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1 Abstract

The piRNA pathway is a small RNA based defense mechanism that acts in animal gonads. Its
main function is the protection of the genome against the detrimental effects of transposable
element (TE) activity. Argonaute proteins of the PIWI clade (in Drosophila: Aubergine
(Aub), Argonaute-3 (AGO3) and Piwi) in conjunction with their bound small RNAs
(piRNAs) form the core of the piRNA pathway..Active transposons are sensed by sequence
complementarity between transposon transcripts and piRNAs. Depending on the Argonaute
protein, active TEs are silenced at the transcriptional level (TGS mediated by Piwi) or at the
post-transcriptional level (PTGS) by slicer mediated cleavage of the transposon RNA (Aub
and Ago3).

In flies the piRNA pathway is active in the germline and the somatic follicle cell of the ovary.
In the somatic cells a linear pathway is active where single-stranded piRNA precursor
transcripts are processed into primary piRNAs. These are loaded into Piwi, which mediates
TGS of TEs in the nucleus. In the germline, besides this linear pathway a secondary piRNA
pathway is active in which Aub and AGO3 reciprocally cleave sense and antisense TE
transcripts, leading to the amplification of silencing competent piRNAs.

The mechanisms behind the processes required for a functional piRNA pathway are largely
unknown. Therefore, I performed an RNAi screen to identify novel factors involved in the
Drosophila somatic piRNA pathway. Besides the 9 known factors this led to the
identification of nearly ~30 high confidence candidates with a putative role in the piRNA
pathway. Many of the identified factors can be grouped into functional categories that suggest
important functions for transcription elongation, the exon junction complex, RNA export, the
nuclear pore complex and chromatin regulation in the pathway.

From the set of novel piRNA pathway factors I selected two for further follow up studies. The
first study focused on CG2183/Gasz, a factor that is anchored into the outer mitochondrial
membrane. My studies revealed an important function for Gasz in the recruitment of upstream
biogenesis factors to the mitochondrial membrane, presumably to present piRNA precursors
to the mitochondria-anchored Zucchini endo-nuclease. In the second follow-up study I could
show that the exon junction complex is not directly involved in piRNA biology but is
indispensable for the splicing of piwi mRNA.

Taken together, the insight obtained by studying Gasz and the exon junction complex indicate
that the genetic piRNA pathway screen uncovered a wealth of exciting entry points towards a
molecular understanding of the piRNA pathway as well as processes that are intricately

linked to it.



2 Zusammenfassung

Der sogenannte piRNA pathway ist ein Abwehrmechanismus, der das Erbgut in der tierischen
Keimbahn vor der Aktivitit mobiler genetischen Elemente (Transposons) schiitzt. Der piRNA
pathway basiert auf der Funktion kleiner RNA Molekiile, den sogenannten piRNAs, welche
von Argonaut Proteinen der PIWI Familie gebunden sind. Die drei PIWI Proteine in
Drosophila sind Aubergine (Aub), Argonaute-3 (AGO3) und Piwi. Aktive Tranpsosons
werden iiber Sequenzkomplementaritit zwischen piRNAs und Transposon mRNAs erkannt.
Dies fiihrt entweder dazu, dass die Transkription des Transposons unterbunden wird
(involviertes Protein hier ist Piwi) oder dass die Transposon RNA von Aub oder AGO3 durch
Schneiden unschédlich gemacht wird.

In Drosophila ist der piRNA pathway in der Keimbahn und in den umgebenden somatischen
Zellen aktiv. In den somatischen Zellen ist ein vereinfachter und linearer piRNA pathway
aktiv. In diesem werden einzelstringige piRNA Vorlaufertranskripte im Zytoplasma in
piRNAs prozessiert. Diese werden in Piwi geladen, welches das einzig vorhandene PIWI
Protein in diesen Zellen ist. Der finale Piwi-piRNA Komplex wird in den Zellkern
transportiert, wo er die Transkription von Transposons unterbindet. In der Keimbahn ist
zusétzlich zu diesem linearen Mechanismus noch ein sekundirer piRNA pathway aktiv. In
diesem haben Aub und AGO3 eine Schliisselrolle indem sie Transposontranskripte
gegensitzlicher Komplementaritit schneiden, was zur Amplifikation sogenannter sekundarer
piRNA fiihrt.

Wie die Prozesse des piRNA pathways im Detail funktionieren ist weitgehend unbekannt.
Deshalb habe ich alle in den somatischen Zellen expremierten Gene auf etwaige Funktionen
im piRNA pathway untersucht. Neben den schon bekannten Genen, habe ich ~50 zusétzliche
Gene entdeckt, welche potentielle Funktionen im piRNA pathway haben.

Anschlieend habe ich die genaue Funktion fiir einige dieser Gene im piRNA pathway
untersucht. Die erste Studie zeigte, dass das mitochondrial gebundene Protein CG2183/Gasz
eine essentielle Komponente in der Rekrutierung von Vorlaufer-RNA bindenden Proteinen zu
der mitochondrialen Nuklease Zucchini darstellt. Des weiteren, zeigte ich dass der Exon
Junction Komplex keine zentrale Rolle im piRNA pathway selber spielt, sondern vielmehr fiir
das korrekte Spleissen der piwi mRNA bendotigt wird.

Anhand der beiden detaillierten Studien wird deutlich dass der genetische Screen zahlreiche
vielversprechende Ansatzpunkte aufgedeckt hat, die fuer das molekulare Verstindnis des

piRNA pathway instrumental sein werden.



3 Prelude

The aim of my PhD studies was to systematically identify the set of proteins that act in the
Drosophila somatic piRNA pathway and to characterize several of the identified novel factors
in detail. Considering that the main function of the piRNA pathway is the selective silencing
of selfish genetic elements in order to maintain genome integrity, I will first give an
introduction into the diversity and biology of selfish genomic elements. I will then introduce
the animal piRNA pathway with a particular focus on the pathway that acts in the Drosophila
ovary. The scientific work that underlies this thesis has been published in two first author
publications, which constitute the central portion of the thesis. Selected aspects related to the
scientific findings but that are not covered within the publications are discussed in the last

part of the thesis.



4 Introduction

4.1 Types of selfish genetic elements

Selfish genetic elements are stretches of DNA in the genome that share the ability to increase
their own transmission rate over that of the remaining genome'. Such elements are found in
probably every prokaryotic and eukaryotic genome and can comprise a large fraction of it.
The impact that selfish elements have on the evolution of their host genomes is many-fold:
They can act as important drivers of gene or genome evolution, they can be largely neutral, or
they challenge genomic integrity due to their mobile character.

Selfish genetic elements can be classified into five groups (biased gene converters, meiotic

drivers, postsegregation drivers, cytoplasmatic drivers and transposable elements (TEs)).
4.1.1 Biased gene converters

Biased gene converters are elements that have the ability to insert themselves from one region
of the genome into another region sharing homologous sequence. The most prominent group
of biased gene converters are homing endonucleases (HEs), which exist in bacteria, archaea
and eukaryotes.

In bacteria HEs can be found very often as self-splicing group I introns, which encode for the
homing endonuclease. If expressed, the endonucleases can cleave DNA at a specific
recognition sequence. Once the endonuclease cleaves, the double strand break is repaired by
the cell’s internal DNA repair mechanisms. If the repair is done via homologous
recombination, the intron encoding for the endonuclease will serve as the template and this

way the HE will be inserted at a previously naive locus®*.

4.1.2 Meiotic drivers

Meiotic drivers are elements that have the ability to modify the segregation of chromosomes
during meiosis. Depending on the mechanism these events can be classified as chromosomal
or genic drive.

Chromosomal drive occurs mostly during female meiosis where only one out of the four
meiotic alleles will participate in the development of a functional oocyte. Usually this process
is random. Chromosomal driver elements have the ability to modify the transmission ratio to
favor the allele they are located on. This process has also been implicated in the evolution and

. 2,5
expansion of centromeres



Genic drive can also occur during spermatogenesis where each meiosis product will develop
into a mature sperm cell. Here, genic driver elements gain an advantage because sperm cells

with the element have an increased survival rate in comparison to those lacking the element™®.
4.1.3 Post segregation distorters

Post segregation distorters (PSDs) share the ability to harm or even kill the next generation of
an organism if the element was not transmitted.

PSDs are very common in bacteria and on bacterial plasmids. They often function via a toxin-
antidote mechanism. The “parental” cell produces a modifier protein (which is harmful for the
host) and the corresponding rescue protein in parallel. The rescue protein has a much lower
stability than the modifier protein. If the selfish element is not transmitted to the next

generation, the transmitted long-lived modifier protein will harm or kill the daughter cell.”®.
4.1.4 Cytoplasmic drivers

Cytoplasmic drivers are heritable organelles and intracellular microbes that have the ability to
change the ratio of sex determination.

Mostly, only females have the ability to transmit heritable organelles like mitochondria,
chloroplasts or cytoplasmic microbes to the next generation. Therefore it is in the interest of
the heritable organelle/microbe to skew the ratio of sex determination towards females’.

An example for a microbe changing the sex ratio is the proteobacterium Wolbachia that is
only transmitted by females and that can be found throughout arthropods. Dependent on the
host and the strain of Wolbachia the sex ratio is changed by causing sperm-egg
incompatibility (only if the same strain of Wolbachia is present in the sperm and in the egg
the progeny will survive), induction of male feminization (genomic males develop as

females), parthenogenesis (no males are needed for reproduction) or male killing'”.
4.2 Transposable elements

Transposable elements (TEs) were first discovered in maize in the mid 1940s by Barbara

McClintock''. Transposable elements are DNA sequences that have the ability to move or

multiply within the genome. TEs can make up large portions of eukaryotic genomes. Their

contribution ranges from ~5% in Tetraodon nigroviridis (green spotted puffer), ~15% in

Drosophila melanogaster, ~38% in mouse, ~45% in human and up to 85% in the maize
12-16

genome .

TEs can be classified into retrotransposons (class I) and DNA transposons (class II) based on

their mode of transposition. Whereas class I TEs transpose via an RNA intermediate (copy

and paste), class I TEs transpose via a cut and paste mechanism'’.



4.2.1 Class I transposable elements

The group of retrotransposons can be further subdivided based on mechanistic features,
organization of their sequence elements and reverse transcriptase phylogeny into LTR
retrotransposons, non-LTR retrotransposons, tyrosine-recombinase elements and Penelope-
like elements.

The general transposition process for these elements requires the following steps:
transcription of the element, translation of transposon proteins, reverse transcription of the

RNA, generation of double stranded cDNA and the integration into the genome.

4.2.1.1 LTR retrotransposons

The main feature of LTR retrotransposons is the presence of long terminal repeats (LTRs),
which are flanking the ORFs on both sides. Typically this class of TEs encodes genes for
structural and enzymatic proteins. The gag gene encodes for structural proteins, which are
necessary for the assembly of a virus like particle. Inside this particle reverse transcription of
the TE transcript into DNA takes place. Subsequently the cDNA copy will be integrated into
the host genome. The pol gene encodes multiple functional proteins. These are a protease (to
cleave the pol polyprotein), a reverse transcriptase (to convert the transposon transcript into
cDNA) and an integrase (to insert the cDNA into the genome)'”’.

The first step of transposition is the transcription of the transposon by the host cell RNA
polymerase II. The RNA is exported to the cytoplasm and the gag and pol genes are being
translated. The structural proteins encoded in the gag gene form a viral like particle that
contains the proteins translated from the pol gene and the transposon RNA. Within the
particle the RNA is reverse transcribed into double stranded cDNA, which will be integrated
into the host genome®**'.

