNA produc-
tion®”!. Recent studies indicate a role of R2D2 in loading

Stem-to-loop mechanism

Proximal
loop

DDL

DCL1 recruitment

DCL1

Dicing

DCL1

Dicing

DCL1

Dicing

Methylation of miR:miR* duplexes by HEN1

H,CO-2'——C 2'-OCH;  Mature miR:miR* duplexes

Loop-to-stem mechanism

DCL1

PR W
"

AAAA, Cap
AAAA,

0

=)
=

Dicing

47-

DCL1

—

AAAA,

®
0

AAAA, DL

Dicing

47-

DCL1

AAAA,

e

DL

Dicing

47-

DCL1
AAAA,

®
=

DDL

Dicing l
H,CO-2'—— 2'-OCH,

siRNA duplexes into RISC (discussed below), suggesting
that these two dsRBD proteins may have distinct and
sequential functions™"2

In flies, siRNAs also originate from numerous endog-
enous loci and were termed endogenous siRNAs (endo-
siRNAs)”*-7. These can originate from RNA transcripts
with extensive hairpin structures, from convergent tran-
scription units (similar to plant nat-siRNAs, see below)
or from the annealing of sense and antisense RNAs from
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Figure 2 | Production of small interfering RNAs. a | In flies, perfect or nearly perfect dsRNA precursors of varying
origin and structure are processed in the cytoplasm by the RNase Il enzyme Dicer 2 (DCR2) and its co-factor, an
isoform of Loquacious (LOQS-PD), to yield small interfering RNA (siRNA) duplexes that contain guide and passenger
strands. b | Caenorhabditis elegans primary siRNAs are processed from long dsRNA triggers through the action of
DCR-1. These primary siRNAs associate with the Argonaute family protein, RDE-1, and guide it to target transcripts.
The RDE-1-target interaction recruits an RNA-dependent RNA polymerase (RdRP), which uses the target as template
for the de novo synthesis of secondary siRNAs that feature 5’ triphosphate ends (see main text for further details).

c | The production of Arabidopsis thaliana trans-acting siRNAs (ta-siRNAs) requires the interplay of canonical
components of the microRNA (miRNA) and siRNA biogenesis machineries. The process is triggered by miRNA-mediated
cleavage of non-coding TAS transcripts by miR390-AGO7 or miR173-AGO1, respectively. Slicing triggers the
recruitment of SUPPRESSOR OF GENE SILENCING (SGS3) and RNA-DEPENDENT RNA POLYMERASE 6 (RDR6), which
synthesize dsRNA using the cleavage site as the entry point. The resulting dsRNA is processed by DICER-LIKE 4 (DCL4)
and its dsRBD protein partner DRB4 into a phased series of 21-nucleotide (nt) siRNA duplexes. ta-siRNAs are
methylated by HUA ENHANCER 1 (HEN1) before AGO loading.

unlinked loci. One example of the latter type of siRNAs
are endo-siRNAs that target transposons, which seem to
arise at least in part from the hybridization of transposon
mRNAs with piRNA cluster transcripts. Another possible
source of dsRNA hybrids is the interaction of sense and
antisense transcripts across individual transposon cop-
ies, and it has even been suggested that RARPs may oper-
ate in animals to form dsRNAs”. As with exo-siRNAs,
the biogenesis of endo-siRNAs depends on Dicer 2
assisted by LOQS-PD*>7373-77,

A similar situation has been described in mammals;
however, the range of cell types in which dsRNAs are pro-
duced and converted into siRNAs seems to be limited.
Thus far, endo-siRNAs have been detected in abundance
only in mouse oocytes and embryonic stem (ES) cells” .
The dsRNA triggers that give rise to murine endo-siRNAs

are predicted to arise from trans interactions between
gene and pseudogene transcripts, from overlapping tran-
scription units and from transcripts that can form long
hairpins. As in flies, endo-siRNA biogenesis is dependent
on Dicer and, presumably, its dsRBD partners.

RARP-dependent siRNAs. In contrast to mammals and
flies, worms and plants produce numerous endo-siRNAs
using biogenesis mechanisms that depend on the action
of RARPs. Plant RARPs copy single-stranded precursors
into long dsRNAs that are cleaved by Dicer, whereas
worm RARPs can directly synthesize siRNAs without
Dicer processing.

Primary siRNAs in Caenorhabditis elegans are pro-
duced conventionally, from long dsRNA triggers through
the action of DCR-1 (REFS 33,35,82)(FIG. 2b). The siRNAs
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Trans-acting siRNA

A plant small RNA that
primarily associates with
AGO?2. ta-siRNA biogenesis
depends on miRNA-mediated
cleavage of precursors that are
further processed by DCL4 and
other siRNA machinery factors.

Natural antisense
transcript-derived siRNA
A stress-induced small RNA
produced by DCL1 and DCL2
that originates from dsRNA
formed by convergent
transcription.

associate with the Argonaute family protein, RDE-1 and
guide it to target transcripts. The RDE-1-target interac-
tion recruits an RARP, an outcome that is independent
of RDE-1 catalytic activity®. The RARP uses the target
as template for the synthesis of secondary siRNAs of
22- 24nt. Secondary siRNAs possess triphosphates at
their 5’ ends, indicating that each small RNA is produced
as a discrete moiety by de novo synthesis®”.

The production of most plant siRNAs requires
the action of RARPs to convert ssRNA precursors to
dsRNA triggers. Three major subclasses of endogenous
siRNAs can be distinguished in plants: trans-acting siRNAs
(ta-siRNAS), natural antisense transcript-derived siRNAs
(nat-siRNAs) and heterochromatic siRNAs (hc-siRNAs).
Each of these small RNA subclasses is produced by a

Box 2 | Structural determinants of Argonaute proteins for small RNA sorting

Argonaute (AGO) proteins provide numerous possibilities for RNA-protein
interactions that might underlie the proposed determinants of small RNA strand
sorting. The interaction between AGOs and small RNAs occurs through several contact
points in three characteristic domains of the protein: the PAZ, Mid and PIWI domains
(a and b; part b shows a stereo view of the crystal structure of Thermus thermophilus
AGO bound to a guide DNA-target RNA duplex*®).

The PAZ domain hosts the 3’ end of the small RNA®21%3 whereas the Mid domain
forms a binding pocket that anchors the 5’ phosphate of the terminal nucleotide of
the small RNA™1161.164-167 These interactions provide opportunities for base-specific
contacts that might provide preferences for 5’ nucleotides or might encourage the
loading of duplexes with unstable 5" ends. Whereas plant, fly and worm microRNAs
(miRNAs) show a strong tendency to start with U, human miRNAs are biased towards U
or A as 5' terminal nucleotides’?76:106-109.111.112 Recent work provides structural evidence
for nucleotide-specific interactions in the Mid domain of human AGO2 that ensure
the preference for a 5’ terminal U (or A), while excluding G or C through a nucleotide
specificity loop™'’. Interestingly, this structure is well conserved in all four human AGO
proteins as well as in Drosophila melanogaster AGO1 or the worm miRNA acceptors
ALG-1 and ALG-2.By contrast, AGO proteins that function in other small RNA
pathways, such as D. melanogaster AGO2 or plant AGOs, lack this nucleotide specificity
loop™'. Whether the region corresponding to the nucleotide specificity loop in these
distant proteins contributes to sorting of small RNAs, depending on the 5’ nucleotide
or not, awaits further structural investigation.

The PIWI domain, which shows similarity to RNase H folds, harbours the residues
required for catalytic activity (in AGO protein usually Asp—Asp-His). Thus,
cleavage-competent AGO proteins carry out endonucleolytic cleavage of target
transcripts through their PIWI domain®*1%-17°_ Cleavage products of AGO enzymes
feature 3’ hydroxyl and 5' phosphate ends'’**72,

\...ARV...REG...AML...

\ '

Mid

Panel b is reproduced from REF. 161 © (2008) Macmillan Publishers Ltd. All rights reserved.

specific Dicer family member and preferentially loaded
into a distinct AGO complex.

The biogenesis of ta-siRNAs requires the interplay of
canonical components of miRNA and siRNA process-
ing®-* (FIC. 2¢). The process begins with miRNA-mediated
cleavage of the TASI or TAS3 non-coding RNAs by
miR390-AGO7 or miR173-AGO], respectively. This
triggers the recruitment of SUPPRESSOR OF GENE
SILENCING 3 (SGS3) and RNA-DEPENDENT RNA
POLYMERASE 6 (RDR6), which synthesizes dsRNA
using the cleavage site as the entry point. The result-
ing dsRNA is processed by DCL4 and its dsRBD pro-
tein partner DRB4 into a phased series of 21-nt siRNA
duplexes, which begins at the site of initial cleavage.
ta-siRNAs are methylated by HEN1 before AGO load-
ing. The subcellular localization of biogenesis factors
and RNA intermediates, along with the recruitment
of SDE5 (a putative export factor homologue), sug-
gests that ta-siRNA biogenesis might involve specific
nuclear—cytoplasmic shuttling®'.

Plant genomes often possess convergent transcrip-
tion units that can give rise to dsRNA. Under certain
conditions, often resulting from biotic and abiotic stress,
bidirectional transcription is induced and the resulting
dsRNA is processed into nat-siRNAs*>~*%. Production
of nat-siRNAs requires DCL2 (which produces 24-nt
siRNAs) or DCLI (resulting in 22-nt siRNAs), depend-
ing on the genomic origin of the overlapping transcripts.
Other essential biogenesis factors include RDR6, SGS3,
HYL1, HEN1 and RNAPIV®>%,

A highly abundant class of plant endo-siRNAs —
hc-siRNAs — arises from repeats and transposable
elements® %', hc-siRNAs are predominantly 24 nt in
size and their biogenesis, which is thought to occur
in nucleolar bodies, depends on DCL3, its partner
protein CLASSY1 (a SNF2 domain protein), the RARP
RDR2 and the plant-specific DNA-dependent RNA
polymerases RNAPIV and RNAPV. Processed siRNA
duplexes are methylated by HEN1 and primarily loaded
into AGO4.

Small RNA sorting

Once produced, small RNAs and, in many cases, specific
small RNA strands must be loaded into Argonaute pro-
teins. Sorting is influenced by the Dicer that processes
the precursor, the structure of the small RNA duplex, its
terminal nucleotides, its thermodynamic properties and
the destination AGO protein (see BOX 2 for structural
properties of AGO proteins).

In part, sorting may be driven by specific protein-
protein interactions between biogenesis and effec-
tor components. For example, in animals, Dicing and
Argonaute loading have been proposed to occur as
concerted processes'”>'. This provides an opportunity
for determining the fate of specific precursors to join
certain effector complexes if a particular Dicer prefer-
entially binds one Argonaute family member. However,
Dicer and Argonaute cannot be the full story. Instead, it is
clear that more complex-loading and strand-recognition
pathways also influence the sorting of small RNAs. To
exert its regulatory functions, mature RISC must be
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Heterochromatic siRNA
A highly abundant plant
small RNA that arises from
transposons and repeats.
hc-siRNAs depend on DCL3
and mainly load into AGO4.

RNase H

A conserved family of
endonucleases that cleave

the RNA strand of RNA:DNA
hybrid duplexes. AGO proteins
contain RNase H-like domains.

programmed with a single-stranded RNA. Thus, for
small RNAs that are initially produced as duplexes, one
strand must be chosen and the other discarded — a proc-
ess called RISC loading. Strand selection must not be
random. For example, for most miRNAs, evolutionary
pressure has honed one particular strand of the duplex
as a crucial regulator and loading of the other strand, the
miR¥, would cause silencing of the wrong set of genes.

Even from the first mechanistic studies, it was clear
that strand choice was partly encoded in the intrinsic
structure of the small RNA duplex, and a major deter-
minant resides in its thermodynamic properties'*'%.
For both miRNAs and siRNAs in flies and mammals, the
strand with the least stable 5" end is more often retained.
There are also additional favourable sequence charac-
teristics, such as a bias for a U at position 1 (see BOX 2 for
further details)”>7¢1%"!1°, Recently, our understanding of
small RNA-sorting determinants has expanded substan-
tially, and Argonaute and RNA structural studies have
begun to provide a mechanistic basis for observations
from in vitro and in vivo analyses®106:107110-112,

Small RNA sorting in animals. In mammals, a sin-
gle Dicer assorts siRNAs and miRNAs among four
Argonaute subfamily proteins, apparently without much
discrimination. However, in D. melanogaster, two distinct
Dicer proteins process small RNA duplexes that prefer-
entially enter AGO1 or AGO2 complexes. Generally,
AGOL1 is occupied by miRNAs, whereas AGO?2 associ-
ates with siRNAs. This parallels the processing of miR-
NAs by Dicer 1 and siRNAs by Dicer 2. However, there
are exceptions to the rule. For example, there are Dicer
1-derived small RNAs that preferentially load AGO?2,
implying the existence of a post-processing sorting
mechanism'”'"*. Although miRNA and siRNA process-
ing intermediates are approximately 19-21-nt duplexes
with 2-nt 3’ overhangs, the character of their duplexed
portions substantially differs (FIC. 3a). siRNAs are derived
from duplexes featuring perfect or nearly perfect dsRNA,
whereas miRNAs originate from precursors that typi-
cally contain several mismatches or bulges. Other fea-
tures that affect sorting include the terminal nucleotides
and thermodynamic properties of the duplex ends.

The numerous inputs into the sorting decisions
of small RNAs have posed a challenge to predicting
their fates in D. melanogaster. However, recent studies
have suggested the application of hierarchical rules to
predict differential AGO loading!*®!*”!1°, At the top
level is duplex structure, specifically its degree of base
pairing. Small RNA strands with unpaired central
regions (~nucleotides 9-10) tend to be directed into
AGOL and disfavoured for AGO2 loading. Although
D. melanogaster AGO1 and AGO2 show different prefer-
ences for terminal nucleotides (AGO1 favours a terminal
U, whereas AGO2 shows a bias towards a 5’ C)7%190177 the
identity of the 5" nucleotide only makes a minor con-
tribution to sorting'””. For perfect duplexes, thermo-
dynamic asymmetry dominates strand choice, which is
precisely as was originally proposed!*+1%1%7,

It should be noted that sorting is a strand-centric
process. Once a duplex is made, it seems that one strand is
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assessed and its fate determined. Thus, for many miRNAs,
miR strands are abundant in AGO1 complexes and miR*
strands predominate in AGO2-RISC; however, these
miR and miR* strands arise from independent precur-
sor molecules rather than through the stabilization of
both strands of a given duplex. Thus, for each processed
duplex, the choice seems to be whether the miR strand
becomes committed to AGO1 or the miR* is commit-
ted to AGO2, with the complementary strand of each
miRNA duplex being discarded during RISC matura-
tion. Thus, AGO1 and AGO2 may compete for the selec-
tion of strands from each duplex, with the strength of
preferential loading signals determining the ultimate
abundance of the miR and miR* in AGO1 and AGO2
complexes, respectively!*107110,

It was recently noted in D. melanogaster that some
hairpin-derived endo-siRNAs accumulate in AGO2
even though they originate from mismatched duplexes
and have a terminal U — features which are thought
to direct them towards AGO1 (REF. 114). Interestingly,
in vitro, these small RNAs are sorted into AGO1. In vivo,
however, these AGO1-loaded endo-siRNAs silence tar-
gets with high sequence complementarity. This paradox
can be resolved by invoking target-directed small RNA
destruction; small RNAs of this sort may be loaded into
AGOlL in vivo, but they are unstable owing to lack of the
stabilizing 2'-O-methylation, which they acquire when
loaded into AGO2.

As in D. melanogaster, worm miRNAs and siRNAs
are partitioned among distinct AGO subfamily proteins.
Although worm sorting rules have not been probed in
detail, miRNAs show a tendency towards central mis-
matches and are sorted into ALG-1 or ALG-2, whereas
siRNAs from perfect duplexes preferentially load RDE-1
(REFS 115,116). In contrast to flies and worms, individual
mammalian AGO clade proteins show no specialized
structural and 5’ nucleotide preferences for small RNA
duplexes''”'"*. This raises the possibility that mammals
lack a strict system for small RNA sorting, at least among
their AGO subfamily members.

Sorting of small RNAs in plants. A. thaliana encodes
ten Argonaute proteins, which vary in their degrees of
specialization and expression patterns. As in animals,
plant AGO proteins tend to show preferences for dis-
tinct small RNA classes, which are produced through
somewhat compartmentalized biogenesis pathways.
For example, AGO1 is manly occupied by miRNAs that
arise through processing by DCL1. AGO4 prefers hc-
RNAs that are processed by DCL3. AGO2 is the princi-
pal recipient for ta-siRNAs. An additional complexity
is that different Dicers produce small RNAs of distinct
sizes. Plant DCL1 and DCL4 produce 21-nt RNAs,
DCL2 22-nt RNAs and DCL3 24-nt RNAs. Different
Dicer proteins have also been proposed to reside in dif-
ferent subcellular compartments. Thus, a wide range
of properties might be exploited to establish specificity
in plant small RNA sorting. Surprisingly, although the
terminal nucleotide of the siRNA had a minor effect
on sorting in flies and mammals, it strongly impacts
sorting in plants.
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Figure 3 | Small RNA sorting and RNA-induced silencing complex assembly in flies.
a | Structural determinants dominate the decision to sort small RNAs into fly
Argonaute 1 (AGO1) or AGO2. AGO1-biased (usually microRNA (miRNA)) duplexes
contain several bulges and mismatches, especially in the central region of the duplex.
Mature miR strands show a strong bias for a terminal U. By contrast, AGO2-biased
(usually siRNA) duplexes show extensive base pairing. Loaded guide strands often
start with C. b | Unloaded AGO1 is recognized and bound by the heat shock cognate 70
(HSC70)-heat shock protein 90 (HSP90) chaperone complex and, following binding

of ATP, adopts an ‘open’ conformational state. Loading-competent AGO1 receives

miRNA duplexes containing several mismatches. The incorporation of duplexes into
AGO1 is likely aided by as yet unidentified loading factors. ATP hydrolysis results in
dissociation of the chaperone complex from AGO1, followed by passive unwinding
of the duplex, a process promoted by mismatches. The miR* strand is degraded
following unwinding. ¢ | The HSC70-HSP90 chaperone complex associates with
unloaded AGO2. Binding of ATP to the chaperone complex leads to conformational
changes that allow AGO?2 to receive small duplexes from the AGO2-loading
machinery. Small RNA duplexes with perfect or near-perfect base-pairing (especially
those with good pairing in the central region) are recognized by Dicer 2 (DCR2)
and its co-factor R2D2 (AGO2-RISC-loading machinery) and inserted into AGO2.
The chaperone complex dissociates following ATP hydrolysis, causing a change in the
conformation of AGO2. Following passenger strand slicing by AGO2, component
3 promoter of RISC (C3PO) degrades the cleavage products. Subsequently, the 3’
terminus of the guide strand is methylated by HUA ENHANCER 1 (HEN1) to yield

mature AGO2-RISC. SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.

Deep sequencing of small RNAs associated with AGO
family members clearly indicated that distinct
AGO proteins preferentially load small RNAs with spe-
cific 5’ nucleotides®!'>120121 AGO1 showed a strong
bias towards a terminal U. AGO2 and AGO4 selected
sequences that begin with an A, and AGO5 mainly
bound RNAs starting with a 5" C. Simply changing the
terminal nucleotides could redirect small RNAs into
different complexes in a predictable manner, strongly
supporting the dominance of this sorting signal.

There were exceptions to the simple rule proposed
above. MiR390, which begins with an A, would be
predicted to load AGO2 but, instead, exclusively occu-
pied AGO7 (REF. 90). Moreover, miR390 could not be
redirected by altering its terminal base. Thus, although
base recognition contributes strongly to sorting, other
characteristics of small RNAs must also be taken into
account. These could include duplex properties, such
as thermodynamic asymmetry or degree of base pair-
ing, although this hypothesis has yet to be examined.
Overall, the data support a model in which plant small
RNAs dissociate following Dicer cleavage and are sub-
ject to a sorting process, which surveys their terminal
base. Other considerations, their size and the Dicer that
produced them may contribute to specificity in a man-
ner that varies with the small RNA species, but which
becomes the dominant determinant of sorting in a
few instances.

Sorting of other small RNA classes. To date, we know
far more about the loading determinants of miRNAs
and siRNAs than of any other small RNA class. Even
within these well-studied groups, there are exceptions
to the rules outlined above. For example, several reports
now support the idea that pre-miRNA hairpins can be
successfully loaded into RISC!'8122712¢ (BOX 3). Mirtrons
bypass the Drosha step but are presumably loaded using
the normal miRNA strand determinants following
Dicer cleavage.

Several small RNA classes are formed without a double-
stranded precursor. Even though this should pose a sim-
pler sorting problem, with no need to discriminate guide
versus passenger strands, we know little about how these
species are selectively loaded into specific Argonautes.
Among good examples are the secondary siRNAs in
worms, which are generated as direct RARP products,
presumably without the need for further process-
ing®’. These are specifically loaded into WAGO clade
Argonautes through a still mysterious mechanism’. One
could easily imagine that biogenesis and loading could
be tightly coupled, or that the 5’ triphosphate termini
on these small RNAs could contribute to binding spe-
cificity through interactions with the mid-domain of the
Argonaute, but these ideas remain to be tested.

piRNAs, including worm 21U RNAs, do not depend
on Dicer processing and are thought to originate from
single-stranded precursors*>*?125, The loading of
these small RNAs into Piwi subfamily proteins and the
requirements of associated partner proteins for proper
Piwi-RISC assembly are unknown. Whether the strik-
ing bias for a terminal U seen in many piRNAs reflects
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Box 3 | Non-canonical biogenesis and loading of small RNAs
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It had been reported in the literature that precursor-microRNA (pre-miRNA) hairpins are
sometimes directly loaded into RNA-induced silencing complex (RISC) instead of being
funnelled into the canonical Dicer-dependent biogenesis pathway!!#12>126 Recently, it
was shown that this strategy is actually used as a biogenesis mechanism by a conserved
vertebrate miRNA, miR-451 (REFS 122-124). Like other endogenous miRNAs, mir-451 is
synthesized by RNA polymerase Il (RNAPII) as a polycistronic transcript together with
mir-144 (see the figure above). This primary miRNA (pri-miRNA) is initially processed by
the Microprocessor (Drosha—-Pasha complex) through the canonical biogenesis pathway.
However, following export to the cytoplasm, the two pre-miRNAs adopt distinct fates.
Although pre-mir-144 continues along the canonical miRNA path and is processed
by Dicer, pre-mir-451 is not a Dicer substrate, perhaps because its 17-nucleotide
(nt)-duplexed region is too short. Instead, the pre-mir-451 hairpin is directly loaded
into Argonaute 2 (AGO?2). There, the duplexed portion of the hairpin is cleaved by the
Argonaute RNase H-like motif and the cleaved product is resected by an unknown
activity to form mature miR-451. Although it is unclear whether pre-mir-451 is actively
sorted into AGO2, only those species which occupy this catalytically competent AGO
family member can mature.

As a second example, the pre-miRNA equivalents for mirtrons are formed by the
splicing machinery rather than by Drosha. Their biogenesis is outlined in FIC. 1.

upstream processing activities or is a consequence of the
nucleotide-binding preferences of these Piwi proteins
(as is seen in plants) remains unclear.

The RISC-loading machinery

Small RNA duplexes cannot be efficiently incorporated
into AGO proteins without assistance from additional
proteins'**!". These factors are also known as the RISC-
loading machinery (or pre-RISC) and their precise
nature differs for distinct AGO proteins. RISC loading
is an active process that requires ATP''#!%-132, probably
owing to the necessity to drive conformational changes

REVIEWS

so that AGO proteins accept small RNA duplexes.
This concept, which was originally suggested based on
structural analyses of AGO proteins, has gained recent
support from studies that characterized interactions
between Argonautes and the heat shock cognate 70
(HSC70)-heat shock protein 90 (HSP90) chaperone
complex'*-1*. These studies support a model in which
the interaction between Argonautes and the chaperone
complex creates an ‘open’ conformation that is suitable
for the loading of duplexed small RNAs. ATP hydrolysis
and dissociation of the chaperone results in a structure
that can discard or cleave the miR* or passenger strand
to form an active RISC.

In flies, the loading machinery for AGO2-RISC
also involves Dicer 2 and its dsRBD partner R2D2
(REFS 68,69,130,131,137,138) (FIG. 3c). In fact, these fac-
tors have been proposed to be the biochemical sensors
for thermodynamic asymmetry. In this regard, R2D2 has
been shown to bind the more stable end of the dsSRNA
duplex, whereas Dicer 2 is positioned at the less-stable
end of the duplex, providing a mechanism for orien-
tated AGO2 loading'®. Although a minimal pre-RISC
could be constituted with only Dicer 2, R2D2 and AGO2
(REF. 140), the bona fide AGO2-RISC-loading machinery
in vivo undoubtedly contains additional components,
including the chaperone complexes described above.
Roles for Dicers have also been suggested for AGO1
loading. One report suggests that AGO1-Dicer 1 com-
plexes correspond to the AGO1-RISC-loading com-
plex'*!, whereas a second report indicated that Dicer 1
was dispensable for AGO1-RISC assembly'*.

Although little is known about the loading machin-
ery in plants, a recent study proposed that the thermo-
dynamic properties of duplex ends (instead of terminal
nucleotides) are the dominant determinant for strand
selection of some DCL1-processed miRNAs and that
HYLI, like fly R2D2, functioned as a component of the
asymmetry sensor®.

RISC maturation
For RISC to exert its function, pre-RISC needs to mature
(FIG. 3¢). Although the orientation of the miRNA duplex
was determined during RISC assembly and loading, the
crucial maturation step is discarding of the passenger
or miR* strand. In flies and mammals, distinct AGO
proteins seem to achieve this by different mechanisms,
which depend on the nature of the AGO protein and
the degree of base pairing in the loaded duplex. Using
their ‘slicer’ activity, fly or mammalian AGO2 can
cleave the passenger strand of perfect or nearly perfect
duplexes'* . The cleaved strand dissociates from RISC
and, in flies, is degraded by a multimeric endonuclease
complex (consisting of Translin and Trax), termed C3PO
(component 3 promoter of RISC)'. Following passen-
ger strand removal, AGO2-bound single-stranded small
RNAs are methylated at their 3’ termini by the methyl-
transferase HEN1 (also known as Pimet) to yield mature
AGO2-RISC!21%,

Maturation of miRNA RISC is less well understood
(FIG. 3b, bottom). Human AGO1, AGO3 and AGO4
all lack slicer activity and fly AGO1 is a poor slicer.
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Box 4 | Mechanisms of target regulation in Drosophila melanogaster
a
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Individual Argonaute (AGO) proteins differ in their expression patterns, subcellular
localization and enzymatic properties. Thus, distinct AGOs can function through many
different effector modes that may involve slicing of target transcripts, cleavage-inde-
pendent regulation and chromatin modification (reviewed in REFS 15-17). Another
layer of complexity is added by the degree of sequence complementarity between the
AGO-bound small RNA and target transcripts, which determines the mechanism

of regulation. a | In flies, AGO1-associated microRNAs (miRNAs) typically target
mRNAs in their 3" UTRs to reduce protein synthesis. Owing to limited sequence
complementarity between the small RNA (seed region) and the mRNA, such
interactions usually do not result in direct cleavage of the targeted transcript. Instead,
AGO1 and its partner protein GW182 are likely to disrupt crucial interactions between
the polyA tail and the cap of the transcript, leading to a reduction in translational
initiation and an induction of mMRNA decay!’®. In mammals, it was recently shown

that reduced protein output is predominantly owing to destabilization of the target
transcript'’4. b | Small RNAs bound to Drosophila melanogaster AGO2 do not exhibit

a bias towards binding their targets in the 3" UTR. AGO2 primed with a small RNA
sharing extensive complementarity with its target typically directs endonucleolytic
cleavage of the mRNAs through AGO?2 slicer activity. The 2-O-methyl modification

of AGO2-bound small RNAs prevents their degradation when targeting perfectly
complementary transcripts®*!*21*>. However, other modes are possible: AGO2 can also
regulate targets with limited sequence complementarity through a block in
translation initiation (not shown)'”*. PABP, poly(A)-binding protein

Moreover, miRNA duplexes often contain sufficient
bulges to prevent slicing of miR* strands even by com-
petent enzymes. Therefore, it has been proposed that
miR* strands dissociate in a cleavage-independent man-
ner by unwinding — a process that is facilitated by the
presence of mismatches in the loaded duplexes!*!'#132,
Biochemical evidence supports unwinding as a passive,
ATP-independent process, with degradation of the miR*
strand on its release. It is unclear how plant Argonautes
remove the miR* or passenger strand during RISC mat-
uration. MiR* and passenger strands could be cleaved
through the slicer activity of AGOs (similar to fly AGO2)
or unwound passively (like fly AGO1)!214132,

The impact of sorting on target regulation

The ultimate result of accurate strand selection and sort-
ing is that an active RISC is formed, which is imbued
with the ability to regulate a target gene or process.
Argonaute family members differ in their biochemical
properties, subcellular localization and expression pat-
terns, and matching the right small RNA with the correct
partner is key to proper biological function.

Seed region

A region consisting of
nucleotides 2—-8 counted from
the 5 end of miRNAs that
participates in the interaction
between a small RNA and
target transcript.

Although AGO proteins evolved as ribonucleases,
animal miRNAs affect their targets without the need for
this activity. miRNAs generally interact with their tar-
gets through limited base-pairing interactions that are
insufficient to place the scissile phosphate of the target
in the enzyme active site where cleavage can occur. The
prevalence of cleavage-independent repression modes
is also reflected in the diversity of the Argonaute family.
In mammals, three of the four AGO proteins have lost
catalytic potential, and AGO1, the D. melanogaster AGO
protein into which most miRNAs are sorted, is a poor
enzyme compared with its siRNA-binding cousin'".

miRNA-directed target cleavage has only been
reported in a few cases**!*>. However, this is assumed
to be the principal regulatory mode for endo-siRNAs
and for piRNA-mediated repression of transposons.
Here again, the choice of a particular AGO partner is
crucial. Piwi family members all retain catalytic compe-
tence and D. melanogaster AGO2, the main partner for
endogenous and viral siRNAs, is tuned for highly active
slicing (BOX 4).

AGO1-associated plant miRNAs usually share exten-
sive sequence complementary with their mRNA targets
and these interactions often result in target cleavage'*.
However, recent studies have indicated that cleavage-
independent translational repression is widespread in
plants, even for highly complementary target sites'.
Nevertheless, miRNA-mediated cleavage is of key
importance for some processes like the biogenesis of ta-
siRNAs, for which the initial slicing event is key to RARP
recruitment and dsRNA synthesis®.

Notably, small RNAs that direct cleavage, for exam-
ple, plant miRNAs, piRNAs and fly endo-siRNAs, often
have a 2'-O-methyl modification on their 3’ termini.
Although the purpose of this modification was initially
mysterious, it is now clear that this functions as a pro-
tective group to prevent small RNA destruction® >4,
In flies and mammals, small RNAs that have extensive
complementarity to their targets can be recognized by
terminal uridyl transferases, which mark small RNAs
for degradation®. The uridylation event is blocked by
the 2’-O-methyl modification, preserving these small
RNAs, which have evolved to function through cleav-
age®. The balance between protection and targeted
destruction has been proposed as a quality control on
small RNA sorting and as an evolutionary mechanism
to drive animal miRNAs toward a cleavage-independent
repression mode®.

hc-siRNAs are thought to function by different
mechanisms'***. They must be sorted into a particu-
lar Argonaute, AGO4, which they guide to target DNA
loci by base pairing with nascent non-coding transcripts
synthesized by RNAPV. Effector proteins, such as the
chromatin-remodelling factor DRD1, the de novo meth-
yltransferase DRM2 and other factors, are then recruited,
resulting in DNA methylation at cytosine residues'*'*!.
As this regulation functions by repressing RNA synthe-
sis, it was termed transcriptional gene silencing to distin-
guish it from post-transcriptional gene-silencing modes.
Some piRNAs in flies and mammals must associate with
particular Piwi-family proteins — that is, PTWT and
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MIWI2, respectively — which enable these small RNAs
to enter the nucleus, where they are thought to induce
transcriptional repression through changes in chroma-
tin structure or DNA methylation, respectively'®*'>.
Similarly, worm NRDE-3, an Argonaute of the WAGO
clade, transports siRNAs to the nucleus and functions
through co-transcriptional gene silencing'*.

Thus, the final effects of small RNA sorting are felt
in the modes of repression that become available as
they join specific AGO proteins. The consequences
of improper sorting may range from a loss of target
regulation to inappropriate regulatory modes.

Conclusions

An understanding of the mechanisms by which small
RNAs are selected and sorted among different potential
effector complexes is crucial. In part, this knowledge

REVIEWS

guides hypotheses concerning the cellular roles of an
ever-growing roster of small RNA species. However, the
ability to predict the fate of small RNAs based on their
sequence and structural characteristics is also essential
to their effective use as experimental tools and poten-
tial therapeutics. We have begun to piece together the
properties that determine small RNA fates and, in some
instances, these properties can even predict with reason-
able accuracy which small RNAs will efficiently join a
particular effector complex. Yet, we still have a relatively
poor ability to design effective small RNAs ab initio for
experimental or therapeutic use. This capacity will rest
on advances in both our understanding of RISC as an
enzyme, including its mechanisms of target recognition,
silencing and product release, and a detailed knowledge
of how specific RNA strands are efficiently loaded into
RISC as guides.
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Existing transgenic RNAi resources in Drosophila melanogaster
based on long double-stranded hairpin RNAs are powerful

tools for functional studies, but they are ineffective in gene
knockdown during oogenesis, an important model system for
the study of many biological questions. We show that shRNAs,
modeled on an endogenous microRNA, are extremely effective
at silencing gene expression during oogenesis. We also describe
our progress toward building a genome-wide shRNA resource.

Current Drosophila transgenic RNAi resources use long hairpins as
silencing triggers!. However, for reasons unknown, long hairpins
are ineffective for gene silencing in the female germline, a conclu-
sion that we reached after extensive testing of various construct
designs (Supplementary Fig. 1 and Supplementary Note 1).
In Drosophila, RNAi can be triggered via distinct routes, each
of which generates small silencing RNAs via discrete processing
and loading machineries?. In particular, artificial microRNAs,
referred to as shtRNAs, have been shown to trigger effective silenc-
ing in somatic cells® and in the female germline in one case®. As
shRNAs have not been used extensively and compared to long
hairpins for their efficacies, we systematically evaluated their use
as a transgenic trigger of RNAi in Drosophila.

We constructed Valium20, a vector that combines the opti-
mized expression features of the previously reported Valium10
for somatic RNAi®> with a modified scaffold of the microRNA
miR-1 (Fig. 1a and Supplementary Fig. 2). Unique cloning sites
allow the generation of shRNAs that accommodate the desired
sequences, leading to a hairpin with perfect duplex structure,
which favors shRNA loading into AGO?2, the principal effector

BRIEF COMMUNICATIONS |

of RNAI in flies (Fig. 1a). To test the effectiveness of Valium20,
we generated several fly lines containing shRNA constructs
that target genes associated with either distinctive germline or
maternal effect phenotypes. We induced shRNA expression speci-
fically in the germline with MTD-Gal4 (ref. 6), a line that carries
three Gal4 drivers expressed at various stages during oogenesis
(Online Methods). For all examined lines, we recovered the
expected oogenesis and maternal effect mutant phenotypes
(Supplementary Note 1), indicating that shRNAs triggered
potent gene knockdown during oogenesis (Fig. 1b,c). To deter-
mine whether maternal expression of shRNAs can also block
expression of zygotically expressed genes, we generated shRNAs
to a few zygotic genes that result in embryonic lethality when
mutated. In all cases, we observed the expected phenotypes as
shown for decapentaplegic (dpp; Fig. 1¢). Finally, we tested the
effectiveness of shRNAs expressed from Valium20 in somatic
tissues. In general, the obtained phenotypes were stronger than
those obtained with the long-hairpin-based vector Valium10
and resembled genetic null mutations for the respective genes
(Fig. 1d,e and Supplementary Fig. 3).

Whereas shRNAs expressed from Valium20 generated effective
knockdown phenotypes in germline and soma, the phenotypic
penetrance in the germline was influenced by temperature and
maternal age, indicating room for improvement (Supplementary
Note 1). We therefore generated Valium22 (Supplementary
Fig. 2) based on the UASp vector’, which is optimized for trans-
gene expression in the female germline. Indeed, Valium22-
mediated knockdowns in the germline were overall stronger than
those generated using Valium20. We note, however, that Valium22
did not allow robust transgene expression in the soma, leading to
incomplete somatic knockdowns (data not shown).

We chose the ovarian Piwi-interacting RNA (piRNA) pathway
as a system to compare the efficacies and specificities of Valium20
and Valium?22. Both somatic and germline cells of the Drosophila
ovary produce piRNAs to silence transposable elements, but the
pathway architecture differs in both cell types®. We generated
multiple shRNA lines targeting proteins with a role in the piRNA
pathway. Consistent with the strong knockdown observed for each
target (Fig. 2a), RNAi phenotypes generated using the maternal
MTD-Gal4 line and Valium22 were highly reminiscent of each
published null mutant. Depletion of the proteins Piwi, Aub, Spn-E
or Armi resulted in complete sterility (Fig. 2b), and we observed
strong derepression of three transposable elements known to be
targets of the germline piRNA pathway by quantitative reverse
transcription-PCR (RT-PCR) or by antibody staining (Fig. 2¢,d).
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Figure 1 | Design of shRNA constructs and phenotypes of shRNA-mediated
gene silencing. (a) Structure of the Drosophila miR-1 and shRNA hairpins
(miR-1 nucleotides replaced by the sequence of interest are indicated by N).
(b) Phase contrast images showing ovary phenotypes associated with
knockdown of bag-of-marbles (shRNA to bam, labeled shRNA-bam)

and ovarian tumor (shRNA-otu) in MTD-Gal4/UAS-shRNA females (using
Valium?20). DAPI images show single tumorous egg chamber and wild-type
egg chamber. Scale bars, 500 um (phase contrast) and 200 um (DAPI).

(c) Dark field images of the cuticle of wild-type embryo and embryos
derived from MTD-Gal4/UAS-shRNA females. Scale bars, 100 um.

(d) Knockdown of Notch in the wing using C96-Gal4/UAS-shRNA-N.

Scale bars, 400 um. (e) Knockdown of white using GMR-Gal4. In the labels,
hp stands for hairpin. Scale bars, 100 um.

Loss-of-function mutations in fudor are known to have no impact
on transposon silencing in the germline or on fertility, but these
mutants are defective in Aub localization to the posterior end of
the growing oocyte. This leads to a failure in the specification of
primordial germ cells and results in a ‘grandchild-less’ phenotype.
We observed all of these characteristics in the shRNA-tud (shRNA
to the tudor gene) transgenic flies (data not shown). Typically, we
observed similar phenotypes when we tested the same shRNAs
with Valium20. However, Valium20-mediated knockdown of Piwi
or Armi led to more severe phenotypes. This is in full agreement
with data for their respective genetic null mutants, as it has been
shown that the function of Piwi and Armi in the somatic support
cells of the ovary is critical for germline development and therefore
ovarian morphology. This indicates leaky shRNA expression from
Valium?20 transgenes in somatic ovarian cells (Supplementary
Table 1, Supplementary Fig. 4 and Supplementary Note 1). We
suspect that a temperature-sensitive element present in the hsp70
minimal promoter of Valium20 causes low-level expression that,
in combination with basal Gal4 levels, leads to ShRNA expres-
sion sufficient for gene knockdowns in the soma. Altogether,
our results indicate that Valium22 is not only more effective
for knockdowns in the germline but is also superior in terms of
tissue specificity as the effects appear to be strictly restricted to
the female germline.

It was important to understand the biogenesis requirements,
processing accuracy and loading characteristics of stRNAs, which
are designed to take advantage of different aspects of the mostly
distinct fly miRNA and siRNA pathways to favor loading into
AGO2, the major RNAi machinery in Drosophila. Our analysis
indicated that shRNAs are processed by the sequential action of
Drosha-Pasha and Dicer-1-LoqsPB complexes followed by load-
ing into AGO1 and AGO2 proteins (Supplementary Figs. 5a,b
and 6 and Supplementary Note 1). Loading into AGO2 required
Dcr-2 and presumably also R2D2 and perfect base-pairing at
positions 9 and 10 of the siRNA, as has been shown for endog-
enous siRNAs. Immunopurification experiments indicated that
shRNAs are efficiently loaded into AGO?2 as intended but that a
fraction is also associated with AGO1. Small RNA sequencing
efforts from cultured Drosophila cells transfected with three dif-
ferent Valium20 constructs showed that shRNAs are accurately
processed at the intended 5" ends. Furthermore, the amount
of mature shRNA strands accumulated at levels comparable to
those of the most abundant cellular microRNA (miR) strands
and exceed miR complementary strand (miR*)-passenger strand
strand levels several fold as predicted from the differences in
thermodynamic stability of guide and passenger strand 5" ends.
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RNAi approaches can suffer from unspecific targeting of genes
exhibiting sufficient sequence complementarity to the experi-
mental siRNA (referred to as off-target effects)’. In compari-
son to long-hairpin constructs, shRNA constructs are expected
to be advantageous as they give rise to only two siRNA species,
the guide and passenger strands (Supplementary Fig. 6 and
Supplementary Note 1). We minimized off-target effects caused
by extended complementarity by filtering out shRNAs whose
guide or passenger strands have complementary matches of 16
nucleotides or more to the fly transcriptome. As shRNAs are
partially loaded into AGO1, they could also produce off-target
effects through fortuitous recognition of mRNAs via the ‘seed’
region leading to miRNA-like repression!?. To address the prob-
lem of off-target effects experimentally, we generated several
shRNA lines targeting genes that are not required for viability.
Only one line out of eight tested was associated with unexpected
lethality (Supplementary Table 2). This is similar to what has
been observed with long hairpins>!!. Thus, off-target effects with
shRNAs are still a matter of concern, and we suggest verification
of obtained phenotypes using independent shRNA constructs to
the same gene.

Encouraged by the remarkable silencing potency of shRNAs,
we started to generate a large-scale community resource for trans-
genic RNAi in Drosophila (http://www.flyrnai.org/TRiP-HOME.
html). As of March 2011, we have constructed over 2,900 fly
stocks (an updated list is available at the Transgenic RNAi Project
(TRiP) homepage), and they are available from the Bloomington
Drosophila Stock Center. We aim to construct shRNAs to all 14,208
annotated Drosophila protein-coding genes (genome release 5).
Toward this end, we predicted shRNA sequences for all genes
using designer of small interfering RNA (DSIR)!2, an algorithm
trained on effective siRNAs (http://biodev.extra.cea.fr/dsir/
dsir.html). DSIR has proven quite reliable for the prediction of
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Figure 2 | Analysis of the piRNA pathway during Knockdown
oogenesis. (a) Immunofluorescence staining

of early egg chambers showing depletion of

the indicated piRNA pathway components

using specific antibodies (green) upon shRNA
expression via MTD-Gal4 (using Valium22). DNA
was visualized with DAPI (blue). Black and
white images are of the antibody staining only.
Scale bars, 20 um. (b) Fertility rates of females
in which the indicated genes were knocked
down with shRNAs in the germline via MTD-Gal4
(using Valium22). For each knockdown 300-500
eggs were counted. (c) Fold changes in steady-
state RNA levels of the transposable elements
HeT-A and blood in comparison to the germline-
specific nanos transcript upon knockdown of
the indicated genes via shRNAs. The data were
compared to a control sample in which the white
gene was knocked down (rp49 transcript levels
were used for normalization). Data are averages
of three independent biological replicates; error
bars, s.d. (d) Immunofluorescence staining of
early egg chambers with an antibody to the
I-element ORF1p. Left two images are of flies
expressing shRNA-spn-E with MTD-Gal4 (using
Valium?22); right two images are of wild-type
flies. DNA was visualized with DAPI (blue).
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shRNAs for effective knockdown in trans-
genic flies, and the vast majority of the
shRNAs described in this paper were desi-
gned using the DSIR algorithm. We synthe-
sized 83,256 unique shRNA oligonucleotides in situ on four custom
glass-slide microarrays!®. We amplified these as pools, and inserted
them into Valium20 and Valium22. We analyzed ~160,000 indi-
vidual clones per vector, and identified accurate clones through
either conventional sequencing or a two-step process involving
DNA Sudoku'4 compression followed by Illumina sequencing. We
anticipate that at least 8,000 constructs per year will become avail-
able from the TRiP for distribution to the community.

shRNA-spn-E Q.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemethods/.

Accession codes. Gene Expression Omnibus: GSE27039 (small
RNA sequences).