Typical LTR retrotransposons are bound to replication within the host cell and can only get
transmitted from the mother to the child (vertical transfer). Although similar in structure,
retroviruses have the additional ability of cell-to-cell transmission that in addition allows
them the infection of other individuals (horizontal transfer). This ability relies on the
additional env gene that encodes for the structural proteins that build the envelope of the viral
particle. During evolution some LTR retrotransposons acquired an env gene by hijacking the
env gene of a retrovirus. A prominent example for this ability is the gypsy element. Gypsy
elements can be found in at least 19 species of Drosophila. Based on phylogenetic studies it
was shown that the phylogeny of gypsy does not follow the host phylogeny. This is seen as
evidence that the presence of the env gene in the gypsy element allowed for horizontal

transmission of gypsy within the group of Drosophilids™™>.



4.2.1.2 Non-LTR retrotransposons

The group of non-LTR retrotransposons is distinct from LTR retrotransposons by the lack of
inverted or tandem terminal repeats. These elements typically encode multiple open reading
frames, which are flanked by UTRs'’.

Non-LTR retrotransposons can be further subdivided into long interspersed elements (LINEs)
and short interspersed elements (SINEs).

LINEs contain one or two open reading frames encoding for a reverse transcriptase (RT) and
other proteins required for transposition'*?.

In contrast, SINEs do not encode for a reverse transcriptase (RT). As SINEs are still
dependent on a reverse transcription function, it is thought that they hijack a functional
reverse transcriptase encoded by LINEs. Therefore LINEs are also called autonomous and

27-29
SINEs are called non-autonomous retrotransposons” .

4.2.1.3 Tyrosine-Recombinase elements

Tyrosine-recombinase elements have been identified within the DNA and RNA classes of
transposable elements. These elements have in common, that integrase and reverse
transcriptase are replaced by a tyrosine-recombinase. Although the mode of transposition is
not well understood, it is known that these elements transpose via a circular extra-
chromosomal DNA intermediate, which is integrated into the genome by the tyrosine-

. 30-32
recombinase” °.

4.2.1.4 Penelope-like elements

Penelope-like elements are named after an element identified in Drosophila virilis. These
elements can exist with or without LTRs in the host genome. Penelope-like elements share
only minor sequence homology with other retro-elements. Nevertheless, a cryptic and distant
version of a reverse transcriptase enzyme has been identified. In addition many of these
elements encode for an endonuclease that is similar to endonucleases of self-splicing group I

. 19,33-35
introns. .

4.2.2 Class II transposable elements

DNA transposons use a cut-and-paste mechanism to transpose within the genome.

In many species DNA transposons have only a minor contribution to the total transposon
content and seem to be mostly inactive. In humans or mouse they comprise ~5%, in
Drosophila ~20 % of the total genomic transposon content. Some organisms like C. elegans
however, show a high content of class II transposons (~80%) °.

In most cases, terminal inverted repeats flanking the element can be identified. Cut-and-paste

transposons encode for a transposase, which is required for the transposition process.



Transposition can occur via a double stranded (classic cut-and-paste TEs) or a single stranded
(rolling-circle replication, Helitrons) DNA intermediate™.

Class II TEs are not able to directly increase their copy number in the genome and therefore
rely on the host machinery. On way to increase the copy number is the repair of double strand

breaks caused by a jumping transposon by the cellular homologous repair mechanisms.
4.2.3 The role of TEs in genome evolution

As mentioned before, TEs can comprise large portions of host genomes. Initially, they were
often considered as genomic junk without any function. Nowadays the transposition activity
of TEs is considered as an important driver of genome evolution. New insertions of TEs can
cause insertions or deletions in the host genome that can disrupt or change gene function. TEs
have also been implicated in shaping regulatory elements for the transcription of host genes .
Finally, there are examples where TEs or TE encoded genes got domesticated by the host and
are used for various functions™.

Beside these positive effects of transposon activity, TEs and their activity are often
considered to be negative for host fitness. Considering the mutagenic character of TEs, their
activity is especially dangerous in the germline. Uncontrolled activity in the germline has
immediate effects that will be transmitted to future generations. The fact that in many
organisms uncontrolled TE activity results in sterility emphasizes the need for an efficient
system to control transposons. To overcome this threat, organisms developed various defense
strategies against TEs. As introduced above, TEs are very heterogenic and fast-evolving.
Moreover, they are often transmitted horizontally, even between different species. Any
defense system against transposons must therefore be highly adaptable on the one side but
also highly specific on the other side in order to not target vital cellular processes.

It is interesting to note that in metazoans the most common defense strategy against TEs
relies on small RNA silencing pathways that utilize the general principles of RNA
interference (RNA1).

4.3 Reshaping gene expression by RNAi

At the center of every RNAIi pathway acts an RNA induced silencing complex (RISC). The
core of the RISC consists of a small RNA (21-30nt) bound to an Argonaute protein. Whereas
the small RNA provides target specificity for the RISC, the Argonaute protein exhibits the
functional component of the complex. Different Argonaute proteins complexed with different
functional small RNA populations exist in eukaryotic cells. Depending on their

characteristics, associated proteins and on their cellular concentration, the various RSCs can

10



cause nearly complete silencing of gene expression or only modulate gene expression patterns
39-41

Central to every small RNA pathway is the biogenesis of the small RNAs and their loading
into the correct Argonaute protein. After RISC assembly, the small RNA acts as a guide to
recruit RISC to target RNAs via sequence complementarity. Dependent on the involved

Argonaute protein, different complementarity requirements between small RNA and target

Type Length Argonaute protein Function
(nt)
Post-transcriptional regulation
Micro RNAs 21-23 Argonaute 1 (Agol) )
of endogenous gene expression
(miRNAs) . .
via target transcript
destabilization and translational
repression; ubiquitously
expressed
Post-transcriptional repression
Small interfering 21 Argonaute 2 (Ago2)
of endogenous and exogenous
RNAs (siRNAs) ) '
RNA transcripts via target RNA
cleavage; ubiquitously
expressed
Post-transcriptional and
Piwi-interacting 23-30 Piwi, Aubergine o o
transcriptional silencing of TEs
RNAs (piRNAs) (Aub) and Argonaute )
in gonads
3 (AGO3)

Table 1 Drosophila small RNA classes (modified from 42)

are necessary for stable target recruitment. Once RISC is bound to a target it can exhibit its
function, which largely depends on the identity of the Argonaute protein*"** .

Animals and plants express a multitude of different Argonaute proteins (examples).
Accordingly, different RNAi pathways can be distinguished based on RISC characteristics
such as identity of the involved Argonaute protein or identity and length of the bound small
RNA population. Table 1 lists the three main classes of small RNAs that are expressed in
Drosophila as well as the Argonaute proteins that they are bound to*.

The major role of the miRNA pathway is the regulation of gene expression and modulation of
protein translation. This is achieved by affecting RNA stability or by repressing translation.
The major role of the siRNA pathway is the defense against viral infections, which is

achieved by direct cleavage of the target RNA. The siRNA pathway has been exploited

widely as a method of gene silencing®'.
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As mentioned before TE silencing is most important in the germline, which is reflected by the

activity of the piRNA pathway. Whereas the miRNA and siRNA pathways are active in all

A

DNA small RNA biogenesis & loading
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RNA bee o

| PTG ™ -e Argonauté

Protein
: -4
‘vdI‘ ¥

AGO1 AGO2 Piwi Aub AGO3
Figl small RNA pathways in Drosophila. A. Tllustration of the general concept of small RNA silencing pathways

(TGS=transcriptional gene silencing [Piwi], PTGS=post transcriptional gene silencing [AGO1, AGO2, Aub,
AGO3]) B. Shown are in situ hybridization images against the Argonaute proteins in Drosophila embryos. (images

from 46)

tissues, the piRNA pathway is restricted to gonads. This is also reflected by the expression
pattern of the involved Argonaute proteins as shown in Figl B. Whereas Agol and Ago2 are
ubiquitously expressed the proteins of the PIWI clade (Piwi, Aub and AGO3) are expressed
in gonads only *. Because the piRNA pathway is active in different cell types of the

Drosophila ovary, I will briefly introduce Drosophila oogenesis in the next section.
4.4 Drosophila oogenesis

To appreciate the diversity of the Drosophila piRNA pathway, it is first necessary to describe
the structure of the Drosophila ovary. Each ovary consists of approximately 18 ovarioles,
which represent individual egg production lines*. The structure of an ovariole is illustrated in
Fig2. Oogenesis begins in the germarium where two to three stem cells are located. These
divide asymmetrically, thereby generating a new stem cell and a daughter cell”’. The newly
derived daughter cell undergoes four mitotic divisions to generate a 16-cell cyst. As these
mitotic divisions do not feature full cytokinesis, the cytoplasm of the 16 cells stays

50,51

interconnected through actin-based ring canals” . At the end of the mitotic divisions the

germline cyst becomes enveloped by somatic follicle cells, thus forming an egg chamber’>.

12



Already early on, one of the 16 cells is defined as the future oocyte. As the oocyte is
transcriptionally inactive throughout its maturation, it relies on the supply with cytoplasmic
components from the other 15 cells. During egg chamber maturation, these so-called nurse
cells grow massively in size and their genome undergoes multiple rounds of endo-replication

so that they are highly polyploidy at later developmental stages .

Border cells Follicle cell remnants Egg

Nurse cells

Germarium Egg chamber

SOMATIC FOLLICLE CELLS
GERMLINE Qocyte
Fig2 Structure of a Drosophila melanogaster ovariole with germline cells in beige and somatic follicle cells in

green. Illustrated to the left is the germarium where the germline stem cells reside. These stem cells divide and
form egg chambers that are encapsulated by somatic follicle cells. Each egg chambers produces one mature egg

that is indicated on the right hand side (Figure from 47).

During its maturation the oocyte is positioned at the posterior pole of the egg-chamber. At
later stages a layer of somatic follicle cells moves posterior and covers the growing oocyte.

At the end of oocyte maturation nurse cells transfer most of their cytoplasmic content into the
oocyte and subsequently get degraded. After the follicle cells fully encapsulate the oocyte,
they deposit the shell of the egg and undergo apoptosis™.

4.5 The Drosophila piRNA pathway

In the Drosophila ovary the piRNA pathway is active in all germline cells but also in the
somatic follicle cells that encapsulate each egg chamber. Although both piRNA pathways
control overall TE silencing, they utilize partially different concepts to achieve this goal. This
is also reflected in the expression of the PIWI-clade Argonaute proteins: While Piwi is
expressed in ovarian somatic and germline cells, Aub and AGO3 are expressed exclusively in
the germline. This separation in expression is shown in Fig3A by immunostainings of the
PIWI proteins in wildtype egg chambers. In the following, I will give a brief overview of the
Drosophila piRNA pathway, highlighting the different concepts of the somatic and the
germline pathway, which is in addition illustrated in Fig 3B.

In both cell types, precursor transcripts that are processed into mature piRNAs are transcribed
from piRNA clusters, which are genomic loci that contain large arrays of transposon
remnants> . In the soma, piRNA clusters seem to resemble genic transcription units, where a
promoter region initiates unidirectional cluster transcription by RNA Polymerase II (RNA Pol
II). In contrast, germline piRNA clusters do typically not contain canonical promoter regions.
Transcription of these clusters requires the action of the so-called RDC complex (consisting

of the proteins Rhino, Deadlock and Cutoff). The RDC might either capture active RNA Pol
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II from neighboring transcription units by suppressing their termination or it allows low level
transcription initiation within the heterochromatic cluster region’®. As a general feature, RDC

dependent piRNA clusters are transcribed in both directions”.
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Fig3 Overview of the Drosophila piRNA pathway A Immuno-fluorescence stainings of the three PIWI-clade

proteins in a wildype Drosophila egg chamber (images from 5*). B Schematic representation of the Drosophila

somatic and the germline piRNA pathway (modified from 47),

After transcription, piRNA cluster transcripts must be exported to the cytoplasm as all known
piRNA biogenesis factors are located there. Whereas the protein involved in this process are
completely unknown for the somatic pathway, it was shown that in the germline the general
RNA export factor UAP56 is involved in piRNA cluster export’’. Once in the cytoplasm,
piRNA cluster transcripts are processed into mature piRNAs. Two piRNA biogenesis
pathways are generally distinguished. The co-called primary biogenesis pathway leads to the

generation of primary piRNAs from single stranded precursors. This pathway is thought to

be active in the ovarian soma and germline and fuels Piwi (soma and germline) as well as
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Aub (germline). The secondary piRNA biogenesis pathway relies on the endo-nucleolytic
cleavage activity of the Aub and AGO3 proteins and is therefore only active in germline cells.
The secondary piRNA biogenesis pathway is also referred to as the ping-pong cycle and it is
a hallmark of the piRNA pathway in animals ranging from sponges to mammals. The ping-
pong cycle gets initiated once a complementary transcript is cleaved by an Aub RISC. The
cleavage product (typically a transposon transcript) is then processed into a novel piRNA
which is loaded into AGO3. The AGO3 bound sense piRNAs in turn can cleave piRNA
cluster transcripts to generate a novel antisense piRNAs, which is identical to the initiator
piRNA and which will be loaded into Aub™*. The ping-pong cycle therefore acts as an
amplification loop that enforces the silencing capacity of the piRNA pathway against active
transposons.

How mature PIWI RISC silences transposons is largely dependent on the identity of the
Argonaute protein. Piwi, the only nuclear Argonaute protein in Drosophila, has been shown
to silence transposon expression in the nucleus by preventing their transcription
(transcriptional gene silencing; TGS)”. In contrast, cytoplasmic Aub and AGO3 silence
transposons by cleavage of transposon RNAs (post-transcriptional gene silencing; PTGS).

As my PhD project focused exclusively in the somatic ovarian piRNA pathway, I will give a

more detailed introduction of this simplified piRNA system in the next chapter.
4.5.1 Somatic piRNA biogenesis and transposon silencing

In the somatic follicle cells of the Drosophila ovary a simple, linear piRNA pathway is active
in which Piwi is the only participating Argonaute protein. As the involved piRNAs are
produced via primary piRNA biogenesis, this pathway is also referred to as a primary piRNA
pathway.

Studies on the somatic primary piRNA pathway are greatly aided by the availability of a cell
culture system. Initially a cell line called fGS/OSS was established from ovarian stem cells”.
This cell line was composed of germline stem cells (fGS) and somatic sheet cells (OSS) and
germline cells showed expression of the germline marker Vasa. From the original OSS line, a
stable sub-clone called Ovarian Somatic Cells (OSCs) was established later on °'.
Importantly, it has been shown that both cell lines only express Piwi but not Aub and AGO3

and that a fully active primary piRNA pathway is active in them®*'

. The availability of these
cell lines featuring only the linear somatic pathway has been of great importance in the
understanding of the somatic piRNA pathway. This is because a clean separation of somatic
follicle cells either genetically or mechanically from whole ovaries is challenging.

In the somatic primary piRNA pathway two main sources of piRNAs have been identified.

On the one side these are TE antisense piRNAs that are derived from piRNA cluster

transcripts. On the other side it has been shown that ~17% of somatic piRNAs are derived
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from 3° UTRs of mRNAs®"*. Several hundreds of mRNAs have been shown to be piRNA
source transcripts, albeit a different levels. The function of these genic sense piRNAs is not

known but they might merely be tolerated byproducts of the piRNA biogenesis machinery.
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Fig4 Detailed illustration of the Drosophila somatic piRNA pathway. Known pathway members are positioned

by their published function. (TGS=transcriptional gene silencing; PTGS=post transcriptional gene silencing)

Somatic piRNA clusters are genomic arrays of transposon fragments that are expressed from
a single Pol II promoter. As most of the contained TE sequences are inactive TE fragments or
remnants >, piRNA clusters are considered as a repository that stores sequences of previous
TE encounters. piRNA clusters are found on essentially all chromosomes and are often

located at the border between euchromatin and peri-centromeric or telomeric

- 55
heterochromatin™.
100 Kb } i
DIP1# cG14621 i
% @ [sSINE
@ % |LINE 111 | H | | [ ] | | | i LA 11 I
%m LTR (I N N NN S ] — LN N [ | ..
x E|DNA 1 1 | mil n ]
I
genome assembly gap
4000 _
oaprnie - B hob L el s . -
-4000
325 _
total piRNA: J
f?o?n;;lvariez 0_._#1 Fm h....a.-. FOCURR "IN F I TSR T SN . —_— l iy - T?_ [ —
325
(1 (T I T I TR (TUT i (T ] (RO I T [ O ]
flamenco

FigSUCSC Browser screenshot illustrating the distribution of uniquely mapping piRNAs over flamenco.

All piRNA clusters in the soma are uni-directional, meaning that they are transcribed in only

one direction. The best-studied example of a uni-directional cluster is flamenco, which is the
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major cluster in somatic follicle cells **. As can be seen in Fig5, piRNAs are mostly
originating from one strand of flamenco. Genetic experiments suggest that flamenco gives rise
to a single long transcript of ~180KB length®>*"%  Molecular experiments identified a
strong promoter at the beginning of the flamenco cluster. It is therefore believed that a single
promoter that resembles genic promoters drives all transcription at the flamenco locus®.
Whether transcription of somatic piRNA clusters requires besides canonical transcription
steps additional regulatory steps and therefore specialized factors is not known.

Genic piRNAs map nearly exclusively to 3> UTRs of most expressed genes in somatic follicle
cells. However, not all cellular mRNAs give rise to piRNAs and there does not seem to be an

overall correlation between genic piRNA levels and transcript abundance®"*

. How transcripts
are selected for piRNA biogenesis and if genic piRNAs have a biological function is
unknown.

Prior to their processing into piRNAs, precursor transcripts have to be exported to the
cytoplasm. In the case of genic precursors it seems likely that canonical mRNA export
pathways are being utilized. Whether piRNA cluster transcripts also utilize canonical mRNA
export routes or whether their translocation requires specialized factors is currently unknown.
The processing of all piIRNA precursor transcripts is believed to be a cytoplasmic process.
Based on the subcellular localization of essential piRNA biogenesis factors, it has been
suggested that piRNA biogenesis occurs in peri-nuclear structures called Yb-bodies. These
RNA-protein accumulations are defined by the presence of the Tudor-domain containing
protein Fs(1)Yb (short: Yb). Yb has been shown to be an essential factor for somatic piRNA

. . 69-71
biogenesis

. Yb physically interacts with the potential RNA helicase Armitage, which also
accumulates in Yb-bodies®”’. How piRNAs are mechanistically processed in a step-wise
manner from long cluster transcripts is unknown, but it has been shown that Armitage
interacts with 25-70nt long piRNA intermediates’’. Several proteins have been identified to
be important for primary piRNA biogenesis and many of these are enriched in Yb-bodies.

54,72

Among these are the Tudor-domain protein Vreteno ', the Tudor domain containing RNA

helicase Sister of Yb** and the Hsp90 co-chaperone Shutdown’"*).

Besides those biogenesis factors localizing to Yb-bodies, several other essential piRNA
biogenesis factors localize intriguingly to mitochondria”. In fact, these proteins always
contain a single helix-spanning transmembrane domain that seems to anchor the respective
factor to the outer mitochondrial membrane. The most prominent of these factors is Zucchini
697076 In vitro studies suggest that Zucchini is an endo-nuclease that is involved in the 5’ end
formation of primary piRNAs'"*. However, Zucchini appears not to be required for the

generation of Armitage bound piRNA intermediates’’. Besides Zuc two additional factors

associated with the outer mitochondrial were identified. Whereas the function of Minotaur®"
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remains elusive, the protein Partner of PIWIs (PAPI)* was implicated in recruiting a
trimming exonuclease required for piRNA 3’ end maturation to PIWI proteins.

It is believed that after initial nucleolytic processing steps single stranded piRNA precursors
are being loaded into Piwi for their subsequent maturation. How loading is regulated
mechanistically is unclear but it has been shown to require Shutdown probably in concert
with Hsp90 ">’ In the current model, the precursors that are loaded into Piwi are
subsequently trimmed by an unknown 3’ to 5° exonuclease to the mature piRNA length. Such
a trimming activity has not been identified in Drosophila up to now, but it has been shown to
be involved in Bombyx mori piRNA biogenesis®. After the final size of the piRNA has been
defined, the last step is the 2°O-methylation of the piRNA 3’ end by the methyl-transferase
Hen1%%,

While several proteins essential for primary piRNA biogenesis have been identified, their
respective molecular functions are not known. In addition it is likely that additional players
are involved in piRNA biogenesis. For example, the identity of the trimmer nuclease involved
in piRNA 3’ end formation is unknown.

When mapping primary piRNAs to their precursor transcripts, a seemingly random pattern of
biogenesis emerges. The only hallmark common to most primary piRNAs is their strong
enrichment for a uridine residue at their first 5° position. It is, however, unclear whether this
bias emerges from a cleavage preference of the involved nuclease (e.g. Zucchini) or from
selective stabilization of 1U piRNAs by Piwi. In fact, there is in vitro evidence that
Argonaute proteins themselves can display pronounced preferences to bind small RNAs
starting with a certain nucleotide®"*®.

After mature Piwi RISC is formed, it translocates to the nucleus®. There has been a long
debate whether nuclear Piwi silences transposons post-transcriptionally or by preventing
transcription of its targets via TGS. Although Piwi has been shown in vitro to exhibit slicer
activity, it is unlikely that it induces classical PTGS via target cleavage as known for the
siRNA pathway. First, Piwi’s localization to the nucleus is required for target silencing®"*’.
Secondly, it has been shown that the activity of the Piwi slicer domain is not required for
transposon silencing’*”".

Recently, several studies have shown that Piwi silences TEs primarily or even exclusively at
the transcriptional level via TGS, Target silencing is accompanied by formation of an H3
Lysine 9 methylated heterochromatin domain at the target locus™. How Piwi orchestrates

TGS and which additional factors are involved in this process has been entirely unclear at the

start of my PhD project.
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5 Publications

During the time of my diploma I was involved in a project that aimed for the optimization of
transgenic RNAI in the Drosophila germline. The optimized RNAi system is based on the
expression of short hairpin RNAs (shRNAs) and is very efficiently depleting target transcripts
in germline cells’’.

For my diploma project I utilized this shRNA system to determine the role of Tudor domain
containing proteins in the somatic and the germline piRNA pathway. I identified several
factors involved in piRNA biology and showed that CG4771/Vreteno, CG31755/BoYb and
CG11133/SoYD are required for piRNA biogenesis.

Handler D., Olivieri D., Novatchkova M., Gruber F. S., Meixner K., Mechtler K., Stark A.,
Sachidanandam R. & Brennecke J. A systematic analysis of Drosophila TUDOR domain-
containing proteins identifies Vreteno and the Tdrd12 family as essential primary

piRNA pathway factors. The EMBO Journal (2011). doi:10.1038/emboj.2011.308

Due to the implications of the RNAI strategies presented in this study for the screen, I

attached this publication in the Appendix.

In addition another targeted small-scale screen performed in our lab uncovered novel factors
involved in primary piRNA biogenesis”. Together, these two studies illustrated the potential
of RNAi based screens for the identification of piRNA pathway components in the
Drosophila ovary. Based on this, I performed a genome wide screen tailored towards the
identification of piRNA pathway components in the somatic tissue. The results of the screen,
in conjunction with the detailed characterization of CG2183/Gasz, a novel piRNA biogenesis
factor, constitute the first publication that underlies this thesis. The second topic that is
covered in this thesis is a follow-up study on the role of the exon junction complex in the

piRNA pathway. This project was performed in close collaboration with Rippei Hayashi.