Note: Supplementary information is available on the Nature Methods website.
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ONLINE METHODS

Drosophila strains. The maternal triple driver (MTD)-Gal4 stock®
was a gift from L. Cooley (Yale University). The stock contained
homozygous insertions of three Gal4 constructs, which together
provide robust germline and maternal Gal4 expression. The
genotype was P{COG-Gal4:VP16}; P{Gal4-nos.NGT}40; P{nos-
Gal4-VP16} (Bloomington stock 31777). P{COG-Gal4:VP16}’
contained a promoter from the otu gene and the 3’ untranslated
region (UTR) from the K10 gene. Gal4:VP16 expression from
this transgene was weak or absent in the germarium and robust
beginning in stage-1 egg chambers. P{nos-Gal4-VP16} con-
tained both the promoter and 3" UTR from the nanos gene!> and
was expressed throughout the germarium and in all stages of
egg chambers, with lower expression in young egg chambers
(~stages 2-6)7. P{Gal4-nos.NGT}40 contained the nanos promoter
and oTub84E 3’ UTR!S, and was made for maternal loading of
Gal4 to drive expression during embryogenesis.

GMR-Gal4 and C96-Gal4 were used to drive expression
in the eye and wing, respectively, as described previously®.
Their descriptions are available from FlyBase (http://flybase.
org/). Details on the full genotype of all the lines used in this
study are available on the TRiP website (http://www.flyrnai.org/
TRiP-HOME.html).

Phenotypic analyses. For DAPI staining, ovaries were dissected
in PBS and fixed in 4% electron microscopy (EM)-grade para-
formaldehyde (Electron Microscopy Sciences) diluted in PBS for
30 min. Ovaries were counterstained with DAPI (Invitrogen) for
10 min. Embryonic cuticles and wings were prepared as described
previously!”!8. For immunofluorescence, ovaries were dissected
from 3-5-day-old flies into ice-cold PBS and subsequently fixed
in 4% formaldehyde (Thermo Scientific) containing 0.15% Triton
X 100 (Sigma-Aldrich), diluted in PBS, for 25 min. After three
rinses with PBT (PBS with 0.3% Triton X 100) ovaries were
blocked in BBX (PBS containing 0.3% Triton X 100 and 0.1%
BSA) for 30 min at room temperature (20-22 °C). Ovaries were
incubated with primary antibodies over night at 4 °C diluted in
BBX (antibodies to Piwi, Aub and Ago3, 1:500; antibodies to
Armi and [ element, 1:1,000; antibodies to Tudor, 1:10; antibod-
ies to Spn-E, 1:50). After four PBT washes secondary antibodies
were incubated 5 h at room temperature diluted in BBX (1:500;
Molecular Probes). Ovaries were stained with DAPI for 10 min
in the second of four PBT washes. Antibodies used were: anti-
body to Piwi, antibody to Aub and antibody to AGO3 (ref. 19);
antibody to Tudor, antibody to Spn-EZO; antibody to Armi?!
and antibody to I element (gift from D. Finnegan; University of
Edinburgh). For the sterility test, ten 3-5-day-old female flies
were pre-mated with wild-type males overnight in small cages on
apple juice plates with yeast paste. Apple juice plate was changed
without anesthetizing flies. After 18 h at 25 °C, the flies were
removed and the number of laid eggs was counted (typically
~200 eggs). Forty-eight hours later hatched and non-hatched
eggs were determined.

Additional information on the phenotypic analyses of RNAi
reagents is available in Supplementary Figures 7 and 8 as well as
in Supplementary Table 3.

Vector construction. For descriptions of vector construction, see
Supplementary Note 2.

NATURE METHODS

B-elimination. The chemical structure of the 3’ termini of small
RNAs was analyzed as described previously??. In brief, RNA
from immunoprecipitates or 25 g of total RNA from S2 cells
treated with the indicated dsRNAs (17.5 ul total volume for each
sample) was incubated at room temperature for 30 min with 5 pul
5x borate buffer (148 mM borax and 148 mM boric acid; pH 8.6)
supplemented with 3.125 pl freshly prepared 200 mM NalO,.
We added 5 ul of 50% glycerol to quench nonreacted sodium
periodate by incubating for an additional 15 min at room tem-
perature. Samples were then vacuum-dried and dissolved in
60 ul 1x borax buffer (30 mM borax, 30 mM boric acid and
50 mM NaOH; pH 9.5). B-elimination was carried out by incuba-
tion for 2 h at 45 °C. RNAs were ethanol-precipitated and resolved
in 1x gel loading buffer.

Northern blotting. Northern blotting was carried out as
described previously?>2?4, In brief, total RNAs from knockdown
cells were isolated using TRIzol (Invitrogen). We separated 30 ug
total RNAs from cultured cells (with or without -elimination)
or RNAs from immunoprecipitations on 15% denaturing poly-
acrylamide gels and transferred to Hybond-N+ membranes
(Amersham Biosciences) in 1x TBE buffer. Small RNAs were
UV-light cross-linked to the membrane and prehybridized
in ULTRAhyb-Oligo buffer (Ambion) for 1 h. DNA probes
complementary to the indicated strands were 5’ radio-labeled
and added to the hybridization buffer (hybridization for 6 h at
30 °C). Membranes were washed 4 times in 1x SSC with 0.1% SDS
at 30 °C and exposed to PhosphorImager screens (GE Healthcare)
for 12-48 h. Membranes were stripped by heating in 0.2x SSC
containing 0.1% SDS in a microwave twice. Sequences of the
oligonucleotide probes are listed in Supplementary Note 3.

Immunoprecipitation. Cell extracts were prepared, evenly split
and immunoprecipitated using antibodies to AGO1 (Abcam) or
the Flag epitope (Sigma), respectively, as previously described?3.
RNAs were recovered from the immunoprecipitated samples
using TRIzol and used for northern blotting.

Transposon qPCR analysis. Total RNA was extracted from
ovaries of 3-5-day-old flies using TRIzol. cDNA was prepared
with random primers. qPCR was performed using Maxima
SYBR Green/ROX qPCR Master mix (Fermentas). Calculation
of steady-state RNA levels was calculated applying the 272ACt
method?®. Rp49 was used for normalization of all samples,
and fold enrichments were calculated in comparison to an
shRNA knockdown targeting the white gene. Fold changes
in steady-state transcript levels and s.d. were calculated from
three biological replicates. Primer sequences are available in
Supplementary Note 3.

Small RNA libraries. Small RNAs were cloned as described
previously!®. For this study, the following small RNA libraries
from total RNAs were prepared: 19-nucleotide (nt) to 24-nt
from S2 cells transfected with shRNA to dlgl (shRNA-dIgl);
19-nt to 24-nt from S2 cells transfected with shRNA-N; and
19-nt to 24-nt from S2 cells transfected with shRNA-dpp.
For each construct, ~4 x 106 S2-NP cells were transfected with
2 g of Valium20-shRNA construct and 1 pug of pMT-Gal4
plasmid. ShRNA expression in cells was induced by adding
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500 uM CuSO, 2 d after transfection. Total RNA was isolated
using TRIzol 24 h after induction. Libraries were sequenced
in-house using the Illumina GA-II sequencing platform.

Bioinformatic analysis of small RNA libraries. The analysis of
small RNA libraries was performed as previously described?®.
[lumina reads were stripped of the 3’ linker and collapsed, and
the resulting small RNA sequences were matched without mis-
matches to the Drosophila release 5 genome and to the genomes of
Drosophila C virus, Flock house virus and Cricket paralysis virus
with up to three mismatches. Only reads that met these conditions
were analyzed further. For annotations we used a combination of
University of California Santa Cruz genome browser, miRBase and
Flybase tracks for protein-coding genes, repeats or transposons,
noncoding RNAs and microRNAs as well as custom tracks (for
shRNAs, synthetic markers, endo-siRNAs from structured loci,
miR and miR* strands) with different priorities (annotation prior-
ity list is available upon request). For comparison of small RNA
counts between libraries, reads were normalized to the same total
number after bioinformatic removal of sequences matching to
synthetic cloning markers or assumed degradation products of
abundant cellular RNAs (rRNAs, snoRNAs and tRNAs). Heatmaps
were computed by plotting the abundance and ratio of individual
miR, miR* and shRNA strands in each library.

Construction of the shRNA library. An shRNA library repre-
senting 83,256 unique synthetic hairpins was synthesized on
four custom 22K Agilent microarrays'3. The library covered all
14,208 annotated genes (excluding small RNA and noncoding
RNA genes) of the Drosophila release 5 genome with up to six
shRNAs per gene (14,138 genes were covered by six hairpins, and

d0i:10.1038/nmeth.1592

14,147 genes were covered by five hairpins). Hairpin constructs
were based on the miR-1 backbone and essentially resembled
those described above with perfect complementarity between
guide and passenger strands. Additional sequence was attached
on both ends for PCR amplification. In addition, to eliminate off-
target effects only shRNAs that lacked sequence complementarity
to annotated microRNA ‘seed’” sequences were considered. DNA
pools from microarray chips were amplified!? and cloned into
Valium20 and Valium22 destination vectors. Plasmid DNA was
transformed, clones were picked (160,000 individual clones per
destination vector), and resulting transformants were multiplexed
using DNA Sudoku!“ at Open Biosystems. Pools were barcoded
via PCR, and amplicons were sequenced in-house using the
Ilumina GA-II sequencing platform. Positive clones were picked
into 96-well plates and Sanger sequencing was carried out to vali-
date correct sShRNA sequences. Once shRNA clones in Valium20
and Valium22 are available, they will be openly available to the
Drosophila community.
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TABLES AND FIGURES

Supplementary Figure 1: Vectors tested for efficient expression in the female germline.
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a. Structure of the VALIUM vectors tested for germline expression and their abilities to
generate oogenesis and maternal effect phenotypes.

b. Luciferase expression levels in the indicated MTD-Gal4 driven VALIUM-Luciferase
flies.

c. Expression of GFP in MTD-Gal4/VALIUM10-GFP and MTD-Gal4/VALIUMp-GFP.
None of these vectors generated phenotypes during oogenesis and embryogenesis with the
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lines tested (Supplementary Table 3).

Supplementary Figure 2: VALIUM20 and VALIUM22 are miR-1 based shRNA vectors for
transgenic RNA..
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VALIUM20 contains vermilion as a selectable marker, an attB sequence to allow for
targeted, phiC31-mediated integration at genomic attP landing sites, two pentamers of UAS
(one can be excised using the Cre/loxP system to generate a 5XUAS derivative), the hsp70
core promoter; the an SV40 polyadenylation signal, and an intronic sequence to facilitate RNA
nuclear export. The relevant sequences are flanked by two gypsy insulators to ensure stable
transgene expression. VALIUM22 comprises essentially the same features except that it
contains the K10 3'UTR and the P-element transposase minimal promoter.
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Supplementary Figure 3: VALIUM20 is a very effective vector for somatic RNAI.
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The phenotypes of N knockdown using long-hairpins (VALIUM10) and shRNAs (VALIUMZ20) are
compared in the wing. C96-Gal4 was used to express VALIUM10-hp-N or C96-Gal4/VALIUMZ20-
shRNA-N. Phenotypes were classified by the severity of their wing defects’ (class 1: wildtype or
a few bristles missing; class 2: margin bristles missing but no notches; class 3: Moderate wing
notching; class 4: extensive wing notching; class 5: most of the wing margin is missing; class 6:
complete lack of wing margin and the wing blade is greatly reduced in size; class 7: Wings are
almost completely missing. Note that wing images labeled as “class 1” and “class 7” are also

presented in Fig. 1d).
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Supplementary Figure 4: Leaky expression by VALIUM20-shRNA transgenes.
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Northern blotting showing the expression levels of MTD-Gal4/UAS-shRNA-E(bx) in total
RNA preparation from (left to right) wildtype flies, MTD-Gal4/UAS-shRNA-E(bx) parental stocks,
MTD-Gal4/UAS-shRNA-E(bx) males, carcasses of MTD-Gal4/UAS-shRNA-E(bx) females in
which ovaries have been removed, or ovaries of MTD-Gal4/UAS-shRNA-E(bx) females. An
over-exposed image is shown in the middle panel. 2S rRNA serves as loading control.
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Supplementary Figure 5: Biogenesis of shRNAs and their loading into effector

complexes.
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a. Northern blotting showing the steady-state levels of a representative shRNA (shRNA-
N in VALIUM20) as well as those of an endogenous siRNA (esi-2.71) and miRNA (miR-bantam)
in cultured Drosophila cells upon dsRNA-mediated depletion of canonical components of the
siRNA and miRNA pathways (knockdowns indicated). In addition, a fraction of the RNA samples
was subjected to periodate treatment followed by B-elimination (indicated by +/-). 2S rRNA
serves as the loading control.

b. Cytoplasmic extracts from cells expressing the same shRNA and Flag-tagged-AGO2
were evenly split and subjected to immunoprecipitation using anti-AGO1 and anti-Flag
antibodies, respectively. Total RNAs recovered from the immunoprecipitates, as well as those
recovered from cell extracts prior to and after immunoprecipitation, were subjected to sequential
Northern blotting using probes against esi-2.1, miR-bantam and shRNA-N.
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Supplementary Figure 6: Abundance and processing accuracy of shRNAs.
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a. Cultured Drosophila cells were independently transfected with three different shRNAs
and small RNAs were sequenced. Display of the shRNA precursors together with normalized
cloning counts in each of the indicated small RNA libraries. Abundances of guide/miR strands
(shown in red) and passenger/miR* strands (shown in blue) are indicated by bars. The accuracy
of 5’ end processing for the shown shRNAs is represented by sharp peaks at the intended sites.

b. Heat maps showing relative levels of the 30 most abundant microRNAs and the
indicated shRNA (highlighted by the arrow) in each small RNA library. Both, miR and miR*
strands are indicated separately in grey scale, while the ratio between miR and miR* strands is
shown in green-red scale.
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Supplementary Figure 7: VALIUM11 and VALIUM12 vectors are not as effective as
VALIUM10 to generate somatic phenotypes.
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a. C96-Gal4/VALIUM11-hp-N and C96-Gal4/VALIUM12-hp-N were tested for their wing
phenotypes. Phenotypes were classified by the severity of their wing defects (class 1: wildtype
or a few bristles missing; class 2: margin bristles missing but no notches; and class 3: moderate
wing notching. More details on classification can be found in Supplementary Fig. 3). The
phenotypes were analyzed in males and females and at different temperatures.

b. Two different shRNAs against white were tested in either VALIUM11 or VALIUM12.
For expression, eye-specific GMR-Gal4 was used.
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Supplementary Figure 8: Dependence of shRNA-mediated knockdowns on mother age.
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Age dependence of the neurogenic phenotypes in eggs derived from MTD-

Gal4/VALIUMZ20-shRNA-N mothers crossed to siblings. The number of eggs collected at
different days (a) and the percentage of eggs hatching (b) are indicated.
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Supplementary Table 1: Analysis of oogenesis phenotypes using shRNA lines in

VALIUM20.

Genes | Temperature | Hairpin ID Fertility Phenotype Ovaries HeT-A | Blood
w SHO00017.N | lots of eggs and larvae normal 1 1
spn-E 29C SHO00574.N lots of eggs, no larvae normal 69.13 160.35

29C 39.40 79.59
29C 107.79 177.13
29C 114.19 | 155.21
25C lots of eggs, no larvae normal 53.19 199.99
25C 53.61 186.12
25C 56.43 | 239.14
AGO3 29C SHO0108.N | lots of eggs, few larvae normal 23.95 160.88
29C 1547 | 127.26
29C 19.47 81.40
25C lots of eggs, few larvae normal 3.39 100.35
25C 1447 | 163.18
25C 3.31 68.40
armi 29C SHO00116.N no egg intermediate | 23.18 82.35
29C 19.42 85.69
29C 17.84 77.66
25C no egg intermediate | 63.41 206.39
25C 41.90 | 170.65
piwi 29C SH00477.N no egg tiny 5.33 10.61
29C 9.15 35.90
29C 3.63 6.85
25C no egg tiny 747 23.47
25C 8.23 20.80
29C SHO00951.N no egg tiny 6.26 8.94
29C 6.29 9.71
25C no egg tiny 11.34 17.84
25C 10.41 21.73
tudor 29C SHO0601.N | lots of eggs and larvae normal 1.24 242
29C 1.34 1.35
25C lots of eggs and larvae normal 1.36 1.40
25C 1.15 1.41
25C 1.1 1.51

ShRNA females were crossed to MTD-Gal4 males at the indicated temperature, and the
resulting F1 females were crossed to wildtype (Ore®) males to determine fertility. Total RNAs
from ovaries were prepared and subjected to gRT-PCR analysis to determine the knockdown
efficiency and degree of transposon de-repression. Results were first normalized against rp49
levels and then to control samples from the shRNA-w cross.

Supplementary Table 2: ShRNA lines targeting genes that are not required for viability.
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Crossed elav-Gal4 Crossed elav-Gal4/Cyo Crossed Scratch-Gald Crossed RH1-Gal4 | Crossed GMR-Gald
Gene Name | Line Name

25T 29T 25T 29T 25T 29T 25T 29T 25T 29T
w SHO00017 | wviable, white eye viable,white eye viable viable wviable viable viable viable
TrpAl SHO00019 viable viable viable viable viable viable viable viable viable viable

channel SHO00022 | wiable,male lethal | wviablemale lethal | viable,male lethal | viable,male lethal | viable,male lethal | viable,male lethal viable viable viable viable

eye SHO00029 | viable,eye-like O.N. | viable eye-like O.N. | viable eye-like O.N. | viable,eye-like O.N. | viable,eye-like O.N. | viable,eye-like O.N. viable viable viable viable
Galphad98 | SHO00032 lethal lethal lethal lethal lethal lethal viable viable viable viable
InaC SHOOD03E viable viable viable viable viable wviable viable viable viable wiable
Arr2 SHO00037 viable viable viable viable wviable viable viable viable viable viable
sev SHOOD039 | viable,sev-like O.N. | viable,sev-like O.N. viable viable viable wviable viable viable viable viable

O.N. = optical neutralization

We generated shRNA lines against a number of genes for which null alleles are
homozygous viable. Details on these genes and their associated phenotypes, as well as the
used Gal4 lines, can be found in Ni et al.". Data are courtesy of Robert Hardy and Charles
Zuker.
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Supplementary Table 3: Transgenic long-hairpin RNAi lines analyzed for oogenesis

phenotypes.
CG# Gene name Vector TRIP# Others
CG15793 Dsor VALIUM1 JFO1697
CG32443 Pe VALIUM1 JFO1581
CG3954 csw VALIUM1 HM04072
CG4006 Akt VALIUM1 HMO4007
CGA257 Stat92E VALIUM1 JF01265
CG10079 Egfr VALIUM10 JFO1368
CG12072 wis VALIUM10 JF02741
CG31666 chinmo VALIUM1D JFO2341
CG3936 N VALIUM10 JFO1637
CG4059 ftz-f1 VALIUM10 JFO2738
CG5671 Pten VALIUM10 JFO1987
CGEB6T di VALIUM10 JF02825
CG7935 msk VALIUM10 JFO2727
CG9885 dpp VALIUM10 JFO1371
CG10023 Faks6D VALIUM12 JFO1646
CG10595 d VALIUM12 JFO1668
CG10917 fi VALIUM12 JFO1667
CG11326 Tsp VALIUM12 JFO1644
CG13345 tum VALIUM12 JFO1753
CG13852 mats VALIUM12 JF01690
CG1389 tor VALIUM12 JFO1548
CG14228 Mer VALIUM12 JFO1688
CG14992 Ack VALIUM12 JFO1T18
CG1560 mys VALIUM12 JFO1645
CG1730 dig1 VALIUM12 JFO1638
CG17593 CG17583 VALIUM12 JFO1903
CG2019 disp VALIUM12 JF01662
CG2047 ftz VALIUM12 JFO1550
CG2747 CG2747 VALIUM12 JFO1643
CG2759 w VALIUM12 JF01543
CG2759 w VALIUM12 JFO1546
CG31094 LpR1 VALIUM12 JFO1670
CG3218 fs(1)K10 VALIUM12 JFO1676
CG32702 CG32702 VALIUM12 JFO1663
CG33193 sav VALIUM12 JFO1778
CG3340 Kr VALIUM12 JF01789
CG3352 ft VALIUM1Z JF01689
CG33991 nuf VALIUM12 JFO1642
CG3936 N VALIUM12 JF01575
CG3969 PR2 VALIUM12 JFO1647
CG4005 yki VALIUM12 JFO1666
CG4114 ex VALIUM12 JFO1687
CG4656 Rassf VALIUM12 JFO1665
CGE66T di VALIUM12 JFO1862
CGB716 prd VALIUM12 JFO1791
CGB757 SH3PX1 VALIUM12 JFO1760
CG7793 Sos VALIUM12 JFO1555
CG7935 msk VALIUM12 JFO2079
CGB425 Jhe VALIUM12 JF01669
CG98ss dpp VALIUM12 JFO1372
CG10260 CG10260 VALIUMp JFO1177
CG10574 -2 VALIUMp JF01168
CG14895 Pak3 VALIUMp JFO1175
CG15305 fiw VALIUMp JFO1170
CG31049 Doa VALIUMp JFO1174
CG4032 Abl VALIUMp JFO1178
CG5483 Lrrk VALIUMp JFO1180
CGB593 Ppla-96A VALIUMp JFO1T1
CGO115 mitm VALIUMp JFO1115
CG9156 Pp1-13C VALIUMp JF01169
CG4006 Akt pGD267 VDRC2902
CG1389 torso pGD267 VDRC4298
CG3936 Notch pGD267 VDRC27229
CG3218 K10 pGD267 WDRC102101
CG4257 Statg2E pGD267 VDRC43866
CG3936 Notch pUAST-R57 NIG3936R-2
CG4006 Akt pUAST-R57 NIG4006R-1

Experiments were performed at both 25°C and 29°C. None of the lines tested showed
oogenesis or embryonic phenotypes. VDRC and NIG lines correspond to lines obtained from
the Vienna and National Institute of Genetics stock centers (http://stockcenter.vdrc.at/;
http://www.shigen.nig.ac.jp/fly/nigfly), respectively.
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SUPPLEMENTARY NOTE 1:
RNAI via expression of long hairpins is not effective in the female germline

Previously, we reported the construction of long hairpin-based vectors, the “VALIUM
series”, and described in particular VALIUM1 and VALIUM10, that proved effective for RNAI in
the soma'? (Supplementary Fig. 1a). Both vectors contain vermilion as a selectable marker®,
an attB sequence to allow for targeted phiC31-mediated integration at genomic attP landing
sites*®, two pentamers of UAS (one of which can be excised using the Cre/loxP system)® to
generate a 5XUAS derivative for reduced expression levels?), the hsp70 core promoter and a
SV40 polyadenylation signal. An intronic sequence was placed between the two arms of the
hairpin to facilitate hairpin RNA processing and nuclear export. A major difference between
VALIUM1 and VALIUM10 is that the latter contains two gypsy insulator sequences to enhance
transgene transcription'. Further differences concern the hairpin cloning strategy (multiple
cloning site (MCS)-based for VALIUM1; recombination-based for VALIUM10) and an additional
ftz intron upstream of the SV40 polyadenylation signal in VALIUM10. To test whether these
vectors can drive transgene expression in the female germline, we used the MTD-Gal4 line
containing three different Gal4 insertions that drive expression at all stages of oogenesis’ (see
Online Methods). Although MTD-Gal4 was able to drive expression of either Luciferase or GFP
in a VALIUM1 and VALIUM10 vector (Supplementary Figs. 1b,c; data not shown for
VALIUM1), we did not detect any germline or embryonic phenotypes when a number of long-
hairpin transgenes were tested against genes associated with either oogenesis or maternal
effect mutant phenotypes (data not shown; Supplementary Table 3). Our results extend a
previous report showing that exogenously introduced long dsRNAs are ineffective in silencing
target genes at certain stages of oogenesis®.