5.1 A genetic screen identifies the genetic framework of the somatic

piRNA pathway in Drosophila

At the beginning of my PhD studies, the knowledge about the different molecular steps
participating in the piRNA pathway was very limited. My major aim was to fill some of these
gaps by systematically identifying the set of protein players that are participating in the
primary piRNA pathway. To do so, I conducted a tissue specific RNAi screen in Drosophila

ovarian follicle cells.
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As the readout for the screen I took advantage of a previously published transposon activity

reporter, which is under control of the piRNA pathway®*

. This so-called gypsy-lacZ reporter
proofed to be a highly sensitive yet very robust sensor for piRNA pathway integrity.

Rather than performing a forward genetic screen, I decided to take advantage of the genome
wide collection of transgenic RNAi lines available at the Vienna RNAi Center (VDRC™).
Wherever possibbile, we tested two independent RNAI lines for every gene expressed in
somatic follicle cells. All positively scoring lines were retests using secondary assays and
were also tested for their involvement in the germline piRNA pathway.

The screen identified all but one of the known piRNA pathway genes. Besides those, a total
of 53 additional genes scored as strong candidates for participation in the somatic piRNA
pathway. 18 out of these showed also clear involvement in the germline piRNA pathway.
From the set of genes required for both, the somatic and the germline piRNA pathway, |
selected two genes for further characterization.

The first was CG 9754, which encodes a polypeptide with no homology to proteins from non-
Drosophilid species and which does not harbor domains that resemble any domain in
databases. 1 showed, that CG9754 localizes to the nucleus and that it most likely acts
downstream of piRNA biogenesis. This places this factor into the process of Piwi mediated
transcriptional target silencing.

The second gene 1 characterized in more detail was CG2183/gasz. My data clearly
demonstrated that Gasz is an essential factor for primary piRNA biogenesis and that it
localizes to mitochondria indistinguishable from the localization of Zucchini. I furthermore
provided evidence that Gasz connects upstream factors involved in piRNA precursor binding
(especially the RNA helicase Armitage) to the mitochondria associated endo-nuclease
Zucchini that is implicated in the generation of piRNA 5’ ends.

Status: Released Publication

Mol Cell. 2013 Jun 6;50(5):762-77. doi: 10.1016/j.molcel.2013.04.031. Epub 2013 May 9
Authors: Dominik Handler, Katharina Meixner, Manfred Pitzka, Kathrin Lauss, Christopher
Schmied, Fanz Sebastian Gruber and Julius Brennecke

Contributions: D. Handler and J. Brennecke planned the experiments; D. Handler, K.
Meixner, M. Pitzka, and K. Lauss performed the screen. C. Schmied and F.S. Gruber
generated genetic tools; D. Handler performed all experiments. J. Brennecke and D. Handler

analyzed the data and wrote the paper.
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SUMMARY

The piRNA (PIWI-interacting RNA) pathway is a small
RNA silencing system that acts in animal gonads and
protects the genome against the deleterious influ-
ence of transposons. A major bottleneck in the field
is the lack of comprehensive knowledge of the fac-
tors and molecular processes that constitute this
pathway. We conducted an RNAi screen in
Drosophila and identified ~50 genes that strongly
impact the ovarian somatic piRNA pathway. Many
identified genes fall into functional categories that
indicate essential roles for mitochondrial meta-
bolism, RNA export, the nuclear pore, transcription
elongation, and chromatin regulation in the pathway.
Follow-up studies on two factors demonstrate that
components acting at distinct hierarchical levels of
the pathway were identified. Finally, we define
CG2183/Gasz as an essential primary piRNA biogen-
esis factor in somatic and germline cells. Based on
the similarities between insect and vertebrate piRNA
pathways, our results have far-reaching implications
for the understanding of this conserved genome
defense system.

INTRODUCTION

The Drosophila melanogaster genome contains ~15%-20% of
transposable elements (TEs) (Hoskins et al., 2002; Kaminker
et al., 2002). Uncontrolled activity of TEs triggers defects in
genome integrity due to DNA breaks, insertional mutagenesis,
and illegitimate recombination (Levin and Moran, 2011; Slotkin
and Martienssen, 2007). This is particularly evident in the germ-
line, where TEs have evolved to be especially active but are sup-
pressed by the piRNA pathway. The piRNA pathway is a small
RNA silencing system that is defined via the involvement of
PIWI family proteins bound to ~22-31 nt PIWI-interacting
RNAs (piRNAs) (Malone and Hannon, 2009; Siomi et al., 2011).
Defects in the piRNA pathway allow overall development to
occur, but emerging animals are sterile, presumably due to dam-
age of their germ cell genomes (Klattenhoff et al., 2007).
Similar to other small RNA pathways, the central players in the
piRNA pathway are Argonaute proteins bound to small RNAs
that provide target specificity (Ghildiyal and Zamore, 2009).
However, in contrast to the siRNA and the miRNA pathways,
whose molecular frameworks are well described, nearly all

aspects of the piRNA pathway are poorly understood. In flies,
most piRNAs are derived from piRNA clusters, large loci that
contain high proportions of TE sequences (Brennecke et al.,
2007). piRNA cluster transcripts are believed to be exported to
the cytoplasm where numerous factors participate in the pro-
cesses of piRNA biogenesis and piRNA loading into PIWI pro-
teins. Most identified piRNA biogenesis factors are enriched in
distinct foci that are in proximity to the nuclear envelope
(Yb-bodies in ovarian somatic cells and nuage in germline cells)
(Siomi et al., 2011). Yb-bodies and nuage are tightly associated
with mitochondria, and the essential piRNA biogenesis factor
Zucchini is integrated into the outer mitochondrial membrane
(Ipsaro et al., 2012; Nishimasu et al., 2012; Saito et al., 2010).
After formation of piRNA-induced silencing complexes
(pi-RISCs), the identity of the involved PIWI protein defines their
respective fates. Piwi-piRNA complexes are transported into the
nucleus, where they guide transcriptional silencing (Sienski et al.,
2012; Wang and Elgin, 2011; Le Thomas et al., 2013; Rozhkov
et al., 2013). The two other family members, Aubergine (Aub)
and AGO3, remain in the cytoplasm and are engaged in the
ping-pong cycle, a piRNA amplification loop that requires com-
plementary RNAs from TEs and piRNA clusters (Brennecke
et al., 2007; Gunawardane et al., 2007).

The Drosophila ovary contains two major cell types: germline
cells derived from primordial germ cells and somatic support
cells of mesodermal origin. Both cell types silence TEs by the
piRNA pathway, but the respective pathways differ considerably
(Senti and Brennecke, 2010; Siomi et al., 2011). While somatic
support cells express only Piwi, germline cells also express
Aub and AGO3. Ping-pong amplification and many factors
involved in it are thus restricted to germline cells (Li et al,,
2009; Malone et al., 2009).

Motivated by the gaps in our understanding of the piRNA
pathway, we performed a genetic screen in the Drosophila ovary
for factors involved in the somatic piRNA pathway. Many identi-
fied genes could be grouped into functional categories, and
these indicate the identification of key factors acting at all steps
of the pathway, ranging from piRNA cluster expression to cluster
transcript export to piRNA biogenesis and loading and finally to
piRNA-mediated silencing. Our work will therefore serve as a key
resource for the genetic and mechanistic dissection of this
conserved genome defense pathway.

RESULTS
A Screen for Somatic piRNA Pathway Factors

The Drosophila ovary consists of two major cell types (somatic
support cells and germline cells) that harbor different piRNA
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Figure 1. An RNAi Screen for Somatic piRNA Pathway Factors

(A) Cartoon of a Drosophila ovariole with somatic cells in green and germline cells in beige.

(B) Schematic representations of the Drosophila germline and somatic piRNA pathways focusing on the three PIWI family proteins and the biogenesis routes of
their bound piRNAs.

(C) Detailed model of the somatic piRNA pathway. Known pathway members are placed at their functional positions based on literature (TGS, transcriptional gene
silencing; PTGS, posttranscriptional gene silencing).

(D) lllustration of the gypsy-lacZ reporter. Shown are normalized profiles of ovarian and OSC piRNAs (sense up, antisense down) mapping to the gypsy TE and the
gypsy sequence portion present in the reporter.

(legend continued on next page)
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pathway versions (Figures 1A-1C). Though strong similarities
exist between both pathways, it is unclear how distinct their
genetic makeup is. Having an effective transgenic RNAi assay
system for somatic piRNA pathway activity at hand (Olivieri
et al., 2010), we screened the set of genes expressed in
somatic support cells for uncharacterized piRNA pathway
factors.

We took advantage of a reporter construct that expresses
B-galactosidase (B-gal) under control of the gypsy LTR (Figures
1D and 1E; Sarot et al., 2004). The resulting RNA contains
~700 nt of gypsy sequence. Many piRNAs isolated from
ovaries or from cultured ovarian somatic cells (OSCs) are com-
plementary to this region and guide efficient reporter silencing
in wild-type flies (flamenco restrictive). Flies harboring a func-
tional piRNA pathway but lacking the ability to produce gypsy
complementary piRNAs (flamenco permissive) exhibit strong
reporter desilencing. Similarly, knockdown of somatic piRNA
pathway components such as Armitage (Armi), Zucchini (Zuc),
or Vreteno (Vret) in a flamenco restrictive background results
in near loss of gypsy-derived piRNAs and reporter desilencing
(Handler et al., 2011; Olivieri et al., 2010; Saito et al., 2010;
Zamparini et al., 2011). As the gypsy-lacZ reporter assays the
endpoint of the piRNA pathway (namely piRNA-mediated
silencing in trans), the screen should capture factors involved
at all steps of the piRNA pathway (piRNA cluster biology,
piRNA biogenesis, and piRNA-mediated silencing) (Figure 1C).

To filter for genes with possible functions in the somatic piRNA
pathway, we determined the gene expression profile of OSCs by
RNA-seq. OSCs were derived from a somatic stem cell
population of the germarium and express a functional piRNA
pathway (Niki et al., 2006; Saito et al., 2009). At a conservative
cutoff (1 read per kilobase per 1 million sequenced reads
[RPKM = 1]), OSCs express 7,257 genes, and all known somatic
piRNA pathway factors were well above this cutoff (Figure 1F).

We used the collection of transgenic RNAi lines from the
Vienna RNAi Center (VDRC) (Dietzl et al., 2007) and screened
two lines per expressed gene. For the primary screen, this
resulted in a total of 12,804 crosses for 6,818 genes (94% of
expressed genes). Per cross, five F1 females were dissected
and ovaries were stained for B-gal activity. Genes with at least
one line exhibiting detectable reporter derepression were
retested with all VDRC lines available for this gene (Figure 1G).
Dissected ovaries from the secondary screen were mounted
on glass slides, and B-gal activity was determined using a clas-
sification scheme with six values ranging from strong to weak
(representatives shown in Figure 1H). This resulted in 144 genes
where at least one knockdown line led to detectable B-gal activ-
ity (Table S1). In addition to reporter activity, we classified overall
ovarian morphology as “wild-type,” “distorted,” or “rudimen-
tary” (Figure 1H; Table S1).

High Sensitivity, Specificity, and Reproducibility

of the Screen

For an overall evaluation of the screen, we considered three
questions: (1) What is the false negative rate? (2) What is the false
positive rate? (3) How well does the gypsy-lacZ reporter mirror
derepression of endogenous TEs?

The number of known genes acting in the somatic piRNA
pathway is limited (n = 8) and not well suited for a false negative
estimation. To determine the efficacy of VDRC RNAi lines, we
evaluated the ovarian morphology resulting from knockdowns
of genes encoding for ribosomal proteins (n = 83). Defective ribo-
some biogenesis results in a “rudimentary ovary” phenotype,
and based on this, ~83% of VDRC lines elicit efficient target
knockdown (Figure 2A). As we typically tested two independent
lines per gene, this resulted in a ~92% positive rate at the gene
level. Similar results were obtained when other housekeeping
categories were analyzed. Consequently, the set of 663 genes
resulting in rudimentary ovaries upon knockdown was highly
enriched in basic cellular processes (Figure 2B). We observed
a correlation between the “rudimentary ovary” phenotype and
gene expression levels, with knockdowns of nearly 40% of the
700 most highly expressed genes preventing ovary development
(Figure 2C). We conclude that transgenic RNAi is potent in
knocking down genes with very high mRNA levels. As we also
tested 358 genes below the RPKM cutoff of 1, we can estimate
that off-target effects are not prevalent in this screen, as only
0.8% of lines targeting these “nonexpressed” genes resulted
in altered ovarian morphology.