To address the possibility that long-hairpin precursor transcripts were unstable in the
germline, we added the 3'UTR of the maternally expressed fs(1)K10 gene to VALIUM1 and
VALIUM10® to generate VALIUM11 and VALIUM12. Both vectors carry the K10 3’'UTR but differ
in the presence or absence of the fiz 3’UTR intron (Supplementary Fig. 1a). Although this led
to an overall increase in transgene expression, as determined by assaying a Luciferase marker
(Supplementary Fig. 1b), it did not result in detectable germline or maternal effect phenotypes
(data not shown; Supplementary Table 3). VALIUM11 and VALIUM12 were also much less
effective at generating somatic RNAi phenotypes than VALIUM10, most likely because of the
K10 3’'UTR sequence (Supplementary Fig. 7a,b; data not shown for VALIUM11).

As VALIUM vectors possess the hsp70 basal promoter that may not be optimal for
germline expression®, we tested a modified vector (VALIUMp) that contains both, the K10 3'UTR
and the P-element transposase minimal promoter, which has been previously shown to
efficiently drive expression in the female germline® (Supplementary Fig. 1a). VALIUMp was
considerably more effective at driving either Luciferase or GFP in the germline (Supplementary
Fig. 1b,c); however, the increased expression capacity did still not result in detectable
phenotypes when long-hairpin constructs were expressed with MTD-Gal4 (data not shown;
Supplementary Table 3). As a final test of whether long dsRNAs could generate phenotypes in
the female germline, we tested other commonly used vectors for somatic RNAi™
(http://stockcenter.vdrc.at/control/main) (data not shown; Supplementary Table 3). As was
observed with the VALIUM vectors, no phenotypes resulted from the expression of these long-
hairpin constructs. Considered together, these results indicate that long dsRNAs are ineffective
silencing triggers in female germ cells, even when delivered from vectors that can drive efficient
expression of protein coding mRNAs.
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VALIUM20 is an effective vector for RNAi in both the female germline and the soma

Ovaries of MTD-GAL4/UAS-shRNA-otu or MTD-GAL4/UAS-shRNA-bam females
showed ovarian tumor phenotypes that were morphologically identical to those associated with
mutations in these genes (Fig. 1b). These phenotypes were fully penetrant at both 25°C and
29°C. The function of ofu and bam is required in the germarium, indicating that VALIUM20 can
effectively trigger RNAI during early oogenesis stages. VALIUM20 also proved effective at
inducing RNAI at later stages. ShRNAs targeting dl, for or csw led to the expected embryonic
cuticle phenotypes (Fig. 1¢). Depending on the shRNAs tested, the embryonic phenotypes were
more severe when females with MTD-Gal4 driven shRNAs were grown at 29°C rather than
25°C. For example, while shRNA-dl was fully penetrant both at 25°C and 29°C, approximately
5% of the embryos derived from MTD-GAL4/UAS-shRNA-tor hatched at 25°C but none hatched
at 29°C. In the case of shRNA-csw, ~20% of the embryos hatched at 25°C while only ~2%
hatched at 29°C. We also noticed that maternal age influenced phenotypic penetrance; eggs
laid in the first 2-3 days following eclosion usually showed less penetrant phenotypes (data not
shown).

To determine whether maternally loaded shRNAs can effectively knock down genes that
are expressed zygotically, we generated shRNAs against a number of genes that result in
embryonic lethality when mutated. For example, decapentaplegic (dpp) is expressed zygotically
soon after fertilization and dpp mutant embryos show an almost complete replacement of the
dorsal abdominal cuticle by ventral abdominal epidermal pattern elements'’. This phenotype is
solely dependent of the lack of zygotic dpp expression since the gene is not expressed in the
female germline. Embryos derived from MTD-GAL4/UAS-shRNA-dpp mothers showed the
characteristic dpp ventralization phenotype (Fig. 1¢) demonstrating that maternally loaded
shRNAs are effective at silencing mRNAs that are being transcribed following fertilization. As
observed for other shRNAs, the phenotype was fully penetrant at 29°C but slightly weaker at
25°C.

Notch (N) is required for neurogenesis in early embryos. In the absence of zygotic N,
embryos lack ventral cuticle due to hyperplasia of the nervous system'?. In addition, N also has
a maternal effect phenotype, as N/+ embryos derived from N homozygous germline clones have
a weak neurogenic phenotype. The neurogenic phenotype was observed in embryos derived
from MTD-GAL4/UAS-shRNA-N females (Fig. 1c¢). Interestingly, MTD-Gal4/UAS-shRNA-N
females could only be generated when MTD-Gal4 males were crossed to UAS-shRNA-N
females. Almost all MTD-Gal4/UAS-shRNA-N animals derived from MTD-Gal4 females crossed
to UAS-shRNA-N males died as embryos and showed a neurogenic phenotype or early larval
stage lethality (data not shown). This strongly suggests an ability of maternally produced Gal4 to
drive robust expression in the embryo of UAS-shRNA-N to levels sufficient to silence N
transcripts. The neurogenic phenotype observed in embryos derived from MTD-Gal4/UAS-
ShRNA-N females was influenced by both temperature and maternal age. At 29°C the
phenotype was 100% penetrant with all the embryos exhibiting a strong neurogenic phenotype.
At 25°C, we observed a small fraction of hatching embryos during the first two days of egg
laying (Supplementary Fig. 8). This age dependence may be caused by the first eggs made by
females being produced faster than in older females'®, leading to a lower overall production and
loading of maternal shRNAs.

We used shRNA-N and an shRNA against white (shRNA-w) to test the efficacy of
VALIUM20 as a vector for RNAI in the soma. UAS-shRNA-N, in combination with the wing
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specific C96-Gal4 driver, gave the wing phenotype that had been previously described'? (Fig.
1d; data not shown). Notably, the phenotype was stronger than was previously achieved using a
long hairpin in the optimized VALIUM10 vector (Supplementary Fig. 3). Similarly, when the
UAS-shRNA-w line was tested with the eye specific GMR-Gal4 driver, it generated an eye color
phenotype similar to a complete null white mutation. This phenotype was again more severe
than those generated previously using long dsRNA hairpins (Fig. 1e). To date, hundreds of
shRNAs have been tested in the soma, and more than 90% generated the expected
phenotypes (data not shown). Our combined results indicate that the expression of shRNAs
from the VALIUM20 vector generates effective knockdown phenotypes in both the germline and
the soma.

VALIUM22 is a superior vector for the female germline

In addition to the VALIUM22 experiments on silencing of piRNA pathway genes
presented in Fig. 2, we tested the identical shRNAs expressed from the VALIUM20 vector. Very
similar results were obtained upon depletion of Spn-E, Armi or Piwi using MTD-Gal4
(Supplementary Table 1). Importantly, however, ovaries from flies expressing the armi or piwi
shRNAs from VALIUM20 were rudimentary and resembled the phenotype of ovaries mutant for
piwi or armi in germline and soma. This phenotype is highly suggestive of a significant depletion
of Piwi or Armi in somatic support cells as piwi or armi are required in these cells for proper
germline development'*'®. We note that the identical ShRNA sequences were used to generate
the VALIUM20 and VALIUM22 constructs and that the identical genomic landing site was
employed for the transgenes. Further, an independent shRNA expressed from VALIUM20
targeting a different region in piwi gave results identical to the previous piwi shRNA transgene.
As homozygous shRNA-piwi or shRNA-armi lines are fertile, we speculate that low levels of
Gal4 expression in the soma from MTD-Gal4 trigger sufficient shRNA expression from
VALIUM20 but not from VALIUM22 constructs. In support of this, shRNAs could be detected in
carcasses (flies where the gonads were manually removed) when expressed from VALIUM20
using MTD-Gal4 (Supplementary Fig. 4). Very low levels of processed shRNAs could even be
detected in RNA samples prepared from the parental VALIUM20 shRNA fly stocks
(Supplementary Fig. 4). We suspect that a temperature-sensitive element in the hsp70 minimal
promoter utilized in VALIUM20 allows for low-level expression that in combination with basal
Gal4 levels leads to shRNA expression sufficient for gene knockdowns, at least in some cases.
In summary, our results indicate that VALIUM22 is optimized for gene knockdowns and tissue
specificity in the female germline, whereas VALIUM20 is favorable for silencing in somatic
tissues.

Biogenesis and loading of shRNAs into effector complexes

To understand the genetic requirements of shRNA processing and loading, we depleted
cultured Drosophila cells (Schneider/S2 cells) of components of the miRNA (Drosha, Pasha,
Dcr-1, Logs and AGO1) and siRNA (Dcr-2, Logs, R2D2 and AGO2) pathways'®. We compared
the effects on shRNAs with those on a endogenous microRNA, miR-bantam, and the
endogenous siRNA, esi-2.1. Knockdown of Drosha and Pasha simultaneously or depletion of
Dcr-1 and AGO1 individually caused a significant reduction in levels of mature miR-bantam
(Supplementary Fig. 5a). Depletion of Dcr-1 or Logs caused a concomitant accumulation of the
precursor miRNAs, whereas depletion of Dcr-2, R2D2 or AGO2 had no effect on levels of either
precursor or mature miR-bantam. In contrast, depletion of Dcr-2, Logs or AGO2 led to a
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substantial decrease of esi-2.1 levels'®. As expected due to their modeling onto an endogenous
miRNA backbone, shRNAs behaved similar to miR-bantam with respect to knockdown of
Drosha, Pasha, and Dcr-1 (effects of Logs were too weak to reach a meaningful conclusion).

AGO1 and AGO2 both accept small RNAs from dsRNA precursors. However, they differ
in their biochemical properties and in their bound populations of endogenous RNAs'"181920.21 |
addition, small RNAs that join AGO2 are modified at their 3' ends by the methyltransferase
Hen1, making them resistant to p-elimination?*?*, which can be illustrated by the differential
sensitivity of esi-2.1, which is AGO2-bound, and miR-bantam, which occupies AGO1. A
substantial fraction of mature shRNAs resists B-elimination but becomes susceptible after
depletion of AGO2 (Supplementary Fig. 5a). This suggests that AGO2 serves as the
destination for the majority of shRNA strands. Support for this conclusion came from
examination of AGO1 and AGO2 complexes (Supplementary Fig. 5b), although a substantial
portion of shRNAs were also detected in AGO1 immunoprecipitates. Thus, although shRNAs
are produced by the microRNA biogenesis machinery, they are efficiently loaded into AGO2,
presumably by the canonical siRNA loading machinery consisting of Dcr-2 and R2D2. This is
consistent with several recent reports of hierarchical loading rules for small RNAs in Drosophila,
which predict that many of the shRNAs analyzed should show a preference for AGO2'""8.19.2021,

Abundance of shRNAs and processing accuracy

To reliably suppress their intended targets, shRNAs must be precisely and efficiently
processed from their artificial precursor transcripts. In particular, the 5’ end, a major determinant
of target recognition via small RNAs must be predictable, so that design algorithms can aid in
choosing potent shRNAs. While modeling on the miR-1 backbone created some expectations of
specific processing sites, this had to be tested explicitly in the remodeled constructs. We
therefore transfected a number of different shRNA constructs into cultured S2 cells and
sequenced the small RNA populations from these cells. The vast majority of shRNAs in these
libraries generated from total RNAs (19- to 24-nt) were 22-nt in size (Supplementary Fig. 6a).
Importantly, the guide shRNA strands derived from the 3p arm of the hairpin and their
respective 5’ ends precisely corresponded to the expected products, indicating accurate Dcr-1
cleavage. The 3’ ends of shRNAs show slight variation, similar in extent to endogenous
miRNAs. Furthermore, guide shRNA strands derived from the 3p arm were invariably higher in
abundance than their passenger counterparts from the 5p arm (Supplementary Fig. 6a,b). In
order to evaluate cellular shRNA levels, we compared their abundances and strand biases with
those of the 30 most abundant endogenous miRNAs from three independent transfections. We
found shRNA guide strand levels comparable to those of highly abundant microRNAs
(Supplementary Fig. 6b), while their passenger strands ranked similarly to miR* strands. Also,
strand selection of shRNAs parallels that of most miRNAs with strong biases towards the
guide/miR strands (Supplementary Fig. 6b). Considered together, these data indicate that
placing a sequence perfectly complementary to the target of interest into the 3p arm of the miR-
1 backbone (together with a suitable 5p arm sequence) leads to efficient and accurate
production of the intended small RNA.
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SUPPLEMENTARY NOTE 2: Vector construction

VALIUM11 and VALIUM12: To construct VALIUM11, the SV40 polyA signal of
VALIUM10' was replaced with fill-in nucleotides (fwd: 5-
AATTGAACCGCGGAATCGATTCTGCAGTTGAGCT-3,, rev: 5-
CAACTGCAGAATCGATTCCGCGGTTC-3) using Sacl and Sacll. The vector was then cut with
Mfel and Pstl, and filled with a 1.7kb K70 3'UTR from UASpP®. To construct VALIUM12, the ftz
intron was amplified with specific primers (fwd: 5-CCTCTAGAGAATTGTTGGCATCAGGTAGG-
3, rev: 5-TTCAATTGCCGCGGCTCTAGTTCTTTG-3’) from VALIUM12. The PCR product was
cut with Xbal and Mfel, and then cloned into VALIUM11.

VALIUMp: The SV40 polyA signal of VALIUM1 was replaced with fill-in nucleotides (fwd:
5-AATTGAACCGCGGAATCGATTCTGCAGTTGAGCT-3', rev: 5-
CAACTGCAGAATCGATTCCGCGGTTC-3’) using Sacl and Mfel. The resulting vector was cut
with Mfel and Pstl, and a 1.7kb K70 3'UTR was inserted. The P-element transposase promoter
from UASp was amplified (fwd: 5-TCGTCGACAGCCGTAGCTTACCGAAGTATAC-3’, rev: 5'-
CTGAATTCTGATCCCCGGGCGGGTACCA-3'), the PCR product was cut with Sall and EcoRl,
and then cloned into the previous vector.

Luciferase and GFP constructs: To generate the Luciferase and GFP VALIUM
constructs, VALIUM1-Luciferase and VALIUM1-GFP' were cut with EcoRl and Xbal. A 1.8kb
DNA fragment containing the Luciferase coding region and the small fragment carrying GFP
were gel purified, and subsequently cloned into VALIUM10, VALIUM11, VALIUM12 and
VALIUMp using the same restriction sites. For the Luciferase assay, ovaries were dissected in
1XPBS and pooled into groups of 5 in 50 uL Glo Lysis Buffer (Promega). Ovaries were stored
frozen at -80°C until further use. Following thawing and homogenizing with an eppendorf pestle,
Luciferase readings were measured using the Steady Glo Luciferase Assay System (Promega).

VALIUMZ20: To construct VALIUM20, VALIUM10 was cut with EcoRI and Xbal resulting
in five fragments. The largest fragment was gel purified and ligated with an oligonucleotide
fragment generated by annealing the two primers (fwd: 5-
AATTGAGATCTGTTGTAGAGTGGACATATGCACCTAGGA-3, rev: 5'-
CTAGTCCTAGGTGCATATGTCCACTCTACAACAGATCTC-3), this resulted in an intermediate
vector. pNE3 (gift from Benjamin Haley) was cut with Xbal and Ndel which produced two
fragments. The small fragment was gel purified and cloned into the aforementioned intermediate
vector that was linearized with Xbal and Ndel.

VALIUM22: To construct VALIUM22, VALIUM2' was cut with EcoRl and BamHI. The
fragment containing the P-element transposase promoter was cloned into pre-linearized
VALIUM12. A DNA fragment containing the miR-1 scaffold was obtained by PCR (fwd: 5'-
AATTGAGATCTGTTGTAGAGTG-3', rev: 5-CTAGGTGCATATGTCCACTCT-3’), and then
cloned into the previous vector, which was cut with EcoRI and Xbal, to yield VALIUM22.

ShRNA construct: The following steps were used to design and construct the shRNAs:

1. Selection of the 21-nt sequence based on the algorithm of Vert et al.?*;
2. The oligonucleotide design eliminates off target effect at 16nt;

3. Based on miR-1 scaffold, for the top strand oligo, add ctagcagt to 5’ end of passenger
strand DNA, add tagttatattcaagcata between passenger strand DNA and guide strand DNA, add
gcg to 3’ end of guide strand DNA, so the resulting oligo will be:
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5’-ctagcagtNNNNNNNNNNNNNNNNNNNNNtagttatattcaagcataNNNNNNNNNNNNNNNNNNNNNgcg-3’;

4. For the bottom strand oligo, add aattcgc to 5 end of guide strand DNA, add
tatgcttgaatataacta between guide strand DNA and passenger strand DNA, add actg to 3’ end of
passenger strand DNA, so the resulting oligo will be:

5’-aattcgcNNNNNNNNNNNNNNNNNNNNNtatgcttgaatataactaNNNNNN NNNNNNNNNNNNNNactg-3';

5. Annealing top strand with bottom strand oligos, the resulting DNA fragment has
overhangs for Nhel and EcoR;

6. Directly clone this DNA fragment into VALIUM20 vector that had been linearized by
Nhel and EcoRI. Bacteria string TOP10 cells were used as competent cells;

7. PCR select correct clone, and the primers we used are:
fwd: 5'-~ACCAGCAACCAAGTAAATCAAC-3'
rev: 5'-TAATCGTGTGTGATGCCTACC-3"

8. DNA sequencing to confirm correct shRNA construct, and the sequencing primer is:
5-ACCAGCAACCAAGTAAATCAAC-3'.
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SUPPLEMENTARY NOTE 3: Primer sequences

Northern Blotting: The sequences of the oligonucleotide probes are:

esi-2.1
miR-bantam
2S rRNA
ShRNA-E(bx)
ShRNA-N

5-GGAGCGAACTTGTTGGAGTCAA-3’
5’-AATCAGCTTTCAAAATGATCTCA-3
5-TACAACCCTCAACCATATGTAGTCCAAGCA-3’
5-CAGCTTGTGGTTCAACAACAA-3
5-CGCGGCGGTTAACAATACCGAA-3’

Transposon qPCR analysis: The sequences of the oligonucleotides used are:

nos-fwd:
nos-rev:
rp49-fwd:
rp49-rev:
HeT-A-fwd:
HeT-A-rev:
blood-fwd:

blood-rev:

5’-GCAACTTAATGCCCATTCCAC-3’
5-CGGCTGGTATATACGACATGT-3
5-CCGCTTCAAGGGACAGTATCTG-3’
5-ATCTCGCCGCAGTAAACGC-3’
5-CGCCGCAGTCGTTTGGTGAGT-3
5-CGCGCGGAACCCATCTTCAGA-3’
5-CCAACAAAGAGGCAAGACCcG-3’
5-TCGAGCTGCTTACGCATACTGTC-3

Nature Methods: doi.10.1038/nmeth.1592
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ABSTRACT

In animals, the piRNA pathway preserves the integrity of gametic genomes, guarding them against the activity of mobile genetic
elements. This innate immune mechanism relies on distinct genomic loci, termed piRNA clusters, to provide a molecular de-
finition of transposons, enabling their discrimination from genes. piRNA clusters give rise to long, single-stranded precursors,
which are processed into primary piRNAs through an unknown mechanism. These can engage in an adaptive amplification loop,
the ping-pong cycle, to optimize the content of small RNA populations via the generation of secondary piRNAs. Many proteins have
been ascribed functions in either primary biogenesis or the ping-pong cycle, though for the most part the molecular functions of
proteins implicated in these pathways remain obscure. Here, we link shutdown (shu), a gene previously shown to be required for
fertility in Drosophila, to the piRNA pathway. Analysis of knockdown phenotypes in both the germline and somatic compartments
of the ovary demonstrate important roles for shutdown in both primary biogenesis and the ping-pong cycle. shutdown is a member
of the FKBP family of immunophilins. Shu contains domains implicated in peptidyl-prolyl cis-trans isomerase activity and in the

binding of HSP90-family chaperones, though the relevance of these domains to piRNA biogenesis is unknown.

Keywords: piRNAs; transposon silencing; RNAi; FKBP; germ cells

INTRODUCTION

Eukaryotic genomes are prone to the accumulation of repet-
itive sequences, including transposable elements, over evo-
lutionary time (McClintock 1953; Kim et al. 1994; Brennecke
et al. 2007; Chambeyron et al. 2008; Feschotte 2008). The
genomic instability brought about by transposon activity is
a double-edged sword. Low levels of transposition can drive
evolution in the long term, but loss of control over mobile
elements in any individual can threaten reproductive success.
Mechanisms for suppressing transposon activation in the
germline are therefore both potent and widely conserved
(Grimson et al. 2008). In animals, the PIWI-interacting RNA
(piRNA) pathway is key to transposon silencing in repro-
ductive tissues (Aravin et al. 2006; Girard et al. 2006; Lau
et al. 2006; Vagin et al. 2006; Malone and Hannon 2009;
Khurana and Theurkauf 2010; Senti and Brennecke 2010). In
Drosophila, piRNAs are active both in the germ cell lineage
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and in a particular somatic lineage that encysts the germ cells
and provides growth and maturation signals (Malone et al.
2009).

PIRNA clusters sit at the apex of the pathway and, based
upon their sequence content, define transposon targets for
repression (Brennecke et al. 2007). piRNA clusters give rise
to long, single-stranded transcripts (Brennecke et al. 2007)
that are thought to be exported to the cytoplasm and pro-
cessed into primary piRNAs, most likely in specialized cyto-
plasmic structures (Saito et al. 2010; Handler et al. 2011). A
number of proteins have been implicated in primary piRNA
biogenesis and their loading into PIWI-family proteins,
including Armitage, Zucchini, Vreteno, and the Yb family
(Klattenhoff et al. 2007; Pane et al. 2007; Malone et al. 2009;
Szakmary et al. 2009; Haase et al. 2010; Olivieri et al. 2010;
Saito et al. 2010; Handler et al. 2011; Zamparini et al. 2011).
Yet, almost nothing is known about how each of these
promotes the production of primary piRNAs.