Eight genes have been assigned to the somatic piRNA
pathway, and with the exception of the Tdrd12 member SoYb
(the available VDRC line is nonfunctional), all of these were iden-
tified among the top scoring candidates (Figure 2D) (Haase et al.,
2010; Handler et al., 2011; Malone et al., 2009; Olivieri
et al., 2010, 2012; Preall et al., 2012; Qi et al., 2011; Saito
et al., 2010; Sienski et al., 2012; Zamparini et al., 2011). We
conclude that the screen identified most somatic piRNA
pathway factors whose knockdown results in analyzable ovaries.

The false positive rate depends on the extent of the gypsy-lacZ
sensor being influenced only by the piRNA pathway and also on
the extent of screen artifacts such as off-targets. Remarkably,
only 2% (144 genes) of all tested genes showed any B-gal activ-
ity, and only 0.7% (49 genes) showed activity in the range of
known pathway members (Figure 2E). Also, for the positive
genes, we observed a correlation with expression levels (Fig-
ure 2F). This was, however, less pronounced compared to the
morphology results (Figure 2C). Importantly, very few of the
weakly expressed genes and none of the 358 tested nonex-
pressed genes derepressed the reporter upon knockdown.

To more directly assess the specificity of the screen, we per-
formed two tests. First, we generated 30 shRNA lines (Ni et al.,

(E) Shown are B-gal stainings of ovarioles as readout for the gypsy-lacZ reporter from flamenco restrictive (upper panel) or flamenco permissive flies (lower panel).
(F) Bar chart showing expression levels (average RPKM values (log10 scale) obtained from two independent RNA-seq experiments) of all annotated Drosophila
genes in OSCs. Several known somatic piRNA pathway factors (violet) and germline-specific control genes (green) are indicated.

(G) lllustration of the screen workflow. Indicated are the numbers of tested RNAI lines and the corresponding number of genes for the primary and secondary

screens.

(H) Shown are B-gal stainings of representative egg chambers indicating major staining categories used for the evaluation of the screen crosses (left images,

wild-type morphology; right image, distorted morphology).
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Figure 2. High Sensitivity, Specificity, and Reproducibility of the Screen

(A) Indicated to the left is the impact on ovarian morphology observed upon knockdown of the 83 genes encoding for ribosomal proteins. The two bar charts are
based on this analysis and indicate the percentage of effective VDRC lines (left) and the corresponding false negative rate (8%) at the gene level if approximately
two lines per gene were tested (right).

(B) Bar chart illustrating the ovarian morphology phenotype observed for all genes tested in the screen. At least one line per gene had to fall into the indicated
categories. Also shown are the most enriched gene ontology (GO) categories (p values corrected for multiple testing) for the set of 663 genes that classified for the
“no ovary” phenotype.

(C) Indicated are the percentages of genes flagged with the “no ovary” or “distorted morphology” phenotypes when all tested genes were split into ten bins
according to their expression level (gray triangle). Bins 1-10 are equally sized bins (n = 682) of all expressed genes (RPKM > 1), while bin 0 contains 334 randomly
tested genes expressed below RPKM = 1.

(D) Shown are the gypsy-lacZ staining results from the screen for available VDRC lines targeting the eight known piRNA pathway factors.

(legend continued on next page)
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2011) to reassess the screening results with independent knock-
downs (Figure 2G). Out of 26 lines that could be analyzed (four
lines resulted in “rudimentary ovaries”), 21 (>80%) confirmed
the screen result. Considering that not all shRNA lines will be
functional, RNAi off-target effects can be considered to be
very low in the screen. We then asked whether the B-gal results
correlate with endogenous TE derepression. We performed
RT-gPCR experiments on ovarian RNA after knocking down
each positively scoring gene in somatic follicle cells. We
measured steady-state RNA levels of B-gal as well as of the
endogenous retro-elements ZAM and gypsy, which are under
control by the somatic piRNA pathway. In all cases, the classifi-
cation of B-gal reporter activity correlated highly with the
measured RNA levels (Figure 2H; Table S2). Taken together,
our analyses indicate a very high sensitivity and specificity of
the screen.

Classification of Germline-Specific, Soma-Specific,

and Common piRNA Factors

The existence of distinct piRNA pathways in the ovarian soma
and germline poses the question about their genetic similarities.
We therefore tested the identified candidates from the soma
screen for their involvement in germline TE repression.

We depleted screen candidates in the germline by transgenic
RNAi based on the nanos GAL4 driver coupled to UAS-Dcr2 and
VDRC lines (Handler et al., 2011; Wang and Elgin, 2011). To
monitor piRNA pathway integrity in germline cells, we generated
a TE repression sensor. This reporter expresses nuclear $-gal
under control of the nanos promoter and harbors a target
sequence for Burdock piRNAs in its 3' UTR (Figure 3A). The
retro-element Burdock is a prototypic germline TE, as ovarian
piRNAs exhibit a pronounced ping-pong signature and are
specifically found in germline cells but not in OSCs (Figures 3A
and 3B). Burdock piRNA levels are sensitive to loss of various
germline piRNA pathway factors (Figure 3C), and knockdown
of pathway factors as diverse as AGO3, Vreteno, and Armitage
strongly derepressed the sensor (Figure 3D). This suggested
that the Burdock sensor is a valid tool to monitor germline piRNA
pathway integrity. Knockdown of any known major germline
piRNA pathway factor led to robust sensor activation (Figure 3E).
Even knockdown of candidates with moderate impacts on TE
silencing (Tudor, Hen1, CG9925) (Handler et al., 2011; Horwich
et al., 2007; Nishida et al., 2009) derepressed the sensor, albeit
to lesser extents (Figure 3E). Of note, every tested VDRC line tar-
geting a validated germline piRNA pathway factor was highly
efficient in this system. We conclude that the germline knock-
down system is very robust, allowing meaningful conclusions
about the tissue specificity of identified piRNA pathway factors.

Based on the Burdock-lacZ sensor, 26 factors scoring at least
weak-intermediate in the screen also scored in the germline (Fig-
ure 3E). Remarkably, ~30 genes scored specifically in the
somatic piRNA pathway only. Among these were some of the
strongest scoring screen candidates, and several were validated
via independent shRNA lines (Figure 2G). Our results strengthen
large similarities between the soma and the germline piRNA
pathways but also pinpoint significant differences.

To substantiate the validity of Burdock-lacZ as an accurate
proxy for germline piRNA pathway integrity, we measured
steady-state RNA levels of the two germline-specific TEs,
HeT-A and Burdock. We observed strong correlations with the
Burdock-lacZ results (Figure 3F; Table S3). Knockdown of candi-
dates strongly scoring in the germline derepressed endogenous
TEs to an extent that was highly similar to knockdowns of estab-
lished germline piRNA pathway factors. On the other hand, no
significant changes in endogenous TE levels were seen upon
knockdown of factors that scored in the soma but not in the
germline. The housekeeping gene Actin 5C served as control.

Taken together, our results define the set of common factors
acting in the somatic and germline piRNA pathways and provide
genetic entry points to dissect the differences between the two
pathways. Reaching a similar status for the class of “germline-
specific” factors would require a targeted germline screen as
presented in the accompanying manuscript by Hannon and
colleagues (Czech et al., 2013).

Identification of Key Processes Involved in the Somatic
piRNA Pathway

A comparison of all 144 screen hits to the set of 6,818 tested
genes in respect to tissue gene expression profiles (FlyAtlas,
http://www.flyatlas.org; Chintapalli et al., 2007) indicated that
the expression of scoring genes was higher in ovaries and to a
lesser extent in the larval CNS compared to whole flies (Fig-
ure 4A). These results are in agreement with the piRNA pathway
acting specifically or preferentially in gonads.

The set of 144 candidate piRNA pathway genes was highly
enriched for several functional gene ontology (GO) terms (Fig-
ure 4B). Surprisingly, a number of top categories were associ-
ated with mitochondrial metabolism. Indeed, 23% of all screen
hits (38 genes) could be annotated as mitochondrial proteins
(Figure 4C). All of these derepressed the gypsy-lacZ sensor
only moderately and impacted ovarian morphology to varying
degrees. Based on RT-qPCR results, knockdown of identified
mitochondrial factors increased the expression level of endoge-
nous TEs moderately but significantly (Figure 4D). As many other
factors whose knockdown impaired oogenesis did not result in
sensor activation, we conclude that mitochondrial integrity is

(E) Bar chart summarizing the gypsy-lacZ staining results ranging from weak to strong for all genes tested in the screen.
(F) Indicated are the percentages of genes scoring with the indicated gypsy-lacZ intensities when all tested genes were split into ten bins according to their
expression level (gray triangle). Bins 1-10 are equally sized bins (n = 682) of all expressed genes (RPKM > 1), while bin 0 contains 334 randomly tested genes

expressed below RPKM = 1.

(G) Compared are gypsy-lacZ intensities as well as the morphology phenotypes for 30 screen-positive genes tested with shRNA lines or VDRC lines (NA, not

analyzable due to a “no ovary” phenotype).

(H) Shown are box plots displaying the fold changes in steady-state RNA levels (based on RT-qPCR) of lacZ, ZAM, and gypsy normalized to control knockdowns.
Tested were all RNAI lines (numbers given at the bottom) falling into the five staining categories (color coded) and 11 control lines (gray). Box plots show median
(line), 25th-75th percentile (box) + 1.5 interquartile range; circles represent outliers.
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Figure 3. Genetic Classification of Germline-Specific, Soma-Specific, and Common piRNA Factors

(A) llustration of the Burdock-lacZ reporter. Shown are normalized profiles of ovarian and OSC piRNAs (sense up, antisense down) mapping to the Burdock
element and the Burdock sequence portion present in the 3" UTR of the reporter, which expresses $-gal under control of the germline-specific nanos promoter.
(B) Bar diagram displaying the sense/antisense overlap patterns of the ovarian piRNA population mapping to the Burdock element. The red bar at 10 ntindicates a
significant ping-pong signature.

(C) Bar plot illustrating normalized piRNA levels (%) antisense to the Burdock TE in ovaries from indicated germline-specific knockdowns (MTD x shRNA)
compared to control levels.

(D) Shown are B-gal stainings of egg chambers expressing the Burdock-lacZ reporter and germline knockdowns (KD) for the indicated genes (w[7118] serves as
negative control).

(legend continued on next page)
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important for full piRNA pathway activity. Interestingly, the
essential piRNA biogenesis factor Zuc is an integral protein of
the outer mitochondrial membrane, and piRNA biogenesis is
proposed to occur in close proximity to mitochondria. We note
that knockdown of mitochondrial genes in the germline generally
did not result in measurable Burdock-lacZ sensor derepression,
suggesting that the somatic piRNA pathway is more sensitive to
mitochondrial malfunction.

We repeated the GO analysis after subtracting annotated
mitochondrial proteins. Many of the significantly enriched cate-
gories (Figure 4E) were linked to RNA biology, nucleo-cyto-
plasmic transport, or chromatin biology. In combination with
manual annotations, we propose the involvement of several
functionally or genetically related gene groups in the piRNA
pathway (Figure 4F). In the cytoplasm, several factors required
for piRNA biogenesis (Yb, Armi, Vret, Shu) are enriched
in Yb-bodies, which are in direct vicinity of mitochondria (Szak-
mary et al., 2009). Three factors with relationships to processing
bodies (Gawky, Pacman, Patr-1) suggest a connection
between the piRNA pathway and P-bodies. Notably, several
piRNA pathway factors colocalize with P-bodies in so-called
piP-bodies in mouse male germ cells (Aravin et al., 2009), and
Yb-bodies have been observed in proximity to P-bodies in
Drosophila follicle cells (Olivieri et al., 2010).

More intriguingly, we identified several factors with a nuclear
function or that act at the interface between nucleus and cyto-
plasm. In each category, at least one factor was among the
strongest-scoring candidates, and independent shRNA lines
validated several factors in each category.

The two core exon junction complex (EJC) (Tange et al., 2004)
factors Mago and Tsunagi/Y14 as well as the EJC accessory fac-
tors RnpS1 and Acinus scored strongly in the assay. The third
core factor, elF4Alll, could not be analyzed due to a “rudimen-
tary ovary” phenotype. All identified EJC factors also classified
as essential pathway factors in the germline (Figure 3E), strongly
implicating the EJC in piRNA pathway biology.

The central RNA export factors small bristles (Nxf1) and Nxt1
strongly derepressed the sensor. These factors are implicated
in general mRNA export, and ovarian morphology was distorted
in the respective knockdowns. Nevertheless, the extent of
sensor and TE derepression upon knockdown of these factors
hints at a direct involvement of this protein complex, potentially
at the level of piRNA cluster transcript export. Interestingly, Nxf2
and Nxf3 are specifically expressed in ovaries (but not in OSCs),
and their knockdown in the germline results in TE silencing
defects (unpublished observations), strongly substantiating the
central importance of RNA export processes in the piRNA
pathway.

Four nuclear pore complex factors (Nup54, Nup58, CG11092,
Nup214) and one accessory factor (CG14749) scored in the

screen. The two FG repeat proteins Nup54 and Nup58 were
among the strongest-scoring candidates, and given that ovarian
morphology was normal in the respective knockdowns, we
postulate that an intricate and specific connection exists
between the nuclear pore complex and piRNA biology. All of
these factors appear to be specifically involved in the soma
piRNA pathway (Figure 3E). Our finding might relate to a recent
study in germline cells that found piRNA cluster loci specifically
at nuclear pores to allow for specific and/or efficient coupling of
piRNA cluster transcription/export to the perinuclear piRNA
biogenesis machinery (Zhang et al., 2012).

Several strongly scoring factors are annotated to be involved
in aspects of RNA Polymerase Il biology. For example, the iden-
tified factors Atu, CG3909, CG9915, CG40228, and TflIS are
either annotated Paf1 complex members or are linked to TflIS,
a key factor required to rescue backtracked RNA Pol Il (Sims
et al., 2004). These proteins might be involved in Piwi-mediated
transcriptional silencing. However, the group of factors with links
to Pol Il did not score in the germline. As Piwi-mediated
TE silencing is unlikely to differ between somatic and germline
cells, we favor the hypothesis that factors ensuring efficient Pol
Il activity are important for aspects of piRNA cluster biology.
flamenco, for example, is a locus that spans at least 180 kb of
repetitive sequence, and all evidence suggests that it is tran-
scribed from a single promoter. Productive transcription through
such a large locus might well require factors that reactivate back-
tracked polymerase. The soma-specific requirement of these
factors suggests that transcription of germline piRNA clusters
differs from that of flamenco. This might relate to their bidirec-
tional transcription and the specific requirement for Rhino and
Cutoff for their transcription/processing (Klattenhoff et al.,
2009; Pane et al., 2011).

Piwi-mediated silencing of TEs occurs predominantly at the
transcriptional level (Sienski et al., 2012; Wang and Elgin,
2011; Le Thomas et al., 2013; Rozhkov et al., 2013). Besides
Piwi and Maelstrom, we identified several factors with chro-
matin-associated functions that might participate in this pro-
cess. Among these are the histone variant His2Av, the histone
chaperone Asf1, the H3K9 methyltransferase Eggless and its
cofactor Windei, as well as others. Of note, most of these factors
also scored in the germline (Figure 3E).

Uncharacterized Factors in piRNA Biogenesis

and Piwi-Mediated Silencing

Many genes identified in the screen do not belong to a functional
category. Among these, we chose CG2183 and CG9754, two
uncharacterized genes, for follow-up studies. Knockdown of
either gene in somatic follicle sells resulted in strong gypsy-
lacZ sensor derepression (Figure 5A, left) as well as in derepres-
sion of the endogenous TEs gypsy and ZAM (Figure 5A, right).

(E) Listed are all genes known to be specific for the germline piRNA pathway (orange set) and all genes scoring in the somatic screen (intermediate-weak or
stronger; no mitochondrial genes). Based on the staining intensities observed with the Burdock-lacZ reporter (GL/left columns) or the gypsy-lacZ reporter (S/right
columns), genes were grouped into germline-specific, common, and soma-specific classes. All genes previously linked to the piRNA pathway are marked as
“previously described.” Genes not interpretable in the germline test are shown in the lower left panel. Asterisks indicate genes tested with an shRNA line because
no VDRC line was available (AGOS3, krimper) or the VDRC line is not functional (SoYb).

(F) Box plots showing fold deregulations of HeT-A, Burdock, lacZ, and act5¢c RNA levels upon knockdown of all screen-scoring VDRC lines. Lines were grouped
into three staining categories (blue) based on their effect on the Burdock-lacZ reporter. Germline-specific factors (orange) are represented as a separate group.
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Figure 4. Key Processes and Factors Involved in the Somatic piRNA Pathway

(A) Box plots showing the fold enrichment of gene expression (based on FlyAtlas) in ovaries or larval CNS versus whole flies for all tested genes (gray) and the set
of positive screen hits (blue); p values were determined by Wilcoxon signed rank test.

(B) Shown are the most significantly enriched GO terms among the 144 scoring genes in the screen (p values corrected for multiple testing). Mitochondria-related
terms are in red.

(C) Listed are all genes with annotated mitochondrial function and their respective gypsy-lacZ staining and ovarian morphology phenotypes observed in the
somatic screen.

(D) Box plots showing fold increases in lacZ, gypsy, and ZAM steady-state RNA levels for the set of mitochondrial gene knockdowns (green box) compared to
nonscoring genes (gray box); p values were determined by Wilcoxon signed rank test. Box plots are defined in Figure 2H.

(E) Significantly enriched GO terms among screen hits without mitochondria associated genes (p values corrected for multiple testing).

(F) Cartoon depicting functional groups of genes identified in the screen. Factors were grouped and placed into nucleus or cytoplasm based on their annotated
functions or by identification of orthologous genes with annotated functions. Genes involved in the various processes are indicated together with the gypsy-lacZ
staining results.
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The extent of TE derepression was comparable to knockdowns
of Armi, an essential piRNA biogenesis factor. We confirmed
these findings with independent shRNA transgenes (Figure 2G,
not shown). In OSCs, siRNA-mediated knockdown of CG2783
or CG9754 led to strong increases in RNA levels of gypsy and
mdg1, both of which are piRNA targets in this cell line (Figure 5B).
Both genes classified also as essential piRNA pathway factors in
germline cells. We based this on the Burdock-lacZ sensor results
and RT-gPCR analyses of the germline-repressed TEs HeT-A
and blood (Figure 5C). Overall, knockdown of these two genes
resulted in highly similar defects in TE repression.

However, when analyzing the central effector protein Piwi as
well as piRNA levels, clear differences between the two factors
emerged. While depletion of CG2183 in follicle cells or germline
cells resulted in a near loss of Piwi, depletion of CG9754 had no
detectable impact on Piwi levels or localization (Figures 5D
and 5E). Multiple piRNA biogenesis pathways feed into the three
PIWI family proteins in ovaries, complicating analyses of piRNA
biogenesis. We therefore probed for an involvement of
CG2183 or CG9754 in piRNA biogenesis in OSCs, which exhibit
only primary piRNA biogenesis. Judged by northern analysis,
levels of mature piRNAs were reduced to ~25% upon CG2183
depletion but were unchanged upon CG9754 depletion (Fig-
ure 5F). We sequenced small RNA populations from CG2783
versus GFP siRNA-treated OSCs. This confirmed a ~4-fold
reduction of piRNAs originating from annotated TEs, as well as
those originating uniquely from the flamenco cluster or from
the traffic jam 3’ UTR (Figure S1). Based on these results,
CG2183 is a likely primary piRNA biogenesis factor.

CG9754, on the other hand, is to our knowledge most prob-
ably an uncharacterized factor essential for the Piwi-mediated
silencing process. Cells depleted for CG9754 exhibited nuclear
Piwi loaded with piRNAs, yet the Piwi-RISC was not able to elicit
efficient TE silencing. In support for this, GFP-CG9754 localized
to the nucleus (where Piwi-mediated silencing occurs) while
GFP-CG2183 localized to the cytoplasm (where piRNA biogen-
esis occurs) both in OSCs as well as in ovaries (Figures 5G
and 5H). Both GFP transgenes include the respective endo-
genous regulatory regions. The GFP fusion proteins were
clearly detectable in ovarian somatic and germline cells (GFP-
CG2183 was more abundant in germline cells) in support of
both proteins being essential piRNA pathway factors in both
pathways.

CG2183 Colocalizes with Zucchini on Mitochondria

and Is an Essential piRNA Biogenesis Factor

The subcellular localization of GFP-CG2183 was highly reminis-
cent of mitochondrial patterns and of the reported Zuc localiza-
tion (Saito et al., 2010). In fact, ectopically expressed Zuc-GFP
and YFP-CG2183 in OSCs exhibited an indistinguishable pattern
that nearly fully overlapped with mitochondria (Figure 6A). Also,
in ovaries, Zuc-GFP and GFP-CG2183 colocalized signifi-
cantly with mitochondria (Figure S2). When analyzing the Zuc
and CG2183 polypeptides with TMHMM (Sonnhammer et al.,
1998), a prediction tool for transmembrane (TM) helices, a signif-
icant TM helix was predicted for the Zuc N terminus (Saito et al.,
2010) and the CG2183 C terminus (Figure S2). Deletion of the
respective TM helices resulted in a uniform distribution of both

proteins in OSCs (Figure 6B). This indicated that CG2183 is a
transmembrane protein like Zuc, most probably of the outer
mitochondrial membrane.

Our results suggested a link between CG2183 and Zuc.
Indeed, knockdown of CG2183 in the germline resulted in a
loss of Piwi, no change in Aub localization, and a mild delocal-
ization of AGO3 from nuage, a pattern indistinguishable from
the effects reported upon Zuc knockdown (Figure 6C) (Olivieri
et al., 2010). To extend this analysis, we sequenced small
RNAs from ovaries with CG2183 germline knockdown and
compared piRNA populations to control as well as to Zuc or
Armi knockdowns (Figure 6E). If compared to the respective
control libraries (normalized to miRNA levels), piRNA popula-
tions (23-30 nt small RNAs) were reduced to 25%, 20%, or
23% upon knockdown of CG2183, Zuc, or Armi, respectively.
piRNA populations mapping to the major germline piRNA clus-
ter 42AB collapsed nearly entirely in all three knockdowns (Fig-
ure 6E), while piRNAs derived from the soma-specific flamenco
cluster were essentially unchanged, in agreement with the
knockdown being germline specific. The similarities in piRNA
populations from CG2183, Zuc, or Armi knockdowns extended
to TE piRNA profiles. Highly similar patterns of piRNA losses
were seen in all three cases (Figure 6F). Zuc and Armi are
required for primary piRNA biogenesis but not for ping-pong-
mediated piRNA biogenesis per se and have been classified
as type | piRNA biogenesis factors (Olivieri et al., 2012). Loss
of either factor has a highly stereotypical impact on piRNA pop-
ulations. While piRNAs mapping to most TEs are severely
reduced, a handful of TEs exhibit nearly unchanged piRNA
levels, and these appear to be almost exclusively produced
via ping-pong based on a strong increase in the 10 nt overlap
of sense/antisense piRNAs. A detailed ping-pong analysis indi-
cated that CG2183 classifies as a third type | biogenesis factor.
Adenosine levels at position 10 of sense piRNAs (an indicator of
ping-pong piRNA biogenesis) were increased to almost iden-
tical levels in all three knockdowns (Figure 6G). Similarly,
ping-pong signatures were elevated for the same subset of
TEs in CG2183 or Zuc knockdowns (Figure 6H). The two proto-
typical TEs F-element (increased ping-pong) and /-element
(collapsed piRNA profile) exemplify the differential impact of
loss of type | biogenesis factors on piRNA populations
(Figure S2).