The soma relies on a single piRNA cluster, flamenco
(flam) (Brennecke et al. 2007). This ~180 kb, centromere-
proximal locus on the X chromosome produces a piRNA
population that is strongly enriched for species antisense to
the gypsy family elements. These elements are active in follicle
cells and can propagate by infection of germ cells through
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Shutdown acts in the piRNA pathway

their capability to form virus-like particles (Pelisson et al.
1994; Chalvet et al. 1999). Somatic piRNAs are produced
solely through primary biogenesis (Brennecke et al. 2007;
Malone et al. 2009). In the germline, a greater variety of
clusters targets a broad spectrum of mobile elements and
engages an adaptive cycle, termed ping-pong, through
which transposon mRNAs help to shape piRNA populations
(Brennecke et al. 2007; Gunawardane et al. 2007). Here,
antisense-oriented piRNAs derived from genomic clusters are
loaded into Aubergine (Aub) and cleave active transposable
element transcripts in an RNAi-like reaction. Unlike classical
RNAI, this triggers the production of a new small RNA,
derived from the target mRNA and with its 5" end formed by
Aub-mediated cleavage. The new, secondary piRNA is loaded
into Ago3, which can then use this sense-oriented species to
recognize and cleave cluster-derived transcripts, producing
more antisense piRNAs via a similar mechanism.
Mutations in the Drosophila piRNA pathway generally
result in sterility with stereotypical phenotypes in the male
and female germline (Schupbach and Wieschaus 1991;
Wilson et al. 1996; Gonzalez-Reyes et al. 1997; Lin and
Spradling 1997; Cox et al. 2000; Cook et al. 2004). In part,
these are thought to result from DNA double-strand breaks
induced by element activity (Chen et al. 2007; Klattenhoff
et al. 2007). Such breaks trigger meiotic checkpoint activa-
tion mediated by the Drosophila chk2 ortholog, loki, which in
turn disrupts dorsal-ventral axis formation during oogenesis.
Hence, mutations in secondary piRNA genes such as
aubergine display fused dorsal appendages and other hall-
marks of oocyte ventralization (Theurkauf et al. 2006).
Transposon silencing is also critical for the maintenance of
germline stem cells (Lin and Spradling 1997; Cox et al. 2000;
Houwing et al. 2007). In the male germline, loss of Su(ste)
piRNAs derepresses the repetitive Stellate locus, which
disrupts spermiogenesis by causing the overproduction and
eventual crystallization of Stellate protein within the testis
(Bozzetti et al. 1995; Aravin et al. 2001). Several mutants that
are now known to affect the Drosophila piRNA pathway—
including aubergine, zucchini, squash, vasa, and cutoff—were
first described in a female sterility screen by Schiipbach and
Wieschaus over 20 yr ago (Schupbach and Wieschaus 1989,
1991). Of the genes identified in that study that would
eventually come to be known as piRNA factors, all but cutoff
were classified phenotypically as having defects in dorsal
appendage formation (Schupbach and Wieschaus 1991).
Subsequently, Munn and Steward (2000) mapped an-
other of these female sterile mutations, shutdown (shu,
CG4735), to an immunophilin gene of the FK506-binding
protein (FKBP) family. Mutations in shu disrupt germ cell
division, eventually causing the germline stem cells to fail
entirely. Two strong alleles caused sterility in both males
and females, while a third point mutant allele did not affect
male fertility. In mutant females, stem cells that successfully
divide generally produce faulty egg chambers that arrest
mid-oogenesis. Germline clones for strong alleles of shu can

produce mature oocytes, though they display typical
patterning defects such as fused dorsal appendages. Con-
sidered together, these observations implicate shu as a
component of the Drosophila piRNA pathway. This con-
jecture is supported by the presence of FKBP6, the mam-
malian protein most similar to Shutdown, in complexes with
mammalian Piwi-family proteins, Miwi and Miwi2 (Vagin
et al. 2009).

FKBPs play diverse biological roles ranging from facili-
tating protein folding to modulating transport (Ahearn
et al. 2011), receptor signaling (Li et al. 2011), and meiotic
recombination (Crackower et al. 2003; Kang et al. 2008).
The FKBP domain is annotated as a peptidyl-prolyl cis-
trans isomerase (PPlase), though there are many instances
of well-conserved FKBP domains that lack PPlase activity
(Gollan and Bhave 2010). The macrolide immunosuppres-
sants FK506 (tacrolimus) and rapamycin (sirolimus) bind
with sub-nanomolar affinity to the FKBP domain and
block a key protein—protein interaction surface, but as is
the case with PPlase activity, many family members display
much reduced affinities for these compounds (DeCenzo
et al. 1996; Gollan and Bhave 2010).

FKBP-class immunophilins display a variety of domain
architectures. One arrangement, conserved from protozoa
to humans, places a tetratricopeptide repeat (TPR) domain
downstream from the FKBP domain (Pratt et al. 2004). The
TPR domain is a protein—protein interaction module that
binds heat shock proteins (HSPs), primarily of the HSP90
family in higher eukaryotes (Pratt 1998; Allan and Ratajczak
2011). Several crystal structures are available that highlight
key conserved residues that participate in this interaction
(Van Duyne et al. 1993; Ward et al. 2002). Connections
between small RNA silencing pathways and HSP activity
have been observed in several model systems (Smith et al.
2009). In particular, RNA-induced silencing complex (RISC)
loading is facilitated by HSP90 and ATP hydrolysis (Iki et al.
2010; Iwasaki et al. 2010; Miyoshi et al. 2010; Iki et al. 2011).

Here, we report that shutdown is a critical element of the
Drosophila piRNA pathway. Tissue-specific depletion of
Shu results in derepression of transposon expression and
a near-complete loss of mature piRNAs in both the somatic
and germline lineages. Shu is cytoplasmically localized, and
its loss disrupts the localization of all three piRNA ef-
fectors, Piwi, Aub, and Ago3. We hypothesize that Shu is
an essential component of both primary and ping-pong—
derived piRNA biogenesis, likely acting at a very early step
that is shared between both piRNA systems.

RESULTS AND DISCUSSION

Clues to a role for FKBPs in the piRNA pathway

We previously carried out a proteomic analysis of mam-
malian PIWI proteins, Miwi and Miwi2 (Vagin et al. 2009).
Among the components of these complexes were murine
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FKBP6 and multiple HSPs. FKBP5 was also detected in Miwi
immunoprecipitates with roughly half the coverage seen for
FKBP6. Given the greater convenience of manipulating the
piRNA pathway in Drosophila, we chose to examine poten-
tial roles for FKBP proteins in that model system.

The Drosophila genome encodes eight FKBP family mem-
bers (Fig. 1A,B). Three, CG1847, CG5482, and FKBP59, are
annotated to share the domain architecture of FKBP6, with
their FKBP domains followed by a TPR. Shutdown is a
potential fourth member of this group. Though its TPR

A
FKBP_C : Active Site TPR : HSP90-interacting
P FPF P LR
Dm Shu YEBEEGIWLFE Dm Shu HENEKQ
Py & PR A
Hs FKBP12 YEDEEQVINNE At CYP40 RNNEKR
Dm FK506-bp2 ¥ GEVI W N E Hs CYP40 KN NKR
Dm FK506-bpl ¥ GEVIW N E Hs FKBPS K TN KR
Dm FKBP13 ¥ GQVI W X E Dm FKBP59 K T N K R
Dm CG14715 ¥ RQVI W N E Dm CG5482 KN N K R
Dm FKBP59 ¥ GNVI FNE Dm CG1847 RN N K R
Dm CG5482 F YEVI L MY Mm FKBP6 R N N K R
Dm (G1847 F KFKL W - - Hs FKBP6 RN N K R
At FKBP42 ¥ KKEL L N Y X1 FKBP6 RN N K R
Dr FKBP6 R N N K R
hs FKBP12 0169
Dm FKBP59 02
Dm FK506-bpf Dm FKBP59
Dm FKBP13 Dm CG5482
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Dm CG1847
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B c . D
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FIGURE 1. Shutdown is the only FKBP-family protein required for transposon silencing. (A) Above are shown the critical residues for the FKBP
family peptidyl-prolyl cis-trans isomerase active site and the HSP90-interacting region in the TPR, as indicated, comparing the site in Drosophila
Shutdown with those present in other family members. Residues in green indicate highly conserved residues with a known impact on PPIase
activity, while those in yellow indicate a more poorly conserved region that has also been implicated. Below are evolutionary trees comparing each
domain with family members present in other species. (B) The domain structures of the eight Drosophila FKBP family members are shown
schematically. (C) Relative expression levels of Drosophila FKBP family members are shown for ovary and OSS RNAseq data sets. Relative
enrichment in ovary versus other tissues is also shown. (D) Shown are relative HetA expression levels detected in ovaries from Drosophila
engineered to express dsRNAs corresponding to each family member in the germline lineage. To the right is indicated whether dsRNA-expressing

females are fertile (+) or sterile (—).

1448  RNA, Vol. 18, No. 8



Shutdown acts in the piRNA pathway

domain has substantially diverged in comparison to its
paralogs (TPR_2, Pfam e-value = 0.0026), secondary struc-
ture predictions using the Phyre2 algorithm (www.sbg.bio.ic.
ac.uk/phyre2) annotate the putative TPR as such with high
confidence. Among Drosophila FKBPs, Shutdown is most
closely related to FKBP6 (E = 2 X 107%%) overall, whereas
FKBP59 is a potential FKBP5 ortholog (E = 2 X 10~ ).

An examination of RNAseq both from the Drosophila
ovarian somatic sheet (OSS) cell line and from a published
ovarian data set revealed that several FKBPs are expressed
in female reproductive tissues (Fig. 1C; Gan et al. 2010). A
broader set of published microarray data (Chintapalli et al.
2007) suggested that the expression pattern of shu is much
more biased to the ovary than is expression of other family
members (Fig. 1C), a bias shared by many piRNA pathway
components.

The FKBP_C domain is broadly conserved across evo-
lution, though its PPIase activity is not (Kamphausen et al.
2002). Phylogenetic comparison of Drosophila FKBP_C
domains to known active (Homo sapiens FKBP12) and in-
active (Arabidopsis thaliana FKBP42) PPlase domains sug-
gested that shu is more similar to inactive variants (Fig. 1A,
bottom). Shutdown does retain more of the active site re-
sidues shown to be essential for PPlase activity in human
FKBP12 (Fig. 1A, left) than does AtFKBP42. A conserved
tryptophan residue (W60 in HsFkbp12) has been replaced by
a leucine in Shutdown. Introduction of this change into
Fkbp12 reduces PPlase activity by approximately eightfold
and rapamycin and FK506 binding affinity by 10- and 75-
fold, respectively. It is therefore likely that Shutdown does
not represent an optimally active PPlase and may instead
utilize the domain as a protein interaction interface, as do
other FKBP family members (Gollan and Bhave 2010).

The Shu TPR domain is less well conserved and, in fact,
shows little similarity to other TPRs known to bind HSP90
(Fig. 1A, right). In particular, nonconservative amino acid
changes at two key residues suggested that the affinity of
this domain for the C-terminal MEEVD of HSP90 is likely
to be dramatically reduced compared with other family
members (Ratajczak and Carrello 1996; Ward et al. 2002).
Still, a shu allele (shu"27%) bearing a point mutation at a non-
conserved residue in the putative TPR is sufficient to cause
female sterility, indicating that this region is essential for
some aspects of Shu function.

Shutdown is implicated in transposon silencing

Recent work has suggested that Dcr-2 is a limiting factor
that prevents conventional dsRNA triggers from inducing
potent RNAIi in Drosophila germ cells, but that this re-
striction could be overcome by enforced Dcr-2 expression
(Handler et al. 2011; Wang and Elgin 2011). We took ad-
vantage of this observation by bringing UAS-driven dsRNA
constructs from the Vienna Drosophila RNAi Center (VDRC)
into a background containing a germline-specific GAL4-

driver ({GAL4-nos.NGT}40; aka nos-GAL4) and a UAS-
Dcr-2 transgene. Among dsRNAs targeting all fly FKBP
proteins, only those corresponding to shu had significant
impacts on expression levels of the HetA transposon (Fig.
1D). Moreover, only dsRNAs targeting Shu caused female
sterility, a property typical of piRNA mutants (Fig. 1D).

To validate shu as a novel piRNA pathway component,
we compared the impact of its depletion to knockdowns of
known piRNA pathway genes, armi and piwi. Germline
silencing of each gene resulted in a similar level of de-
repression for 17 transposons, measured by quantitative
PCR (qPCR) (Fig. 2A). The tissue specificity of our knock-
down strategy was supported by the fact that germline-
specific, telomeric transposons TAHRE, HetA, and TART
were the most heavily derepressed (greater than 150-fold,
P < 0.01), whereas RNA levels for primarily somatic ele-
ments, such as ZAM, remained unchanged (about 1.2- to
1.5-fold).

Shu RNAI also recapitulated the ventralized egg pheno-
type of shu®”’ germline clones, as evidenced by a high in-
cidence of fused or abnormal dorsal appendages (Fig. 2B;
Munn and Steward 2000). Surprisingly, the ventralization
phenotype was not penetrant in armi and piwi knockdowns
eggs, despite the eggs being nonviable (Fig. 2C). For armi,
prior studies of mutants produce a clear expectation of
ventralization upon potent knockdown (Klattenhoff et al.
2007; Orsi et al. 2010). For piwi, the prediction is less clear.
Germline piwi clones were reported not to show this dis-
tinctive phenotype; however, RNAi-mediated piwi knock-
down did produce eggs with a spindle morphology (Cox
et al. 2000; Wang and Elgin 2011). In addition to causing
sterility, shu depletion also reduced the number of non-
viable eggs laid, suggesting that there may be additional
requirements for shu function outside of piRNA-mediated
transposon silencing.

Shu is required for Piwi, Aub, and Ago3 localization

In wild-type tissues, Piwi is localized to the nucleus of
germline and somatic cells (Cox et al. 2000; Saito et al.
2006; Brennecke et al. 2007). Aub and Ago3 are expressed
exclusively in the germline and are enriched in a perinuclear
organelle called nuage (Lim and Kai 2007; Li et al. 2009).
Proper localization depends upon normal piRNA produc-
tion and loading into PIWI family proteins, and disruption
of this pattern is an indicator of impaired biogenesis
(Malone et al. 2009).

Depletion of shu using the nos-GAL4 driver resulted in
redistribution of Piwi from nurse cell nuclei to the syncytial
cytoplasm of the developing egg chamber, while neighbor-
ing somatic follicle cells retain proper nuclear Piwi local-
ization (Fig. 2D). Similarly, the ping-pong factors Ago3 and
Aub were redistributed from nuage to cytoplasmic foci,
while the localization of the core nuage component Vasa
was not altered (Fig. 2D). Driving the shu dsRNA using
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FIGURE 2. Phenotypes of Drosophila with germline-specific shu knockdown. (A) Depletion of
shu in the germline results in derepression of multiple, unrelated transposons from the LINE
and LTR families. Derepression, relative to white RNALI, is displayed as log2 fold change in heat
map form. Analysis of flies with germline knockdown of Armi and Piwi, two known piRNA
components, is displayed for comparison. (B) Germline-knockdown of shu causes patterning
defects as indicated by the presence of fused dorsal appendages. (C) Depletion of shu causes
female sterility. shu RNAi females lay fewer eggs compared with controls or animals depleted of
other piRNA pathway factors. Hatching rates for all knockdown animals are zero, indicating
complete sterility. (D) Depletion of shu in the germline using nos-GAL4 results in Piwi
delocalization from nuclei and in Aub and Ago3 delocalization from nuage. Vasa localization is
not changed. Depletion of white is shown as control. (E) Tj-GAL4—driven knockdown of shu in
somatic follicle cells also causes Piwi delocalization. RNAi against white is shown as control.

OSS cells. Control constructs showed
the expected localization with GFP-
Piwi accumulating in nuclei and with
GFP-Armi showing strong perinuclear
localization consistent with its associa-
tion with Yb-bodies. Zucchini features
sequence homology with phospholi-
pase D and was reported to localize to
the outer membrane of mitochondria.
In our studies, it displayed considerable
overlap with the mitochondrial stain
MitoTracker CMXRos (Supplemental
Fig. S2). While cytoplasmic foci of GFP-
tagged Shu were visible using both
N- and C-terminal constructs, they did not
overlap with the previously characterized
localization patterns of other piRNA
pathway proteins. Considered together,
these data indicate that Shu is neither
enriched in known structures associated
with silencing nor required for assembly
of a core nuage component.

Shu is essential for accumulation
of both primary and secondary
PiRNAs

Strong derepression of germline and
somatic transposons and the loss of
characteristic localization patterns for
Piwi-family proteins suggested that shu
might function as a core piRNA bio-
genesis component, similar to armi. To
address this possibility, we cloned and
sequenced small RNAs from ovaries in
which we drove the expression of white
(w), shu, and piwi dsRNAs in the germ-
line (nos-GAL4) or soma (#j-GAL4), as
described above. Germline small RNAs
libraries were normalized using the num-
ber of unique reads mapping to the flam
locus, which is unaffected by germline-
specific knockdowns. Germline-specific
shu knockdown dramatically reduced the

GAL4 expressed from the soma-specific traffic jam pro-
moter (tj-GAL4) caused delocalization of Piwi from the
nuclei of follicle cells, while germline Piwi remained un-
affected (Fig. 2E).

Despite its effects on the localization of PIWI-family
proteins, we found that the bulk of Shutdown was not
associated with domains characteristic of those piRNA
pathway components. We generated N- and C-terminal
GFP fusions of Shu expressed under the control of the
ubiquitous Actin5¢ promoter. We examined the locali-
zation of Shutdown fusion proteins by transfection of
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observed piRNA population compared with the white
knockdown control. Small RNA reads with the characteristic
PiRNA size (23-29 nucleotides [nt]) mapping to the germ-
line-specific, dual-strand 42AB cluster were reduced 11.4-
fold overall (8.2X on plus strand, 14.4X on minus strand).
In contrast, piwi knockdown produced only a 2.8-fold
overall reduction (2.8X on plus strand, 2.7X on minus
strand) (Fig. 3A).

The incomplete loss of piRNAs in the piwi knockdown
likely reflects the fact that piRNAs from 42AB are normally
loaded into each of the three Drosophila PIWI proteins
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FIGURE 3. Knockdown of shu causes loss of cluster-derived piRNAs in both somatic and germline tissues. (A) At the top is shown a histogram of
small RNAs mapping to the germline-specific 42AB cluster in flies expressing the indicated dsRNAs specifically in germ cells. In the middle, the
size distribution of RNAs derived from each strand of the 42AB and flamenco clusters is shown as a histogram. At the bottom are histograms
reflecting the relative enrichment of RNAs overlapping by the indicated number of nucleotides, plotted by Z-score, for the 42AB and flamenco
clusters in the indicated knockdown animals. The peak at position 9 (arrow) is indicative of a ping-pong interaction. (B) A histogram shows
relative piRNA levels for a series of germline and somatic clusters. Total reads were normalized across libraries to piRNAs mapping to flamenco,
which is unaffected in germline-specific knockdowns. For each cluster, changes in mapping piRNAs are shown with reference to the white control,
which is set to 100%. C and D are similar to A and B except that dsSRNA expression is driven by a follicle cell-specific tj-GAL4 driver. In C, at the
top, reads are shown mapping to the soma-specific flamenco cluster. In D, reads are normalized across libraries to those derived from 42AB, whose

activity is not affected in the soma-specific knockdown.

(Brennecke et al. 2007), with loading of Aub and Ago3
occurring independently of Piwi function. Small RNAs
mapping to this cluster in the shu-depleted germline also
showed a clear reduction in ping-pong signatures, defined
as the frequency of reads with a paired opposite strand read
overlapping by 10 nt (Fig. 3A). In contrast, piwi, which
does not participate significantly in ping-pong amplifica-
tion, had no effect on ping-ping signatures upon knock-
down. The effects of shu knockdown appear to be specific
to the piRNA pathway. Reads corresponding to miRNAs
were not reduced in shu knockdown animals (Supplemen-

tal Fig. S3). Though enforced Dicer-2 expression generally
increased the endo-siRNA fraction, we did not note any
further effect of shu knockdown, even on endo-siRNAs
mapping to piRNA clusters (e.g., 42AB) (Fig. 3A).

We also analyzed effects of shu or piwi depletion on other
PiRNA clusters. We compared reads that could be uniquely
mapped to each annotated cluster to the white knockdown
controls. Reads were set to 100% in the white library (nor-
malized read number for the white knockdown library is
show as a blue bar). piRNAs derived from the 3" UTR of
traffic jam, a genic locus that produces piRNAs only in
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follicle cells, showed no impact of shu and piwi knock-
downs (Fig. 3B), as expected. In contrast, all germline
clusters analyzed showed a dramatic reduction of piRNA
levels upon expression of nos-GAL4—driven shu dsRNAs
(<10% remaining as compared to white RNAi). Depletion of
Piwi had similar effects, although the reduction was less
profound (~30% of white levels, as seen for 42AB), probably
due to intact Ago3 and Aub loading.

Primary and secondary piRNA biogenesis mechanisms in
the germline exhibit some degree of interdependence. For
example, disruption of ping-pong in ago3 mutants or upon
Aub knockdown feeds back and reduces the number of
primary piRNAs loading into Piwi through unknown mech-
anisms (Li et al. 2009; Wang and Elgin 2011). Follicle cells,
which are of somatic origin, express no detectable Aub or
Ago3 and do not use ping-pong amplification. Thus, we
directly tested the involvement of shu in primary piRNA
production by sequencing small RNAs from tj-GAL4-
driven dsRNA in ovaries. PIRNA-sized small RNAs were
normalized using the number of unique reads mapping
to the germline-specific 42AB locus, which is unaffected
by #j-GAL4-mediated knockdowns.

The sole somatic, unidirectional flamenco cluster pro-
duces abundant piRNAs that load only the Piwi protein.
Thus, as expected, depletion of piwi caused a significant
reduction in piRNAs derived from this locus (5.2-fold)
(Fig. 3C,D). Follicular knockdown of shu also produced
a marked reduction in flam piRNAs (2.9-fold) (Fig. 3C,D).
As expected, piRNAs uniquely mapped to flam showed no
ping-pong signature in any of the somatic knockdowns.
Reads corresponding to germline clusters remained un-
changed in piRNA abundance, with no shift in size profiles
or ping-pong signatures, indicating that, as expected, the
pathway remains fully functional in germ cells of animals
that have lost shu expression only in the soma. As in germ
cell-specific knockdowns, miRNA abundance was unaf-
fected (Supplemental Fig. S3).