Taken together, CG2183 classifies as a type | piRNA biogen-
esis factor like Zuc and Armi, and its subcellular localization on
mitochondria hints at an intricate connection to the endonu-
clease Zuc.

CG2183 Encodes Drosophila Gasz and Recruits
Armitage to Mitochondria

Protein BLAST searches identified orthologs of CG2183 in mam-
mals, and intriguingly, the mouse ortholog GASZ (germ cell pro-
tein with ankyrin repeats, sterile alpha motif, and leucine zipper)
has been linked to piRNA biogenesis (Ma et al., 2009). Based on
the overall sequence identity of 26%, a similar domain organiza-
tion (five ankyrin repeats and a sterile alpha motif), a predicted
C-terminal transmembrane domain in both proteins, and a
demonstrated colocalization of GASZ with mitochondria, we
termed CG2183 Drosophila Gasz.
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Ankyrin repeats and sterile alpha motifs often mediate pro-
tein-protein interactions. Given the localization of Gasz and
the endonuclease Zuc on mitochondria, we speculated that
Gasz might serve as an adaptor to recruit other biogenesis fac-
tors to mitochondria. We first verified that Gasz and Zuc
localize to mitochondria independent of each other, as would
be predicted for two proteins harboring TM domains (Figure S3).
We then tested whether any of the known piRNA biogenesis
factors showed altered subcellular localization upon loss of
Gasz. In follicle cells as well as in cultured OSCs, the biogen-
esis factors Yb, Armi, Vret, and Shu are cytoplasmic and are
enriched in perinuclear Yb-bodies that depend on the RNA heli-
case Yb. Yb-bodies are in close association with mitochondria
and are hypothesized to be the sites of primary piRNA biogen-
esis. We generated clones of cells expressing either gasz or zuc
dsRNA hairpins in the follicular epithelium and stained for
known biogenesis factors (Figures 7A and 7B). As reported
previously, cells with Zuc knockdowns exhibited significantly
enlarged Yb-bodies (evidenced by the accumulation of Armi
and Vret). This likely results from a clustering of mitochondria
into one or two perinuclear spheres per cell (Figure 7B) (Olivieri
et al., 2010, 2012). Cells depleted for Gasz showed no defects
in Yb-body localization of Yb, Armi, or Vret. Vret levels were
elevated in Yb-bodies, but Armi levels were not, indicating no
general enlargement of Yb-bodies and presumably also no
clustering of mitochondria (Figure 7A). The enlarged Yb-bodies
in Zuc mutant cells also stain positive for Piwi, indicating that
presumably unloaded Piwi is recruited to Yb-bodies/mitochon-
dria and cannot be released in the absence of Zuc (Olivieri
et al., 2010; Saito et al., 2010). Interestingly, loss of Gasz also
resulted in Piwi accumulation in Yb-bodies, albeit to a lesser
degree, probably because of no apparent mitochondrial clus-
tering (Figures 7C and 7D; Figure S4). These results once
more highlighted the similarities between Zuc and Gasz, yet
they did not provide any clues toward the molecular function
of Gasz.

Drosophila somatic ovarian cells are special, as here piRNA
biogenesis depends on the soma-specific RNA Helicase Yb,

the defining factor of Yb-bodies (Szakmary et al., 2009). We
hypothesized that localization of biogenesis factors to Yb-bodies
might not be the relevant assay to test whether Gasz serves as
an adaptor to recruit biogenesis factor(s) to the mitochondrial
surface. We therefore analyzed the localization of piRNA biogen-
esis factors in germline cells (which lack Yb-bodies but do
perform primary piRNA biogenesis) upon depletion of Zuc or
Gasz. Striking differences were observed for the RNA Helicase
Armi. In wild-type nurse cells, Armi localized to the cytoplasm
and was enriched in diffuse “clouds,” which colocalized with
mitochondria (Figure 7E). Remarkably, Armi accumulated even
more in areas of mitochondrial clusters upon knockdown of
Zuc but was evenly dispersed and lacked mitochondrial colocal-
ization in cells depleted for Gasz (Figures 7F and 7G). Given
that Piwi accumulated around mitochondrial clusters in Zuc-
depleted but not in Gasz-depleted cells (Figure S5), we propose
that Gasz serves as the adaptor protein that recruits an Armi-Piwi
complex to mitochondria, where the endonucleolytic activity
of Zuc generates the 5' end of pre-piRNAs that will be loaded
into Piwi.

Our results define a second mitochondrial transmembrane
protein in primary piRNA biogenesis and provide evidence that
Gasz couples biochemical reactions occurring at the mitochon-
drial surface (e.g., Zuc-mediated cleavage) with the upstream
sorting of piRNA precursors.

DISCUSSION

The mechanistic understanding of the piRNA pathway is very
limited, and systematic studies are hampered due to its
gonad-restricted activity. Therefore, our in vivo RNAi screen pro-
vides an invaluable entry point into the dissection of this silencing
system. In the following, we critically assess two key aspects
that are relevant to this work.

Specificity and Validity of the Screen Results
Transgenic RNAi screens based on the expression of long
dsRNA hairpins must be rigorously evaluated in terms of their

Figure 5. CG2183/Gasz and CG9754 Are Essential for the Somatic piRNA Pathway

(A) Left panels show B-gal stainings of ovarioles as readout for gypsy-lacZ silencing upon soma knockdown of CG2183/gasz or CG9754. The bar diagram depicts
fold increases in RNA levels of indicated TEs in ovaries with soma knockdown of armi, CG2183/gasz, or CG9754 (averages of three biological replicates; error
bars, SD; normalized to control knockdown).

(B) Displayed are fold increases in RNA levels of indicated TEs in OSCs upon siRNA-mediated knockdown of armi, CG2183/gasz, or CG9754 siRNA in OSCs
(averages of three biological replicates; error bars, SD; normalized to control knockdown).

(C) Left panels show B-gal stainings of ovarioles as readout for Burdock-lacZ silencing upon germline knockdown of CG2183/gasz or CG9754. The bar diagram
depicts fold increases in RNA levels of indicated TEs in ovaries with germline knockdown of armi, CG2183/gasz, or CG9754 (averages of three biological
replicates; error bars, SD; normalized to control knockdown).

(D) Confocal sections (scale bars, 10 um) through the follicular epithelium of egg chambers stained for Piwi (monochrome panel), DNA (blue), and the clonal
marker (green). Cells within the clone (dashed lines mark clone boundaries in the monochrome panels) express dsRNAs against CG2183/gasz (left panel) or
CG9754 (right panel).

(E) Confocal sections (scale bars, 10 um) through egg chambers stained for Piwi (monochrome panel and green) and DNA (blue). Knockdown of CG2183/gasz
(left) and CG9754 (right) was specifically activated in germline cells.

(F) Northern blot analysis of piRNA levels in OSC total RNA upon siRNA-mediated knockdowns of GFP (control), armi, CG9754, or CG2183/gasz. One
representative blot probed for idefix piRNA (top) and then reprobed for miR-310 (bottom) is shown. The bar diagram indicates quantified results (normalized to
miR-310) based on three independent experiments (error bars, SD.).

(G) Confocal sections (scale bars, 10 um) of OSCs (left panels) or egg chambers (right panels) expressing GFP-CG2183/Gasz stained for DNA (blue).
Monochrome panels show the GFP signal separately.

(H) Confocal sections (scale bars, 10 pm) of OSCs (left panels) or egg chambers (right panels) expressing GFP-CG9754 stained for DNA (blue). Monochrome
panels show the GFP signal separately. See also Figure S1.
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false negative and false positive rates. The false negative rate is
influenced by the availability of VDRC lines (94% for this
screen), by the number of genes that cannot be evaluated
due to overall defects in ovarian development (10% for this
screen), and by the knockdown efficiency of the VDRC lines
toward their respective target genes (estimated to be ~90%
if two lines per gene were tested). Based on this, we conserva-
tively estimate that our screen captured up to 80% of the key
factors involved in the somatic piRNA pathway. We point
out that the gypsy-lacZ sensor faithfully recapitulates defects
at all levels of the piRNA pathway, such as flamenco muta-
tions, piRNA biogenesis defects, or defects in piRNA-mediated
silencing.

Our screen is relatively blind toward genes that are essential
for cellular viability and that therefore could not be evaluated. It
is clear that at some point piRNA-specific processes will connect
to more general cellular biology. For example, the key hetero-
chromatin protein Su(var)205 (HP1) is likely to be important for
piRNA-mediated silencing (Wang and Elgin, 2011), but it could
not be evaluated as its knockdown in follicle cells prevented
ovarian development.

We identified 144 genes with potential involvement in the
somatic piRNA pathway. This set includes (1) true positives,
(2) factors with indirect impact on the pathway, and (3) RNAI
artifacts. Considering that the gypsy-lacZ sensor picks up
even moderate defects in TE silencing, the number of factors
with indirect impacts will be significant. For example, at least
38 factors can be clearly assigned to aspects of mitochondrial
metabolism. As expected for such “indirect” factors, these
scored weakly in the screen. We note that the identification of
processes or factors that impact the piRNA pathway indirectly
might still be valuable. For example, mitochondrial integrity
and/or number likely influence TE silencing, as at least two
piRNA biogenesis factors are mitochondrial transmembrane
proteins. Mitochondrial function is diminished upon aging. As
aging has been linked to increased mobility of TEs, it is tempting
to speculate that aspects of this might be linked to modulations
of piRNA pathway activity.

False positives due to screening artifacts are common for
transgenic RNAI screens. They stem from off-target effects of
generated siRNAs but can also arise from gain-of-function con-

ditions of genes located in the vicinity of the VDRC transgene
insertion. Both aspects, however, are expected to impact our
screen only marginally. First, the set of core factors acting in
the pathway is unlikely to exceed 30-40 genes, making off-target
effects less likely. Second, the screen was based on manual
evaluation of a transgenic reporter assay, a highly specific
phenotype. And third, only very few genes (if any) will impair
TE silencing if overexpressed. These arguments are strongly
supported by an experimental validation of nearly all of the
30 tested candidates by an independent RNA: line.

Taken together, our screen represents a highly enriched set of
somatic piRNA pathway genes. We speculate that ~30 factors
are either core factors of the somatic piRNA pathway or have
direct impact on its function. This testifies to the remarkable
complexity of the piRNA pathway compared to the siRNA or
miRNA pathways.

Differences and Commonalities between Somatic

and Germline piRNA Pathways

At least two key differences distinguish the piRNA pathways in
somatic or germline cells of the Drosophila ovary. First, expres-
sion of Aub and AGO3 as well as the process of secondary
piRNA biogenesis is germline specific (Li et al., 2009; Malone
et al., 2009). Second, only germline piRNA clusters are tran-
scribed in both directions. Most of the germline-specific piRNA
pathway factors listed in Figure 3E are involved in either of these
two aspects. These are Aub/AGO3 and ping-pong factors such
as Spindle-E or Vasa on the one side and Rhino and Cutoff on
the other side (Klattenhoff et al., 2009; Li et al., 2009; Malone
et al., 2009; Pane et al., 2011).