Mapping small RNAs from our germline-specific knock-
down animals to a set of known Drosophila transposon
consensus sequence further supported a general require-
ment for shu in piRNA accumulation. We retained in our
analysis only the 75 transposons with the highest abun-
dance of corresponding piRNAs. Previous reports have
demonstrated substantial expression biases for many trans-
posons, with some showing preferential expression in the
somatic lineage and others being found predominantly
in germline lineages (Malone et al. 2009). For the set of
germline-enriched transposons, nos-GAL4—driven dsRNA-
shu substantially affected all known elements, reducing
overall piRNA levels (Fig. 4A). In general, sense and anti-
sense piRNAs were depleted to roughly similar extents,
suggesting that loading of all three PIWT clade proteins is
affected by loss of shu. In contrast, only a subset of trans-
posons showed depletion of piRNAs in the nos-GAL4—driven
piwi knockdowns. Elements with a known somatic expres-
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sion bias, including ZAM, tabor, gypsy, and others (indicated
by red dots), show little or no reduction in piRNA levels
upon germline knockdown of either shu or piwi (Fig. 4A).
Transposable elements with strong germline signatures
(green asterisks), like the LINE element Rt1b or the LTR
transposon roo (pao family), not only showed a severe
reduction of their corresponding piRNA levels but also
demonstrated a dramatic loss of ping-pong signatures
(Fig. 4B). In contrast, soma-specific elements retain their
PiRNA levels and generally lack ping-pong signatures.
As an example of such an element, piRNA levels for the
LTR element ZAM (gypsy family) are shown (Fig. 4B,
bottom).

Summary

A combination of biochemical and genetic approaches are
beginning to link a substantial number of proteins to
functions in the piRNA pathway. Some act exclusively in
primary piRNA biogenesis and affect small RNAs in both
the germline and somatic compartments of the Drosophila
ovary (Malone et al. 2009; Haase et al. 2010; Olivieri et al.
2010; Saito et al. 2010; Handler et al. 2011; Zamparini et al.
2011). Others function exclusively in the germline, and
these tend to selectively affect the ping-pong cycle that
hones piRNA populations in response to the expression of
transposon mRNAs or factors implicated in germline cluster
transcription (Klattenhoff et al. 2009; Li et al. 2009; Patil and
Kai 2010; Pane et al. 2011; Zhang et al. 2011; Anand and Kai
2012). Here, we followed clues initially provided by proteo-
mic analysis of Piwi-family protein complexes in mice to link
shutdown, a gene previously shown to be required for fertility
in Drosophila females (Schupbach and Wieschaus 1991;
Munn and Steward 2000), to the piRNA pathway.

Analysis of transposon expression patterns and small
RNA libraries in shu knockdown cells and animals sug-
gests a role either in piRNA biogenesis or in piRNA sta-
bilization, perhaps by fostering loading of piRNAs into
PIWI-family proteins. Shutdown is a member of the FKBP
family and its constituent domains have been ascribed
PPIase activity and the ability to interact with the HSP90
family of chaperone proteins. Either of these activities
could underlie the role of Shutdown in the piRNA path-
way. In particular, studies of the Argonaute clade have
implicated HSP family chaperones as critical cofactors
for small RNA loading (Iki et al. 2010; Iwasaki et al. 2010;
Miyoshi et al. 2010; Iki et al. 2011). However, evolutionary
comparisons indicate that both the PPI and HSP90-
binding domains harbor variations that reduce activity
when introduced into other well-studied FKBP family
members. Thus, understanding the true role of Shutdown
in both primary biogenesis and the ping-pong cycle will
await further genetic analysis and the development of bio-
chemical systems that recapitulate aspects of the piRNA
pathway in vitro.
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FIGURE 4. Loss of transposon control in shu knockdowns is a consequence of piRNA loss. (A) The heat map displays changes in piRNA
abundance for each germline knockdown (as indicated) for the 75 elements most heavily targeted in our strain. Sense and antisense, with respect
to the transposon coding strand, are quantified separately (gray heat maps), and their ratio is also indicated (red-blue heat map). (B) For three
transposons, piRNAs are plotted along the length of the consensus sequence (upper) and a histogram of overlap between sense and antisense
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knockdown and for a control (white). Two transposons with strong expression in the germline, Rt1b and roo (top and middle), are shown in
comparison to a somatically biased element, ZAM. Since knockdown is germline specific, ZAM piRNAs are unaffected.

MATERIALS AND METHODS

Fly stocks and handling

Drosophila UAS-dsRNA strains were obtained from the VDRC. nos-
GAL4 and #-GAL4 driver lines were obtained from Bloomington
and Kyoto, respectively (see Supplemental Table S1). For knock-

down experiments, five males from dsRNA stocks were crossed
with five virgin females expressing the desired GAL4 driver.
Fertility of the FKBP-family F1 knockdown females was esti-
mated by counting the number of eggs laid and crawling larvae
7 d post transfer to fresh media. Quantitative fertility measure-
ments (shown in Fig. 1D) were obtained by transferring 3-d-old
male and female F1 offspring (10 each) to grape-agar plates for
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4 h and counting the eggs laid. Hatching frequencies were as-
certained after 24 h (measurements were carried out in tripli-
cate). For qPCR, small RNA libraries, and immunofluorescence
experiments, ovaries were dissected from 2- to 3-d-old females
fed with fresh yeast paste.

Expression of tagged transgenes in OSS

Full-length coding sequences of Shu, Piwi, Armi-RB, and Zuc
were amplified from Drosophila ovary cDNA, cloned into pENTR/
D-TOPO, and recombined into N- or C-terminal GFP destination
vectors of the Drosophila Gateway collection (Terence Murphy,
Carnegie Institute of Washington, Baltimore, MD). Shu was
cloned into pAGW and pAWG, Zuc into pUWG, and Piwi and
Armi into pUGW. Cells were transfected using Xfect reagent
(Clontech) and costained with DAPI and MitoTracker Red
CMXRos (Invitrogen).

RNA isolation, reverse transcription, qPCR

Ovaries were dissected into cold 1X PBS. Total RNA was ex-
tracted using TRIzol reagent (Invitrogen) following the manufac-
turer’s instructions. One microgram RNA was treated with DNase
I Amplification Grade (Invitrogen) according to the manufac-
turer’s instructions. Complementary DNA was prepared by re-
verse transcription using oligo(dT),o primer and SuperScript III
Reverse Transcriptase (Invitrogen). qPCR was carried out using
SYBR Green PCR Master Mix (Applied Biosystems) and primers
listed in Supplemental Table S2 on a Chromo4 Real-Time PCR
Detector (BioRad). Transcripts were quantitated by the AAC,
method (Livak and Schmittgen 2001), and normalized to tran-
script levels of rp49. Fold changes are expressed relative to con-
trol dsRNA-white knockdown RNA. Significance was calculated
using a one-tailed heteroscedastic Student t-test of rp49-subtracted
transposon c(t) values. All experiments were carried out in trip-
licates, with the average results shown.

Immunofluorescence

Ovaries were fixed in freshly prepared 4% paraformaldehyde for
20 min at room temperature. Blocking and permeabilization were
carried out simultaneously in wash buffer (50 mM Tris at pH 6.8,
150 mM NaCl, 0.5% NP-40) supplemented with bovine serum
albumin (5 mg/mL). All primary antibodies were diluted 1:1000
and incubated overnight at 4°C in wash buffer plus 1 mg/mL
BSA. Anti-Ago3 and Anti-Piwi were generated in our laboratory
(Brennecke et al. 2007); monoclonal mouse anti-Aub was provided
by Mikiko Siomi (Nishida et al. 2007); and rabbit anti-Vasa (d-260)
was purchased from Santa Cruz. Secondary AlexaFluor-488 and
-568 antibodies were purchased from Invitrogen and used at
1:1000. Images were acquired on a Perkin Elmer UltraVIEW
spinning disk confocal microscope.

RNAseq data analysis

For transcriptome libraries, 1 pg of total RNA from OSS cells
transfected with GFP control dsRNA was used as input for the
Ilumina mRNA-Seq sample prep kit (catalog no. RS-930-1001).
Libraries were made following the instructions by the manufac-
turer and sequenced on the Illumina GAII platform. RNAseq data
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were deposited to the Gene Expression Omnibus database (www.
ncbi.nlm.nih.gov/geo/) under accession no. GSE38090. Publically
available ovarian RNAseq data (GEO accession no. GSM424751)
(Gan et al. 2010) were reanalyzed for this study. Raw sequence
reads were iteratively mapped to the Drosophila genome (version
dm3) using Bowtie (Langmead et al. 2009) with a tolerance of
up to two mismatches. Remaining reads were also mapped to
RefGene-annotated exon junctions with TopHat (Trapnell et al.
2009). Transcripts were quantitated using Cufflinks (Trapnell et al.
2010) and expressed as fragments per kilobase per million reads
(fkpm) for relative comparison of FKBP family mRNA expres-
sion in the ovary.

Small RNA libraries and bioinformatic analysis

Small RNAs were cloned as described (Brennecke et al. 2007). For
this study, the following small RNA libraries from total RNAs
were prepared:

19-28 nt from tj-GAL4—driven dsRNA against white,
19-28 nt from #j-GAL4—driven dsRNA against shu,
19-28 nt from tj-GAL4—driven dsRNA against piwi,
19-28 nt from nos-GAL4—driven dsRNA against white,
19-28 nt from nos-GAL4—driven dsRNA against shu, and
19-28 nt from nos-GAL4—driven dsRNA against piwi.

Libraries were sequenced in-house using the Illumina GAII se-
quencing platform. Small RNA sequences were deposited in the
Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo/)
under accession no. GSE38089. The analysis of small RNA libraries
was performed similarly as described (Czech et al. 2008). In brief,
Ilumina reads were stripped of the 3" linker and collapsed, and the
resulting small RNA sequences were matched to the Drosophila
release 5 genome (version dm3) without mismatches. Only reads that
met these conditions were subjected to further analyses. For
annotations we used a combination of UCSC (repeats/transposons;
noncoding RNAs), miRBase (microRNAs), and FlyBase (protein
coding genes; noncoding RNAs) tracks, as well as custom tracks
(for synthetic markers, endo-siRNAs from structured loci, and
miR and miR* strands) with different priorities. For compar-
ison of small RNA counts between samples, libraries of dsRNA-
white samples were set to 1 million reads. Next, all libraries
were normalized based on unique piRNA-size mappers to the
flamenco (for nos-GAL4 knockdowns) or 42AB (for tj-GAL4
knockdowns) piRNA clusters. Heat maps were created by
plotting the abundance of sequences (all piRNAs to a given
transposable element or individual miRNA strands) as well as
their strand bias within the indicated libraries.

Ping-pong analysis

For each piRNA, the relative frequency (Z-score) of an existing
“neighbor” piRNA on the opposite strand within a certain win-
dow (10-nt upstream of and 30-nt downstream from each 5" end
of a piRNA) was calculated. In the case of germline and somatic
piRNA clusters, this analysis was based on genomic mapping
coordinates. For transposons, the 5’ coordinate of each map-
ping event to the respective transposon consensus sequence was
used. Calculated frequencies were based on total cloning count. A
spike at position 9 indicates more than average partners with a 10-nt
overlap and is a signature of ping-pong amplified piRNAs.
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DATA DEPOSITION

RNAseq data and small RNA sequences were deposited in the
Gene Expression Omnibus database (www.ncbi.nlm.nih.gov/geo/)
under accession no. GSE38098.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Supplementary Figure Legends

Figure S1. Density of siRNAs over genes targeted by dsRNAs. Shown are
21-nt siRNAs mapping to the indicated genes (top: piwi; middle: shu; bottom:
white) in small RNA libraries from total RNA of knockdown ovaries. Reads
mapping to the genomic plus strand are shown in red, those derived from the
minus strand in blue-grey. Blue arrows indicate orientation of transcription. Exon
(thick bars) and intron (thin lines) structures are displayed. Note that siRNAs are
restricted to the regions targeted by the VDRC dsRNA construct used for the
indicated knockdowns.

Figure S2. Sub-cellular localization of piRNA pathway components in OSS
cells. Transient transfection of OSS cells with GFP-tagged constructs expressing
indicated piRNA pathway factors under the ubiquitous Actin5¢c or ubiquitin
promoters are shown. MitoTracker CMXRos and DAPI were used as co-stains
for mitochondria and nuclei, respectively. GFP-Armi localizes to cytoplasmic,
perinuclear structures consistent with the expected Yb body localization. GFP-
Piwi is predominantly nuclear, while Zuc-GFP shows significant overlap with
mitochondria. Both N- and C-terminal tagged Shu variants localize to the
cytoplasm without significant overlap with mitochondria. Minor enrichments of
Shu can be seen in perinuclear foci, but the majority is diffusely cytoplasmic.

Figure S3. MicroRNA levels in knockdown libraries are very similar. Shown
are size profiles (upper part) and heat maps (lower part) displaying the top 15
abundant miRNAs in the indicated knockdown libraries (driven either by nos-
GAL4 or tj-GAL4). Size profiles show normalized miRNA reads over their length
(18- to 26-nt). Heat maps show total number of reads of the 15 most abundant
miRNAs in white control knockdowns compared to shu and piwi RNAI.
Abundance in reads per million (rpm) is shown in grey scale.



Supplementary Tables

Supplementary Table S1: Fly lines used in this study

' Stock Name Genotype Source Stock Number |

P{w[+mC]=UAS-Dcr-2.D}1,

nos-GAL4 w[1118]; P{w[+mC]=GAL4- Bloomington | 25751
nos.NGT}40

, *w*; P{GawB}NP1624 / CyO,

HHENLE )F/’{UAS-I{acZ.UV}V14}UW14 ’ N 10t

dsRNA(white) | w'"™®; P{GD14981}v30033 v30033

dsRNA(piwi) w8 P{KK105350}VIE-260B v101658

dsRNA(armi) w8 P{KK101517}VIE-260B VDRC v101517

dsRNA(shu) w'"% P{KK102092}VIE-260B v102092

Supplementary Table S2: Primer sequences used for SYBR Green qPCR

Name forward | reverse

rp49 ATCTCGCCGCAGTAAACGC CCGCTTCAAGGGACAGTATCTG
Burdock AGGGAAATATTTGGCCATCC TTTTGGCCCTGTAAACCTTG

TAHRE CTGTTGCACAAAGCCAAGAA GTTGGTAATGTTCGCGTCCT

HetA CGCGCGGAACCCATCTTCAGA CGCCGCAGTCGTTTGGTGAGT
Transpac GGAACGCACCTTCAACATTT GCAAACTCGCATTTGTCTGA

TART ACCAGGGAAAAGTGTGAACG GGTGCAGTGGTATGGCTTTT
McClintock CCCTAATCCGTTTTCCCAAT CTGGTCGGTTCTGGTCAAAT

blood TGCCACAGTACCTGATTTCG GATTCGCCTTTTACGTTTGC

micropia CGAATGTTACGCGGTGTATG CTGGTCAGGTCCAAGGTTGT

Max ATCTAGCCAGTCGAGGCGTA TGGAAGAGTGTCGCTTTGTG

Jockey TCTGCGGTCTCCAGCTTAAT GTTGGGCAAATGCTAGTGGT
l-element TGAAATACGGCATACTGCCCCCA GCTGATAGGGAGTCGGAGCAGATA
Copia AGCAAACAACCCCTCATGTC GCAAACCCAATTTGTCTCGT

R2 ATGCTCCCGAAACAACAAAC GCACTGCAGACTTGGTTCAA

stalker TTATCAGGCTAGCCACATCTCTG TTGGCAGATATCACTTCTACCGATTC
ZAM ACTTGACCTGGATACACTCACAAC GAGTATTACGGCGACTAGGGATAC
Springer TGAAGAGCAAGAACCGGAGT TCCTCCAGCAAAGCTTGTTT

roo TCCTTTAAGCATCTTACAGCTAAAGG | TTTAGCTGTAAGATGCTTAAAGGAGCT




normalized read count [rpm]

1004

100-

1004

100-

1004

100-

nos-GAL4 driven dsRNA

2kb
itk
_r
— -
piwi
<
0.5 kb
L nJﬁLﬂu
T
shu
<
2kb
= S—" . —— =
w
<

Preall, Czech et al., Fig. S1

300 4

o

300-

300+

o
L

300-

900+

o
L

900 -

{-GAL4 driven dsRNA

2 kb
piwi T
0.5 kb
LALL
TMTT shu
<
Al
= H = " = =
m w
<



DAPI MitoTracker GFP

Merge

Ubiquitin promoter

GFP-Armi GFP-Piwi

Preall, Czech et al., Fig. S2

Actbc promoter

Zuc-GFP Shu-GFP GFP-Shu




dsRNA-w

dsRNA-shu

dsRNA-piwi

-GAL4 driven RNAI

normalized reads [rpm]

-

normalized reads [rpm]

_

normalized reads [rpm]

.

70000
60000
50000
40000
30000
20000
10000

70000
60000
50000
40000
30000
20000
10000

70000
60000
50000
40000
30000
20000
10000

18 19 20 21 22 23 24 25 26
read length [nt]

18 19 20 21 22 23 24 25 26
read length [nt]

miR-8-3p
miR-989-3p
miR-275-3p
miR-13b-3p
miR-bantam-3p
miR-318-3p
miR-994-5p
miR-2a-3p
miR-184-3p
miR-2b-3p
miR-263a-5p
miR-79-3p
miR-996-3p
miR-34-5p
miR-9b-5p

18 19 20 21 22 23 24 25 26
read length [nt]

Top 15 abundant miRNAs

abundance [rpm]

Preall, Czech et al., Fig. S3

nos-GAL4 driven RNAI

normalized reads [rpm] normalized reads [rpm]

normalized reads [rpm]

100000
80000
60000
40000
20000

100000
80000
60000
40000
20000

0

100000
80000
60000
40000
20000

miR-8-3p
miR-989-3p
miR-994-5p
miR-13b-3p
miR-318-3p
miR-bantam-3p
miR-275-3p
miR-2a-3p
miR-79-3p
miR-184-3p
miR-263a-5p
miR-2b-3p
miR-996-3p
miR-995-3p
miR-11-3p Il |

b,

18 19 20 21 22 23 24 25 26
read length [nt]

Ll

18 19 20 21 22 23 24 25 26
read length [nt]

Ll

18 19 20 21 22 23 24 25 26
read length [nt]

Top 15 abundant miRNAs

> 8
p PR

& & &

& & &

50k

0

abundance [rpm]



A transcriptome-wide RNAI screen in the
Drosophila ovary reveals novel factors of the
germline piRNA pathway

Benjamin Czech*, Jonathan B. Preall*, Jon T. McGinn, Simon R. Knott and
Gregory J. Hannon

* authors contributed equally to this work

In preparation for submission to Cell.



A transcriptome-wide RNAi screen in the Drosophila ovary reveals novel
factors of the germline piRNA pathway

Benjamin Czech'?3, Jonathan B. Preall’??, Jon T. McGinn"?, Simon R. Knott"?
and Gregory J. Hannon'?

! Watson School of Biological Sciences
2 Howard Hughes Medical Institute
Cold Spring Harbor Laboratory
Cold Spring Harbor, New York, USA

® contributed equally

Contact: hannon@cshl.edu

Keywords: Drosophila, RNAI, piRNA pathway, transposon silencing, germ cells



Summary

The Drosophila piRNA pathway provides an RNA-based immune system
that defends the germline against selfish genetic elements. Two inter-related
branches of the piRNA system exist: one in the somatic cells that support
oogenesis and one in the germline. PiRNA-mediated silencing of transposons
centers around the action of three gonad-specific Argonaute proteins: P-element
induced wimpy testis (Piwi), Aubergine (Aub), and Argonaute3 (AGO3). Piwi is
common to both somatic and germline pathways, whereas Aub and AGO3 act
exclusively in germline cells. While several key factors of each branch have been
identified, a great deal remains unknown about their respective inputs and
outputs, and the extent to which they overlap. Here, we report a reverse genetic
screen that spans the ovarian transcriptome in an attempt to uncover genes
required for piRNA-mediated transposon silencing in the female germline. Our
results reveal new key factors of piRNA silencing as well as transposon-specific
requirements.



Introduction

Eukaryotic organisms of all phyla are constantly challenged by a myriad of
genomic parasites such as transposable elements (Malone and Hannon, 2009;
Siomi et al., 2011). These mobile elements are broadly classified based on their
transposition strategy. Retrotransposons employ an RNA intermediate during
mobilization, whereas DNA transposons directly excise and insert their genomic
information (Slotkin and Martienssen, 2007). While expression patterns for
elements of both classes vary widely over a range of spatial and temporal niches,
the reproductive system invariably suffers the maijority of transposable element
activity in the host organism. Alterations to the host genome caused by
transposition, such as disruptions to coding or regulatory regions, double-strand
breaks, or chromosomal rearrangements, are generally deleterious and reduce
reproductive fitness when they occur in the germ cell lineage (Khurana and
Theurkauf, 2010; Malone and Hannon, 2009; Senti and Brennecke, 2010; Siomi
et al., 2011).

Small RNAs play a central role in transposon control in eukaryotes.
Efficient suppression of mobile elements in animal germ cells relies on the
conserved piRNA pathway, whose core is composed of Argonaute proteins of the
PIWI-clade and their 23- to 28-nt small RNA partners known as piRNAs (Piwi-
interacting RNAs) (Khurana and Theurkauf, 2010; Malone and Hannon, 2009;
Senti and Brennecke, 2010; Siomi et al., 2011). To a rough approximation, the
piRNA pathway can be seen as RNA-based immune system with innate and
adaptive components to its defense response (Brennecke et al., 2007). The
targets of the primary piRNA response are genetically hardwired in the form of
piRNA clusters, which contain truncated transposon remnants that witness prior
exposure to mobile elements (Aravin et al., 2006; Brennecke et al., 2007; Girard
et al., 2006). Additionally, an adaptive amplification mechanism known as the
ping-pong cycle attunes the intensity of the piRNA response by feeding back
sequence information from the active elements themselves to generate new
silencing triggers (Brennecke et al., 2007; Gunawardane et al., 2007; Li et al.,
2009; Malone et al., 2009).

The piRNA pathway is probably best understood in the ovary of
Drosophila melanogaster, which comprises two gonadal tissue types each
deploying its own unique piRNA system (Malone et al., 2009). The germline is
composed of the transcriptionally inactive oocyte and the syncytial nurse cells,
which express all three Drosophila PIWI-clade proteins, P-element induced
wimpy testis (Piwi), Aubergine (Aub), and Argonaute3 (AGO3). Germ cells
generate piRNAs derived from specific piRNA clusters as well as from active
transposable elements via the ping-pong cycle (Brennecke et al., 2007;
Gunawardane et al., 2007; Li et al., 2009; Malone et al., 2009). In contrast, the
somatic cell lineage that surrounds and supports the germline only expresses
Piwi, transcribes piRNAs derived from separate, soma-specific clusters, and
does not engage in ping-pong amplification (Brennecke et al., 2007; Lau et al.,



2009; Malone et al., 2009; Saito et al., 2009). The varying expression and sub-
cellular localization patterns of the PIWI-family proteins reflect differences in the
biogenesis of the piRNAs that fuel them as well as the molecular modes of
silencing they employ.

Primary piRNA biogenesis appears to follow similar routes in somatic and
germline cells and is initiated with transcription of precursors from lineage-
specific piRNA clusters. Processing of cluster transcripts is thought to take place
after export to the cytoplasm, likely at specialized perinuclear foci marked by
known components of the piRNA biogenesis machinery. Current models suggest
that cluster transcripts are parsed linearly into multiple intermediates that feature
the 5 end of the mature piRNA but are extended at their 3' end. Following
loading into Piwi (and in the germline, Aub), which takes place at in perinuclear
structures called Yb-bodies in the soma and nuage in the germline (Handler et
al., 2011; Olivieri et al., 2010; Qi et al., 2011; Saito et al., 2010; Szakmary et al.,
2009), the bound piRNA is matured through 3’ trimming by a-yet to identified
exonuclease and methylated by Hen1 (Horwich et al., 2007; Kawaoka et al.,
2011; Saito et al., 2007). Mature Piwi-RISC enters the nucleus to silence
complementary transposons via an unknown mechanism likely involving
chromatin modifications.

The ping-pong amplification loop, in contrast, only operates in germline
cells and serves to detect and post-transcriptionally silence highly active
transposon threats. Input for the ping-pong cycle is received either from primary
biogenesis of cluster transcripts or from maternally deposited piRNAs associated
with Aub (Brennecke et al., 2008; Malone et al., 2009). PiRNAs in antisense
orientation to transposons guide Aub to appropriate mRNA substrates and leads
to target cleavage. The resulting cleavage product loads into AGO3, and
following exonucleolytic trimming and methylation yields mature AGO3-RISC
associated with sense piRNA (Brennecke et al., 2007; Gunawardane et al.,
2007). These transposon-derived piRISCs complete the ping-pong cycle by
pairing with and cleaving more cluster transcripts to produce further Aub-loaded
antisense piRNAs (Brennecke et al., 2007; Gunawardane et al.,, 2007).
Numerous factors have been linked to the ping-pong cycle, with most of them
localizing to nuage and a prominent subset being members of the Tudor protein
family (Anand and Kai, 2012; Handler et al., 2011; Lim and Kai, 2007; Malone et
al., 2009; Patil and Kai, 2010; Zamparini et al., 2011; Zhang et al., 2011).

The vast majority of today’s known piRNA pathway components were
originally identified by forward genetic approaches in classic screens aimed to
uncover mutations that affect oogenesis, female fertility or spindle formation
(Schupbach and Wieschaus, 1989, 1991), and only linked to the piRNA pathway
later. Although reverse genetics utilizing transgenic RNAi have proven powerful
to reveal novel factors in many studied pathways in somatic tissues, technical
limitations prevented the application of RNAI in the female germline until recently.
However, through overexpression of Dcr2, we and others have recently



demonstrated the effectiveness of transgenic RNAIi in germ cells of the female
ovary (Handler et al., 2011; Preall et al., 2012; Wang and Elgin, 2011), enabling
us to apply this technology to uncover missing piRNA pathway components on a
large scale.

Although we are beginning to understand basic concepts of piRNA-
mediated silencing, many important aspects of the pathway are still enigmatic
due to gaps in our knowledge of central factors such as nucleases and silencing
effectors. Thus, we designed an RNAi-based screen to systematically probe for
missing components of the piRNA system in vivo. To cover the broadest range of
new factors, we specifically targeted the germline pathway, which comprises both
primary biogenesis and the ping-pong cycle (Brennecke et al., 2007; Malone et
al., 2009). Here, we report the results of this screen, which spans the ovarian
transcriptome and found 74 genes (including already known piRNA pathway
components), whose knockdown caused strong de-repression of four individual
transposon types. Secondary assays enabled us to distinguish factors involved in
the production of primary and/or secondary piRNAs from those required for
different silencing mechanisms carried out by Piwi or Aub/AGO3 complexes. The
identification of these genes, followed by a detailed characterization will uncover
their specific functions and ultimately shed light on piRNA biogenesis and
effectors functions.

Results
Screening assays to monitor transposon de-repression

In order to limit the number of labor-intensive crosses, we first cataloged
the observable ovarian transcriptome by RNAseq. Using Cufflinks (Trapnell et al.,
2010) to quantify transcripts in replicate samples (R? > 0.95) prepared from
ovaries dissected from our screening stock that carries a Dcr2 transgene and the
nos-GAL4 driver, we found significant expression levels for 8,396 protein-coding
genes (average FPKM > 1) (Figure 1A), which corresponds to 60.86% of
Drosophila melanogaster genes (total of 13,795 unique protein-coding genes;
version dm3, refseq release 4.48). As the ovary consists of both somatic and
germline tissue, we compared our ovarian RNAseq data with experiments carried
out on RNA from Ovarian Somatic Sheet (OSS) cells (Niki et al., 2006), early
embryos (indicator for germline RNAs as only those are deposited), and
ovariextomized carcasses with the goal to identify germline-enriched genes. In
general, we found strong correlations between entire ovaries and the other two
ovarian data sets (embryo: R? = 0.457; OSS: R? = 0.603), with little correlation of
expression levels in data sets derived from ovaries and carcasses (R? = 0.151)
(Figure S1A). The high correlation between the ovarian transcriptome and
RNAseq from embryos and OSS is also evident by the pronounced overlap of
expressed genes with FPKM > 1 (Figure S1B). Comparing datasets, we see no



genes that are significantly (P < 0.01) expressed at FPKM < 1 in ovary versus
carcass, suggesting that we are unlikely to miss any ovary-specific genes by
selecting this value as cutoff for screening (Figure S1C). We conclude that our
transcriptome analysis identified ovarian-expressed genes with sufficient
stringency to serve as a filter for selecting screening targets.

Of the 8,396 genes expressed in ovaries, 97.3% (8,171 genes) were
covered by RNAI lines by the Vienna Drosophila RNAi Center (VDRC) library
(Figure 1A, bottom) (Dietzl et al., 2007). To deplete factors specifically in germ
cells, we used our previously reported knockdown strategy: Males carrying the
UAS-driven dsRNA were crossed to virgin females containing the germline-
specific driver nos-GAL4 and a UAS-Dcr2 transgene, which was previously
shown to increase the knockdown efficiency (Handler et al., 2011; Preall et al.,
2012; Wang and Elgin, 2011). Applying this strategy to deplete Piwi and Armi
from germ cells resulted in dramatic and selective de-repression of germline-
dominant transposons, similar to earlier results (Figure 1B) (Preall et al., 2012).
Due to their consistent and robust fold increases compared to white knockdowns,
we based our screen on two LINE-like elements HeTA and TAHRE, as well as
the LTR elements burdock and blood. For these preliminary measurements, we
used RNA isolated from dissected ovaries and standard SYBR green-based
gPCR assays.

To achieve the throughput necessary for a large-scale screen, we isolated
RNA in 96-well format from whole adult females. Combination of this strategy
with optimized, sensitive TagMan qPCR assays provided comparable sensitivity
and dynamic range to dissected ovaries, making it an ideal screening platform
(Figure 1C). Furthermore, we confirmed the specificity of our system by germline
knockdown of the soma-specific component Yb, which caused no significant
change in transposon levels (Handler et al., 2011; Olivieri et al., 2010; Qi et al.,
2011; Saito et al., 2010). We further optimized our workflow by using of Tagman
assays that allowed multiplexed gPCRs with the normalization standard rp49 and
the probed transposons in the same reaction tube.

To identify piRNA pathway components required for transposon silencing,
we setup trays containing 96 crosses, each containing white and armi control
knockdowns. Flies were allowed to mate for 7 days and then discarded. Offspring
flies were transferred to fresh food vials 5 days later and allowed to mature for
2.5 additional days. Of each cross, we transferred six females into 96-well
collection tubes, and performed RNA isolation, reverse transcription and
multiplexed gPCR. Data was analyzed and z-scores were calculated for each
plate (Figure 1D).

Comprehensive identification of factors required for proper transposon silencing



We screened a collection of 8,171 dsRNA lines in vivo for genes involved
in piRNA silencing for four individual transposons. To increase the stringency for
potential candidates, we also calculated the average of the four individual
transposon z-scores and computed heat maps for average and individual
transposon data (Figure 2A). Requiring an average z-score of -1.5 or lower, our
primary screen only identified 216 out of all 8,171 probed dsRNA lines (2.64%) to
result in robust transposon de-repression. Strikingly, using this threshold for
candidate selection, all of the positive armi controls were included, whereas none
of the negative white controls was (Figure 2C), with similar results obtained when
transposons were assessed individually (Figure S2). Based on the magnitude of
transposon de-repression, we further categorized these candidates into “weak”
and “strong”, with knockdown of 74 genes that resulted in average z-scores of -2
or lower in the “strong” class (Figure 2B). Using these more stringent criteria, we
found all known piRNA pathway components (except egg/dSETDB1), thus
providing internal validation for our screen.

Validation of candidate genes identified from primary screening

We chose the 216 strongest candidates based on transposon de-
repression, and repeated our experimental workflow by re-crossing the same
dsRNA line followed by multiplexed qPCR. Whenever available, we extended our
analysis by including an independent RNAI line (dsRNA or shRNA, derived from
either the VDRC or TRIP stock centers) targeting a different region of the
candidate gene. In addition to the four transposons, we also probed the levels of
two genes highly expressed in germline cells (nos, yTub37c). For better
comparison across data sets, we calculated all expression changes relative to
the average of ten independent negative control knockdowns (6x white, 3x yb, 1x
GFP), and normalized to the average of two armi control knockdowns included
on each plate. Furthermore, we analyzed potential fertility defects by counting the
number of larvae and pupae. For an improved overview, heat maps summarizing
all assayed parameters are shown only for the 75 strongest hits (Figure 3).
Overall, we found significant overlap between our primary screen data, the re-
screening using the identical dsRNA line, and an independent RNAI line,
evidencing the high reproducibility of our data. Notably, compromised fertility
correlates either with reduced expression of the germline markers nos and
yTub37c, or with general transposon de-repression with changes similar to armi
knockdowns.

Our re-screening validated the identification of all known piRNA pathway
components that have been reported to affect the germline pathway (Shu, AGOS3,
Vas, Rhi, Squ, Piwi, Tej, Mael, Cuff, Vret, Zuc, Armi, Spn-E, BoYb,
Mino/CG5508, Aub, and Qin), with the exception of Krimper, for which no dsRNA
line was available, and the Drosophila SETDB1 ortholog, Egg. In addition to
genes already implicated in the piRNA pathway, our screen uncovered numerous
novel candidates that cause dramatic transposon de-repression, often



accompanied by fertility defects, when depleted from germline cells. The novel
candidate with the highest average level transposon up-regulation, deadlock
(del), was previously reported as gene important for germline maintenance and
female fertility, with lesions resulting in defects during early oogenesis
(Schupbach and Wieschaus, 1991; Wehr et al., 2006). Another gene that
dramatically de-repressed all four measured transposable elements was
CG2183, which we named GASZ after its nearest vertebrate counterpart (GASZ,
Germ cell-specific protein with Ankyrin repeats, Sterile alpha motif, and a putative
basic leucine Zipper domain) (Yan et al.,, 2004; Yan et al., 2002). Drosophila
GASZ shares the ankyrin repeats and a predicted sterile alpha motif of vertebrate
GASZ (Figure S3). Using our stringency (E-value threshold = 0.1) and domain
prediction algorithm (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), we
did not detect the basic leucine zipper motif in Drosophila or mouse GASZ.
Murine GASZ is a nuage component, with its loss resulting in transposon de-
repression, sterility and reduced piRNA levels (Ma et al.,, 2009). Another
candidate, Ars2, was previously shown to impact the biogenesis of miRNAs and
siRNAs (Gruber et al., 2009; Sabin et al., 2009), but no function in the piRNA
pathway is yet reported. In all, we identified a total of 74 factors with pronounced
effects on all transposons tested.

Placement of candidate hits within the piRNA pathway

To characterize GASZ and Del at the molecular level, we first studied the
subcellular localization pattern of selected piRNA pathway components upon
germline-specific knockdown (Figure 4). Depletion of white resulted in expected
localization of all investigated proteins: Piwi was strongly distributed within the
nurse cell nuclei, whereas Aub and AGO3 were both enriched in nuage granules,
and Armi was detected in diffuse perinuclear structures reminiscent of nuage
(Brennecke et al., 2007; Cox et al., 1998; Cox et al., 2000; Gunawardane et al.,
2007; Lim and Kai, 2007; Nishida et al., 2007; Saito et al., 2010; Saito et al.,
2006). A dsRNA specific to armi resulted in loss of protein below detectable
levels in germline cells, while Armi staining in the Yb-bodies of adjacent follicle
cells remained intact. Consistent with its function in primary piRNA biogenesis,
depletion of Armi caused the redistribution of Piwi from nurse cell nuclei, but had
no effect on the localization of Aub and AGO3. Upon knockdown of gasz, nuclear
localization of Piwi was severely compromised, whereas Aub and AGO3
appeared normal. Interestingly, we also observed a redistribution of Armi from
nuage granules into cytoplasmic speckles, suggesting that GASZ might act in
primary piRNA biogenesis. Depletion of del, in contrast, did not affect Piwi or
Armi localization. Instead, we detected a pronounced re-distribution of Aub from
nuage, while AGO3 remained normal. Thus, del could play specific roles in the

ping-pong cycle.

GASZ and Del affect different steps of piRNA biogenesis



Transposon de-repression, reduced fertility, and disturbed protein
localization of PIWI-clade members are hallmarks of piRNA pathway mutants. To
directly probe possible effects on piRNA levels, we cloned and sequenced small
RNA libraries from ovaries with germline-specific depletion of GASZ or Del. For
comparison, we also prepared small RNA libraries from germline knockdowns of
several known piRNA pathway factors. We normalized small RNA libraries to the
number of unique piRNA reads derived from the flam cluster, which were not
affected by germline knockdowns. Germline-specific depletion of Yb behaved
highly similar to white knockdowns and caused no alterations in piRNA
populations, whereas all other dsRNAs resulted in significantly reduced piRNA
levels (Figure 5A). Consequently, while the fraction of reads corresponding to
miRNAs was indistinguishable between white and yb knockdowns, slightly
increased miRNA fractions coincided with reduced piRNA levels in all other
knockdowns (Figure 5A).

The piRNA levels (23- to 29-nt) of unique reads derived from the 42AB
locus, in contrast, were dramatically reduced upon knockdown of armi (35.3x),
gasz (57.4x), spn-E (26.9x), aub (6.0x), or del (13.3x), as shown by length
profiles. The abundance of endo-siRNAs, which are produced and loaded by
independent machineries, was similar for all knockdowns, with a marginal
increase observed in cases where piRNAs were depleted from the small RNA
cloning pool. Notably, knockdown of del resulted in a near-complete loss of endo-
SsiRNAs.

Next, we analyzed the effect of depleting either of these factors on the
ping-pong signature, which is defined as the frequency of reads from opposite
strands overlapping by 10-nt, of 42AB-derived piRNAs (Figure 5B). Knockdown
of armi and gasz resulted in increased ping-pong signatures, compared to white
or yb knockdown, whereas depletion of Spn-E and Aub, known components of
the ping-ping amplification loop, as well as Del resulted in significantly reduced
frequency of ping-pong pairs (Figure 5B). The reciprocal effects on ping-pong
signatures observed in gasz and del knockdowns further support the conjecture
that these genes play roles specific to primary and secondary (ping-pong) piRNA
biogenesis pathways, respectively.

We also analyzed effects on piRNAs corresponding to a set of 80
established transposons (Figure 5C). Based on previous data, we separated
these elements into those that dominate in somatic cells, intermediate
transposons and mobile elements predominantly active in germline cells (Malone
et al.,, 2009). In comparison to white knockdown, depletion of Yb caused only
minimal changes in piRNAs derived from any transposon (Figure 5D, top). All
other knockdowns showed varying reduction of piRNA levels from germline
dominant elements. Intermediate transposons showed mildly reduced piRNA
levels, and soma-enriched mobile elements were not changed significantly (less
than 2-fold). Levels of germline dominant piRNAs were affected to similar extent



upon knockdown of armi and gasz, suggesting related functions in primary
biogenesis (Figure 5D, middle). Knockdown of armi and aub resulted in highly
correlating piRNA levels (Figure 5D, bottom), in agreement with Aub receiving
inputs from primary biogenesis, but despite unaltered Aub localization upon armi
knockdown (Figure 4).

These similar relations were confirmed by mapping piRNAs over the LTR
transposon batumi, which is predominantly active in the germline lineage (Figure
5E). While knockdown of yb showed similar piRNA levels to white controls,
depletion of Armi and GASZ resulted in severe reduction of piRNAs, with some
ping-pong-derived pairs persisting. Knockdown of spn-E, in contrast, caused a
dramatic loss of piRNA populations. Depletion of Aub resulted in significantly
reduced piRNA levels, with the remaining sequences probably associated with
the other PIWI-clade proteins Piwi and AGO3. Knockdown of del also showed
severely reduced levels of piRNAs matching the batumi transposon, but had
distinct patterns compared to all other knockdowns.

Differential silencing requirements for distinct transposon types

Transposons are cataloged based on their sequence, transposition
strategy, and replication intermediates and can be separated coarsely into DNA
elements and retrotransposons (Slotkin and Martienssen, 2007). The latter are
further subdivided into LTR transposons (including blood and burdock), and non-
LTR elements to which the LINE-like HeTA and TAHRE transposons belong.
Each element class displays its own unique genome and life cycle within the fly,
thus it is likely that transposon-specific adaptions evolved for efficient silencing of
each type. To analyze whether specific genes are only required for repression of
certain transposons, we compared de-silencing phenotypes between elements.
For this analysis, we relied on the z-scores obtained from the primary,
transcriptome-wide screen, as they provide a more robust measure of the de-
silencing phenotype due to intrinsic variable in the fold induction seen from line to
line. As expected by their similar replication cycle, z-scores for HeTA and TAHRE
highly correlated amongst the top 500 genes scored as hits (R? = 0.62) (Figure
6A). In contrast, correlations between HeTA and the LTR elements burdock
(Figure 6B) or blood (Figure 6C) are much weaker (R* = 0.01 and 0.08,
respectively), probably reflecting important differences in the silencing
determinants for these elements. Importantly, all factors known to affect piRNA
biogenesis showed strong transposon de-repression for all four elements, with an
ensemble average z-score of -3.66 (£0.57). Thus, knockdowns that robustly de-
silence all four elements are highly enriched for core piRNA pathway
components. After inspecting our secondary screen (Figure 3) as a filter for false
positives, we can classify 17 new genes with an average transposon z-score in
this range, including both gasz and del.
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One of the strengths of our screen setup is that it also reveals an array of
new factors that participate in silencing individual mobile elements or transposon
families, but lay outside the core piRNA pathway. For example, CG5694 and
Isd1, also known as Su(var)3-3, are critical for silencing both HeTA and TAHRE,
but have no effect on burdock or blood (compare Figure 6A with panels B and C).
Interestingly, /sd7 codes for a histone demethylase, suggesting a specific
requirement for certain chromatin modifiers for the suppression of LINE-like
elements. Notably, Actr13E was specifically required for the suppression of
blood, with little to no effect on the other tested transposons. A comparison of
blood and burdock only found few factors that compromised silencing of one
mobile element, without affecting the other (R? = 0.07) (Figure 6D).

Discussion

With very few exceptions, piRNA pathway components were originally
identified by classic reverse genetic screens and only linked to piRNA biogenesis
or effector mechanisms through later experiments (Schupbach and Wieschaus,
1989, 1991). Forward genetic approaches have been powerful in identifying new
pathway components in somatic tissues of Drosophila, and were recently
engaged in mini-screens to probe the requirement of known factors for somatic
piRNA silencing or to analyze Tudor and FKBP protein biology in somatic and
germline cells (Handler et al., 2011; Olivieri et al., 2010; Preall et al., 2012).
However, until today, no systematic screen has been published that aimed to find
novel components of the much more complex germline piRNA pathway. Here,
we report an in vivo screen carried out in germ cells of the Drosophila ovary
designed to uncover new core piRNA machinery as well as factors involved in
general mechanisms of transposon silencing. Overall, we identified 74 genes that
severely affect silencing of a set of four transposons. Importantly, of 17 known
piRNA pathway components included in the screen, all but Egg were present in
this enriched set, providing a powerful validation of the screen approach (false-
negative rate at ~5.9% or one in 17).

By measuring de-silencing of an array of transposon types, we were able
to further narrow down our candidate list to factors that are very likely to be core
components of the piRNA response. Knockdowns of known piRNA related genes
also share the properties of inducing sterility while grossly maintaining the
integrity of the germline, as measured by specific marker mRNAs nos and
yTub37c. Our screen identifies ~15 genes that show properties exactly like
established piRNA genes. Among these, we confirmed CG2783, now named
GASZ, which shows a similar domain structure to the murine piRNA pathway
component GASZ (Ma et al.,, 2009), as putative primary biogenesis factor.
Germline-specific depletion of GASZ displays molecular phenotype highly
reminiscent of Armi, with piRNA populations dramatically reduced, while ping-
pong signatures remain intact reflecting a disruption of primary, but not
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secondary, piRNA biogenesis. Moreover, loss of GASZ perturbs localization of
Armi to nuage-like granules, suggesting that GASZ may act upstream of Armi.

In addition, we provide evidence that Del, which was previously found to
be essential for female fertility, oogenesis, and germline maintenance
(Schupbach and Wieschaus, 1991; Wehr et al.,, 2006), is a novel piRNA
component that participates in secondary biogenesis. In addition to a robust
activation of transposable elements, del knockdown results in a severe reduction
of piRNA populations and reduced ping-pong amplification. Consistent with this
observation, depletion of Del displaces Aub, but not AGO3, from nuage while
retaining nuclear localization of Piwi. The protein product of del is not conserved
outside of drosophilids and contains no predicted domains or motifs. Pending
further investigation, we speculate that Del may be required for the expression or
stabilization of Aub. While we have confidently added two new factors to the
milieu of the piRNA biogenesis machinery, further experiments will be necessary
to discriminate piRNA producers from effectors amongst the remainder of our
candidate core components.

Simultaneously with this effort, our lab also conducted an independent,
genome-wide RNAI screen for primary piRNA components in Drosophila OSS
cells (Muerdter, Guzzardo et al., submitted). This complementary screen reports
several of the same components identified here, namely CG2183 (now named
GASZ), CG3893, and windei (wde). Somatic and germline piRNA pathways face
distinct threats with regards to transposon activation, and thus it is to be
expected that many factors will be unique to each lineage. Among the overlap,
we expect to find primarily genes involved in the biogenesis of cluster-derived
primary piRNAs (transcription, precursor export, import of Piwi, or transcriptional
activation of clusters by Piwi), though the clusters in question differ significantly.
Additionally, each tissue may utilize similar general effector mechanisms coupled
to Piwi-bound piRNAs.

Clues to silencing effector mechanisms

Small RNA-based gene silencing pathways have been suggested to
regulate targets at the transcriptional level in a variety of organisms, including
Drosophila. In particular, piRNA-mediated silencing has been shown to promote
the deposition of repressive chromatin marks, in particular H3K9me3, at certain
transposon loci (Klenov et al., 2007). Curiously, the same mark has also been
shown to be essential for the robust transcription of piRNA clusters (Rangan et
al., 2011). As a nuclear protein, Piwi is the likely candidate for the principal
orchestrator of such chromatin modifications, but its cohort of co-repressor
proteins remain largely mysterious. While the mechanism of transcriptional-level
silencing by small RNAs has been extensively characterized in fission yeast,
most of the key players are not conserved in Drosophila. This screen classifies
several known regulators of transcriptional output as “strong” transposon
silencers, including the H3K9 methyltransferase Su(var)3-9, HP1/Su(var)205,
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His2Av, mof, and TflIA-S. A significant number of further chromatin-related genes
seem to exert an effect on individual elements, most notably the putative H3K4-
specific demethylase Lsd1.

Transposable elements that threaten the germline genome can found
within all classes of chromatin, and are thus embedded within a variety of
molecular contexts. It seems plausible that the specific effectors modulating a
given element insertion are a function of chromatin context, with Piwi acting as a
general purpose local silencing trigger by targeting a nascent transcript and
providing a cooperative binding surface for a limited set of nearby co-repressors.
Another factor that may contribute to the variability we observe across
candidates and element classes are the idiosyncrasies of a given element’s life
cycle and transposition strategy. The telomeric transposons HeTA and TAHRE,
for example, play an important cellular role that is presumably maintained in a
delicate balance: too little activity could lead to telomere shortening and
chromosomal aberrations, while too much could lead to mutagenic levels of
transposition. These elements are very likely regulated by a number of cellular
processes independent of the piRNA pathway. Similarly, many LTR elements
exploit host machinery to assemble into virus-like particles. Recognition of
structures harboring transposon RNAs may be a key strategy employed by the
piRNA machinery for finding its targets.

In summary, our transcriptome-wide RNAI screen has provided a rich new
set of genes involved in transposable element suppression in the Drosophila
female germline. Our aim was to produce a comprehensive list of core
components of the primary and secondary piRNA pathways, and indeed we have
confirmed two hits as such with many more yet to pursue in more detail. A
second benefit of this dataset is to provide insights into the cellular niche
occupied by a subset of highly abundant transposable elements in Drosophila.
Understanding how an individual transposable element exploits its host
machinery is likely to lead to important discoveries regarding general
mechanisms of gene silencing and RNA trafficking. Most importantly, this study
in combination with the accompanying somatic screen advances our knowledge
of the key players in the piRNA pathway, with the ultimate goal of having the
blueprints for building a fully operationally piRNA silencing machine nearly in
hand.
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Experimental Procedures
Fly stocks and husbandry

All fly strains for the primary screen were purchased from the VDRC. RNAI
lines for re-screening were obtained from the VDRC or TRIiP (Harvard). Strains
carrying the X-chromosome linked UAS-Dcr2 (P{UAS-Dcr-2.D}1) transgene and
female germline driver nos-GAL4 (P{GAL4-nos.NGT}40) (# 25751), as well as
the stock containing a hs-hid transgene on the Y-chromosome (P{w[+mC]=hs-
hid}Y) (# 8846) were obtained from Bloomington. For facilitated virgin collection,
we generated a conditional virginator stock that contains the Dcr2 transgene and
nos-GAL4 driver, as well as the hs-hid transgene (males: Dcr2/hs-hid(Y); nos-
GAL4 and females: Dcr2; nos-GAL4).

Flies were kept on standard media at 25°C. Virgin females were obtained
by two consecutive 2 hr heat shocks at 37°C (spaced by 24 hrs) of bottles
containing 0-24 hr old embryos. For germline-knockdown experiments, five
males expressing RNAIi constructs were crossed to five virgin females (3-5 day
old) expressing nos-GAL4 and UAS-Dcr2. After 7 days of mating, parental flies
were discarded. F1 offspring flies were transferred to fresh food media for 2.5
days before collection of six females into 96-well collection tubes (seeded with
one 5 mm stainless steel bead per well, Qiagen) and stored at -80°C until further
processing. For immunofluorescence experiments and small RNA libraries, F1
offspring flies were additionally supplemented with yeast paste and ovaries were
dissected in cold 1x PBS.

RNA isolation, reverse transcription, gPCR

For screening experiments, total RNAs were isolated using the RNeasy 96
Universal Tissue kit (Qiagen) according to the manufacturer’'s instructions. In
brief, 750 ul QlAzol Lysis Reagent were added to each collection tube and tissue
was ground using a Mixer Mill MM400 (Retsch) twice for 5 min at 25 Hz. 150 ul
chloroform were added to each sample, mixed and centrifuged. The aqueous
phase containing the RNA was transferred to square blocks and mixed with 400
ul of 70% EtOH. The mixture was transferred to RNeasy 96-well plates placed on
a vacuum manifold (Qiagen). DNase treatment was performed on column
following the manufacturer’s instructions. Following DNase digest, RNAs were
washed once with 800 ul Buffer RW1, and twice with 800 ul Buffer RPE. RNAs
were eluted in 100 ul RNase-free water by centrifugation.

Complementary DNA was obtained by reverse transcription using 2.5 ul
RNA as input, oligo(dT)2o primers, and the SuperScript 1ll Reverse Transcriptase
system (Invitrogen). Multiplexed qPCRs were carried out using TagMan
Universal Master Mix Il, no UNG (Applied Biosystems) and primers listed in
Table S1. Experiments were performed on a Chromo4 Real-Time PCR Detector
(BioRad), and data was quantified using the Opticon Monitor software. Z-scores
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for transposon expression were calculated on ACt values (Cql@nsposen _ ¢ P49

control])

For dissected ovaries, TRIzol reagent (Invitrogen) was used to extract
total RNAs. 1 ug RNA was treated with DNase | Amplification Grade (Invitrogen)
according to the manufacturer’s instructions. Reverse transcription was carried
out with oligo(dT)20 primers using the SuperScript Ill Reverse Transcriptase
system (Invitrogen). QPCRs were either carried out using SYBR Green PCR
Master Mix or TagMan Universal Master Mix I, no UNG (Applied Biosystems)
with primers listed in Table S1. Transposon levels were quantified using the
AACt method (Livak and Schmittgen, 2001), normalized to rp49 and fold changes
were calculated relative to knockdown of white. All experiments were carried out
in triplicates, with the average and standard deviation shown.

Immunofluorescence

The immunofluorescence experiments were carried out as described
(Preall et al., 2012). In brief, ovaries were fixed in freshly prepared 4%
paraformaldehyde for 20 min at room temperature. Blocking and permeabilization
were carried out simultaneously in wash buffer (50 mM Tris pH6.8, 150 mM
NaCl, 0.5% NP-40) supplemented with bovine serum albumin (BSA) (5 mg/mL).
Primary antibodies were diluted 1:1000 and incubated overnight at 4°C in wash
buffer supplemented with 1 mg/mL BSA. Anti-Piwi and anti-AGO3 were
generated in the Hannon laboratory (Brennecke et al., 2007). Anti-Aub and anti-
Armi were gifts from Mikiko Siomi (Nishida et al., 2007; Saito et al., 2010).
Secondary antibodies (AlexaFluor-488 and -568) were purchased from Invitrogen
and used at 1:1000 dilutions. Images were acquired on a Perkin Elmer
UltraVIEW spinning disk confocal microscope.

Small RNA libraries

Small RNA libraries were constructed similar as described (Brennecke et
al., 2007), with slightly modified adapters that enabled multiplexed sequencing.
The below small RNA libraries were prepared for this study:

19- to 28-nt from nos-GAL4-expressed dsRNA-white
19- to 28-nt from nos-GAL4-expressed dsRNA-yb
19- to 28-nt from nos-GAL4-expressed dsRNA-armi
19- to 28-nt from nos-GAL4-expressed dsRNA-gasz
19- to 28-nt from nos-GAL4-expressed dsRNA-spn-E
19- to 28-nt from nos-GAL4-expressed dsRNA-aub
19- to 28-nt from nos-GAL4-expressed dsRNA-de/

Libraries were sequenced in-house using the lllumina HiSeq platform.

Bioinformatic analysis of small RNA libraries
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The analysis of small RNA libraries was performed similar as described
(Czech et al., 2008; Preall et al., 2012). Briefly, lllumina reads were stripped of
the 3’ linker and collapsed. The resulting small RNA sequences were matched to
release 5 of the Drosophila genome (version dm3). Only reads that met these
conditions were used for further analyses. Sequences were annotated using a
combination of miRBase (microRNAs), Flybase (protein coding genes; non-
coding RNAs), and UCSC (transposons; non-coding RNAs) tracks, as well as
custom annotations for synthetic cloning markers, endo-siRNAs from structured
loci and individual miR and miR* strands. Following removal of reads
corresponding to structural RNAs and synthetic markers, total small RNA counts
(18- to 29-nt) were set to one million reads in the dsRNA-white library. For
comparison between samples, all libraries were normalized based on unique
piRNA-sized (23- to 29-nt) mappers to the flam cluster. Size profiles for flam and
42AB piRNA clusters were obtained by extracting the abundance and read length
of sequences uniquely matching to these loci. For ping-pong analysis of 42AB-
derived piRNAs, we extracted uniquely mapping reads. For each piRNA, we
recorded the abundance of all neighboring piRNAs on the opposite genomic
strand within a certain window (20-nt upstream and 10-nt downstream) as well as
their relative 5° end distance, with each sequence only counted once per offset
even if multiple ping-pong pairs were detected. We calculated z-scores to display
ping-pong signatures within the probed window. A peak at position 9 is indicative
of more piRNA partners at the opposite strand that overlap by precisely 10-nt and
serves as signature for ping-pong amplified piRNAs. To compare piRNA levels
matching to individual transposons across libraries, we extracted all mapping
reads based on annotations and calculated the ratio relative to white control
knockdowns (log, transformation was used for improved display). Density plots
were generated by matching all piRNA reads against the batumi consensus
sequence allowing zero mismatches.

RNAseq experiments and transcriptome analysis

For transcriptome libraries, 6 ug of total RNA were extracted from ovaries
of 2-3 day old females, carcasses of the same ovariectomized females, 0-1 hr
dechoronized embryos, or OSS cells using TRIzol (Invitrogen). All flies were of
the genotype (UAS-Dcr2; nos-GAL4) used as the driver line for our screen. Two
independent biological replicates were analyzed for each tissue type. The
samples were depleted of rRNA using Ribo-Zero Gold (Epicentre) and used as
input for the ScriptSeq v2 kit (Epicentre). Libraries were multiplexed using
TruSeq barcoding PCR primers and sequenced in-house using the lllumina
HiSeq platform.

Raw sequencing reads were mapped iteratively to release 5 of the
Drosophila genome (version dm3, refseq release 4.48 from 9/13/2011) using
Bowtie (Langmead et al., 2009) tolerating up to two mismatches. The remaining
reads were mapped to the RefGene-annotated exon junctions using TopHat
(Trapnell et al., 2009). Transcripts were quantified using Cufflinks (Trapnell et al.,
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2010) and converted in fragments per kilobase of exon per million reads (FPKM),
which was used to select candidates for initial screening. For differential
expression analysis, Bowtie-mapped reads aligning to Drosophila RefSeq genes
were counted using HTSeq and processed using the DESeq R package (Anders
and Huber, 2010). For the estimation of ovary-expressed genes, we only
considered protein-coding mRNAs, and removed all non-coding transcripts (i.e.,
snoRNAs, snRNAs, tRNAs).
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Figure Legends

Figure 1. Screen workflow and summary of preliminary experiments. (a)
Relative expression levels of protein-coding genes in Drosophila melanogaster
are shown for ovarian RNAseq data as histogram. Green bars highlight ovary-
expressed genes with FPKM > 1 (top). Doughnut diagram showing screened
genes where dsRNA line was available from the VDRC (bottom). (b) Histograms
show the relative expression levels of indicated transposons detected in ovaries
from Drosophila that express dsRNA against piwi or armi in germline cells. Fold
changes are relative to knockdown of white. Measurements were carried out on
ovary-dissected total RNA. Error bars indicate standard deviation (n = 3). (c)
Relative expression levels of the indicated mobile elements upon germline-
specific knockdown of piwi and armi are shown. Depletion of Yb served as
control. Fold changes relative to dsRNA against white (indicated by red line)
were calculated. Measurements were carried out on RNA extracted from whole
female flies. Error bars indicate standard deviation (n = 3). (d) Scheme of the
screen setup. A germline-specific driver, nos-GAL4, was used to express UAS-
dsRNA constructs in germ cells of the developing oocyte. UAS-Dcr2 was co-
expressed specifically in germ cells to enhance the RNAI response. Two and a
half day old female offspring flies were collected and following RNA isolation and
reverse transcription probed for de-repression of four transposons by multiplexed
gPCR. Crosses were carried out in trays of 96 that contained a positive (armi)
and negative (white) control knockdown.

Figure 2. Summary of primary screen and determination of candidate hits.
(a) Heat map displaying transposon de-repression (as z-scores) for all 8,171
investigated ovary-expressed genes in red-blue scale. The average of the four
tested transposons is shown along the separate z-scores of HeTA, TAHRE,
blood, and burdock. Negative z-scores indicate transposon de-repression (shown
in red). (b) Close-up of the heat map for 216 candidate hits with z-scores < -1.5.
(c) Box plots summarizing z-scores of all screened genes, positive armi controls,
and negative white controls. Average data from four transposons was used for
the analysis.

Figure 3. Identification and validation of strong candidate genes. Heat maps
summarizing transposon de-repression, germline marker gene expression, and
sterility phenotypes upon germline-specific knockdown of indicated genes. Data
is presented relative to depletion of Armi. Yellow boxes highlight known piRNA
pathway components.

Figure 4. Subcellular localization phenotypes upon depletion of the piRNA
pathway candidate factors GASZ and Del. Knockdown of armi and gasz in the
germline using nos-GAL4 causes Piwi delocalization from nuclei and
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redistribution of Armi from nuage-like sites. The localization of Aub and AGO3 is
not changed. Nos-GAL4-driven dsRNA against del results in redistribution of
Aub, whereas the localization of Piwi, AGO3 and Armi is not affected.
Knockdown of white is shown as control.

Figure 5. Knockdown of gasz and del affects different steps of piRNA
biogenesis. (a) Size distribution of 18- to 29-nt small RNAs derived from each
strand of the flam and 42AB clusters are shown as histogram (red sense; blue
antisense). The fraction of miRNAs (green) for the indicated libraries is
highlighted in the cake diagrams. (b) Histograms showing the relative enrichment
of piRNAs overlapping by the indicated number of nucleotides are plotted for
42AB-derived sequences in the indicated knockdowns (using nos-GAL4). The
peak at position 9 (arrow, the number corresponds to the z-score) is suggestive
of a ping-pong signature. (c) Histograms showing the abundance of piRNAs
mapping to soma dominant (green), intermediate (grey), or germline dominant
(orange) transposons in white knockdowns compared to depletion of the
indicated genes (log, scale). (d) Scatter plots (logio scale) comparing the levels
of piRNAs mapping to germline dominant (orange), intermediate (grey), or soma
dominant (green) transposons in the indicated knockdown libraries. (e)
Histograms of piRNAs mapping to the consensus sequence of the germline
dominant batumi LTR transposon, are shown for the indicated knockdowns.

Figure 6. Specific requirements for silencing of different transposon types.
(a) Scatter plot comparing de-repression (as z-scores) for HeTA and TAHRE
transposons (top 500 candidates from the primary screen are shown in red,
median 500 candidates are indicated in blue). Known piRNA pathway
components are highlighted in green. (b) Similar as in (a), but HeTA de-
repression is compared to the LTR element burdock. (¢) Similar as in (a), but
comparing HeTA to blood. (d) Similar as in (a) except levels of blood are
compared to levels of burdock.
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Supplemental Information

Supplemental Figure Legends

Figure S1. Enrichment analysis of RNAseq from ovaries and other tissues.
(a) Scatter plots comparing the relative expression levels of protein-coding genes
in Drosophila ovaries to carcasses, embryos or OSS cells (logio FPKM). (b)
VENN diagram showing genes with shared and specific expression. Only genes
with FPKM > 1 in either tissue were included to the analysis. (c¢) Scatter plot
displaying relative expression ratio of all genes in ovary versus carcass RNAseq
data as a function absolute expression level in ovary (logio FPKM). Statistically
significant (P < 0.01) or sub-significant (P > 0.01) levels of differential expression
are denoted with black dots and grey dots, respectively. Genes with ovary FPKM
> 1, which is the range screened in our study, are highlighted by vyellow
background.

Figure S2. Candidate hit calling. Box plots summarizing z-scores of all
screened genes, positive armi controls, and negative white controls, respectively.
Data for each of the tested transposons (HeTA, TAHRE, blood, burdock) is
shown separately.

Figure S3. Schematic domain structure of murine and Drosophila GASZ.
The ankyrin repeat domain (green), sterile alpha motif (SAM) (red), and putative
basic leucine zipper domain (yellow) are indicated. E-values represent homology
with consensus sequence for the indicated domains. Dm = Drosophila
melanogaster ; Mm = Mus musculus.
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Czech, Preall et al., Fig.3
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Czech, Preall et al., Fig. 6
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R2 = 0.151

Czech, Preall et al., Fig.S1
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E-value: 85x10"7 19x10% 33x10"

Czech, Preall et al., Fig.S3
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Name

rp49_probe

rp49 forward
rp49 reverse
nos_probe
nos_forward
nos_reverse
yTub37c_probe
yTub37c_forward
yTub37c_reverse
HeTA probe
HeTA forward
HeTA reverse
TAHRE_probe
TAHRE_forward
TAHRE_reverse
blood_probe
blood_forward
blood_reverse
burdock probe
burdock_forward
burdock reverse

Primers for SYBR qPCRs

rp49_forward ATCTCGCCGCAGTAAACGC
rp49 reverse CCGCTTCAAGGGACAGTATCTG
TART _forward ACCAGGGAAAAGTGTGAACG
TART reverse GGTGCAGTGGTATGGCTTTT
TAHRE_forward CTGTTGCACAAAGCCAAGAA
TAHRE reverse GTTGGTAATGTTCGCGTCCT
HeTA forward CGCGCGGAACCCATCTTCAGA
HeTA reverse CGCCGCAGTCGTTTGGTGAGT
burdock forward AGGGAAATATTTGGCCATCC
burdock reverse TTTTGGCCCTGTAAACCTTG
micropia_forward CGAATGTTACGCGGTGTATG
micropia_reverse CTGGTCAGGTCCAAGGTTGT
Max_forward ATCTAGCCAGTCGAGGCGTA
Max_reverse TGGAAGAGTGTCGCTTTGTG
Copia_forward AGCAAACAACCCCTCATGTC
Copia_reverse GCAAACCCAATTTGTCTCGT

Zam_forward
ZAM reverse

Tagman probes and primers for qPCRs

Sequence

TTGTCGATACCCTTGGGCTTGCG
GTCGGATCGATATGCTAAGCTG
CAGATACTGTCCCTTGAAGCG
CGACGGGCGCAGCAGAAAATG
AACTCCTGCATCACATCCTG
CGCGATCCTTGAAAATCTTTGC
CTGCACCTTCTCACCCTGGCTAAA
GTCCAGAATGTCGAACACCTC
ATGACCTCTCCGTACTCCAA
CCGCTCATCACTCCCGTTTTCAAGA
TCCAACTTTGTAACTCCCAGC
TTCTGGCTTTGGATTCCTCG
TCACCAGAGCAGTTGACGCAGG
GCACAAAGCCAAGAACCAC
GCATCCCTTGTACGCACTAA
TGCCTCACGGTCGCCATGTAAT
GTTGTCGCTGTTTAGAATTCCC
CCAACTGCAAGGAAAACACG
CGCATCGCAACCCCAACAGC
GCCATCCCAACAGCAAAATTC
CTGAGCCTGACTTGTGTTTTG

ACTTGACCTGGATACACTCACAAC
GAGTATTACGGCGACTAGGGATAC

33

ratio
(probe:primer)
1:3
1:3
1:3
1:2
1:2
1:2
1:2
1:2
1:2
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dye/quencher

CY5/IBRQ
CY5/IBRQ
CY5/IBRQ
HEX/ZEN/IBFQ
HEX/ZEN/IBFQ
HEX/ZEN/IBFQ
HEX/ZEN/IBFQ
HEX/ZEN/IBFQ
HEX/ZEN/IBFQ
6-FAM/ZEN/IBFQ
6-FAM/ZEN/IBFQ
6-FAM/ZEN/IBFQ
HEX/ZEN/IBFQ
HEX/ZEN/IBFQ
HEX/ZEN/IBFQ
6-FAM/ZEN/IBFQ
6-FAM/ZEN/IBFQ
6-FAM/ZEN/IBFQ
6-FAM/ZEN/IBFQ
6-FAM/ZEN/IBFQ
6-FAM/ZEN/IBFQ



	Thesis__without_APPENDIX
	Titelblatt_CORRECTED
	Profs__CORRECTED
	white_pages__CORRECTED
	ALL_BUT_TITLE&PROFs&APPENDIX
	ToC_abbreviations_CORRECTED
	publications&contributions_CORRECTED
	abstract__CORRECTED
	intro__CORRECTED
	Results_CORRECTED
	Discussion__CORRECTED
	References__CORRECTED
	FigIndex_CORRECTED
	acknowledgements__CORRECTED
	CV__FINAL__CORRECTED
	AppendixSummary_CORRECTED


	full_APPENDIX
	APPENDIX_no_header
	Title_Loqs_A4
	1_A4
	loqs_supplement_A4
	Title_Sorting_A4
	sorting_A4
	MolCell_Supplement__A4
	Title_Review_A4
	review_A4
	Title_shRNAs_A4
	shRNAs_A4
	shRNAs_supplement_A4
	Title_Shu_A4
	5_A4
	shu_supplement_A4
	Title_Screen_A4

	SCREEN
	screen_draft_semi_BC__endnote_A4
	Figures_A4
	Supplement_A4