Primary piRNA biogenesis and Piwi-mediated transcriptional
silencing are much more likely to be similar between the two
cell types, consistent with the literature (Handler et al., 2011; Oli-
vieri etal., 2012; Preall et al., 2012; Sienski et al., 2012; Wang and
Elgin, 2011; Zamparini et al., 2011). Several of the newly identi-
fied “common factors” acting in both cell types are likely to clas-
sify into one of these two categories, including Gasz (primary
biogenesis) or CG9754 (silencing).

Considering this, it was surprising to find numerous genes with
strong involvement in the somatic pathway that were seemingly
dispensable for TE silencing in the germline. Many of these

Figure 6. CG2183/Gasz Is an Uncharacterized piRNA Biogenesis Factor
(A) Confocal sections (scale bars, 10 um) of OSCs transfected with YFP-CG2183/Gasz (yellow) and Zuc-GFP (green) expression constructs and stained for

mitochondria (MitoTracker; red) and DNA (blue).

(B) Confocal sections (scale bars, 10 um) of OSCs transfected with Zuc-GFP and GFP-CG2183/Gasz expression constructs (green) lacking the respective
transmembrane domains and stained for mitochondria (MitoTracker; red) and DNA (blue).
(C) Confocal sections (scale bars, 10 um) through egg chambers stained for Piwi, Aub, or AGO3. Control knockdown or CG2183/gasz knockdown was specifically

activated in germline cells.

(D) Left panels show length profiles of normalized small RNA populations from ovaries with control (upper) or CG2183/gasz (lower) germline knockdown split into
miRNAs (small insets) and remaining RNAs (siRNA and piRNA populations indicated). Right panels show respective length profiles of repeat-derived small RNAs

only (red, antisense; blue, sense).

(E) Normalized piRNA profiles (genome unique; sense up, antisense down) from ovaries with indicated germline knockdowns mapping to cluster 42AB.

(F) Scatter plots showing normalized antisense piRNA levels (log2 values) mapping to soma-dominant (green), intermediate (yellow), or germline-dominant (black)
TEs from ovaries with indicated germline knockdowns (Pearson correlation [r] based on all TEs).

(G) Bar chart displaying the adenosine content at position 10 for sense piRNAs mapping to TEs isolated from ovaries with indicated germline knockdowns. Black
lines indicate the expected level based on the average 10A content at positions 2-9 and 11-23.

(H) Shown are ping-pong signatures of germline-dominant TEs based on piRNAs from ovaries with indicated germline knockdowns. TEs were ordered according

to their ping-pong signature in the VDRC control library. See also Figure S2.
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“soma-specific” factors can be grouped into three major pro-
cesses: nuclear RNA export, the nuclear pore complex, and tran-
scriptional elongation. We believe that these processes are
either carried out by related factors in germline cells (e.g., Nxf2
and Nxf3 are germline-specific RNA export factors) or that they
are indeed required specifically in somatic cells.

All'in all, the identified somatic piRNA pathway factors and the
established genetic and cell-biological tools will advance inves-
tigations on the Drosophila piRNA pathway. Given that several of
the key processes and involved factors are conserved in verte-
brates, our data will also influence studies in the model systems
zebrafish and mouse.

EXPERIMENTAL PROCEDURES

Drosophila Stocks
Fly stocks are listed in the Supplemental Information.

RT-gPCR Analysis
Primer sequences and details are given in the Supplemental Information.

shRNA Transgenes

shRNA lines were cloned into the Valium-20 vector (Ni et al., 2011) modified
with a white selection marker and integrated into the attp2 landing site re-
ported in Groth et al., 2004. Hairpin sequences are listed in the Supplemental
Information.

Small RNA Cloning
Small RNA cloning and sequencing was performed as in Jayaprakash et al.,
2011. Details are given in the Supplemental Information.

Antibodies

a-Piwi, a-Aub, and a-AGOS3 (rabbit) were described in Brennecke et al., 2007;
a-Armi, a-Vret, and a-Yb (rabbit) were described in Handler et al., 2011; a-Piwi
and a-Armi (mouse) were described in Saito et al., 2010.

Immunocytochemistry
IF staining of ovaries and OSCs was done as in Olivieri et al., 2010. All primary
antibodies were used at 1:500.

Northern Blot

Total RNA was isolated from respective knockdowns and separated on a 15%
Urea-PAA gel. After transfer onto a membrane, radioactively labeled probes
were hybridized over night. Probe sequences and details are given in the Sup-
plemental Information.

Cell Culture
OSCs were cultured as described as in Niki et al., 2006 and transfected with

Cell Line Nucleofector Kit V (Amaxa Biosystems; program T-029). Details are
given in the Supplemental Information.

ACCESSION NUMBERS

All lllumina data sets (Table S4) were deposited at GEO (GSE45894).

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, nine tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.molcel.2013.04.031.
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Figure S1.
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Figure S1. (relates to main Figure 5)

(A) Shown are length profiles of small RNAs (normalized to total miRNA counts) from
OSCs transfected with siRNAs against GFP (upper panel) or CG2183/gasz (lower panel).
Small RNAs were split into miRNAs (small insets) and remaining RNAs (siRNAs and
piRNAs).

(B) Scatter plot showing log2 values of normalized antisense piRNA levels isolated from
OSCs transfected with GFP or CG2183/gasz siRNAs mapping to annotated TEs in
OSCs.

(C) Shown are normalized profiles of genome unique piRNAs (sense up; antisense down)
from GFP or CG2183/gasz siRNA knockdowns in OSCs mapping to the flamenco
cluster.

(D, E) Shown are normalized profiles of piRNAs (sense up; antisense down) from GFP
or CG2183/gasz siRNA knockdowns in OSCs mapping to the retro-element ZAM (D) or

the traffic jam (tj) locus (E).
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Figure S2.
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Figure S2. (relates to main Figure 6)

(A, B) Confocal sections of egg chambers expressing GFP tagged Zucchini (A) or GFP
tagged CG2183/Gasz (B) stained for mitochondria (red) and DNA (blue).

(C) Cartoon depicting the predicted domain architecture of Zucchini and CG2183/Gasz.
Shown are the full-length protein sequences annotated with their protein domains.
Transmembrane helices were predicted with TMHMM.

(D) Cartoon depicting the predicted domain architecture of Zucchini and CG2183/Gasz.
Shown are the full-length protein sequences annotated with their protein domains.
Transmembrane helices were predicted with TMHMM.

(E-F) Shown are normalized piRNA profiles (sense up; antisense down) from ovaries

with indicated germline knockdowns mapping to the F-element (E) or to the /-element

(F).
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Figure S3.
A

CG2183/gasz GL knockdown egg chamber
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Figure S3. (relates to main Figure 7)

(A, B) Confocal sections of egg chambers expressing GFP-CG2183/Gasz stained for
mitochondria (red) and DNA (blue). Shown are germline specific knockdowns for
CG2183/gasz (A) or zuc (B).

(C, D) Confocal sections of egg chambers expressing Zuc-GFP stained for mitochondria
(red) and DNA (blue). Shown are germline specific knockdowns for CG2183/gasz (C) or

zuc (D).
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Figure S4.

A

CG2183/gasz KD in follicle cell clones

CG2183/gasz KD in follicle cell clones - high magnification

Figure S4. (relates to main Figure 7)

(A) The upper panels show a confocal section through the follicular epithelium of an egg
chamber stained for Yb (green), Piwi (red) and DNA (blue). Knockdown of CG2183/gasz
has been clonally induced (clonal marker in magenta; outlined by dashed line). The lower

panels represent high magnification images confirming co-localization of Piwi and Yb.
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Figure SS.
A

wildtype egg chamber

CG2183/gasz germline KD egg chamber - high magnification




Figure SS5. (relates to main Figure 7)

(A-C) Confocal sections of egg chambers expressing GFP-Piwi and stained for Armi
(red) and DNA (blue). Shown are egg chambers from wildtype flies (A), germline
specific zuc knockdown (B) or germline specific CG2183/gasz knockdown (C). For
panels (B) and (C) high magnification images with increased gain for the Piwi channel

are shown in addition.
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Table S4.

Illumina sequencing data sets used in this study

Origin | Method Genotype GEO

Flies small RNA-seq UAS-Dcr-2;  NGT, nosGAL4, | GSE45894
Burdock-lacZ x w[1118]
UAS-Dcr-2;  NGT;, nosGAL4, | GSE45894
Burdock-lacZ x VDRC-13762
MTD x shRNA-armi GSE38728
MTD x shRNA-zuc GSE38728
MTD x w[1118] GSE38728

OSC RNA-seq Wildtype (replicate #1) GSE45894
Wildtype (replicate #2) GSE45894

small RNA-seq si-GFP KD GSE45894

si-CG2183/gasz KD GSE45894
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Table S5. Used fly stocks

MTD-GALA4 (Ni et al., 2011)

y,w,hsFlp122;;act<CD2>GAL4, UAS-GFP (Olivieri et al., 2010)

Short hairpin RNA (shRNA) lines were cloned into the Valium-20 or the Valium-22
vector (Ni et al, 2011) modified with a white selection marker and integrated into the

attp2 landing site (Markstein et al., 2008). Hairpin sequences, see Table S5

armi shRNA, SoYb shRNA, BoYb shRNA, (Handler et al., 2011)

zuc shRNA (TRiP # GL0O0111);

eGFP_CG2183/Gasz and eGFP_CG9754 were cloned by inserting N-terminal eGFP
via bacterial recombineering into genomic rescue constructs and integrated into the

attp2 landing site.

eGFP_Zuc was cloned by inserting C-terminal eGFP via bacterial recombineering

into a genomic rescue construct that was integrated into the attp2 landing site.

flam™ ::gypsy-lacZ (Sarot et al., 2004)

flam™ :;gypsy-lacZ (Sarot et al., 2004)

tj-GAL4, gypsy-lacZ/Cyo,

UAS-Dcr-2; NGT;, nosGAL4, Burdock-lacZ/Tm3,Ser

All flies have been aged 5-7 days at 25°C before analysis
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Table S6. Primer for QPCR analysis

Gene Sequence
rp49 fw:  CCGCTTCAAGGGACAGTATCTG
Iv: ATCTCGCCGCAGTAAACGC
lacZ fw:  AATGTTGATGAAAGCTGGCTAC
Iv: GCTCAGGTCAAATTCAGACG
zam fw:  ACTTGACCTGGATACACTCACAAC
Iv: GAGTATTACGGCGACTAGGGATAC
gypsy fw:  CAACAATCTGAACCCACCAATCT
rv: TATGAACATCATGAGGGTGAACG
HeT-A fw:  CGCGCGGAACCCATCTTCAGA
rv: CGCCGCAGTCGTTTGGTGAGT
Burdock | fw: CGGTAAAATCGCTTCATGGT
Iv: ACGTTGCATTTCCCTGTTTC
Act5c fw:  AAGTTGCTGCTCTGGTTGTCG
Iv: GCCACACGCAGCTCATTGTAG
mdgl fw:  AAACTCCAACTCCCAATCcG
Iv: AGTGGTCCCTCGCAGTCGTT
blood fw:  AACAATAGAAAGAAGCCACCGAAC

AGTCATGGACTATTGAGGGTGTTG
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Table S7. Oligos used for cloning of shRNA constructs

Gene Sequence
Cloned into W20
CG9754 fw: ctagcagtAACGGCTACGCTGTACAAGAAtagttatattcaagcataTTCTTGTACAGCGTAGCCGTTgceg
rv: aattcgcAACGGCTACGCTGTACAAGAAtatgcttgaatataactaTTCTTGTACAGCGTAGCCGTTactg
Acn fw: ctagcagtACCGCCTATCAGACTACTAGAtagttatattcaagcataTCTAGTAGTCTGATAGGCGGTgceg
rv: aattcgcACCGCCTATCAGACTACTAGAtatgcttgaatataactaTCTAGTAGTCTGATAGGCGGTactg
TS fw: ctagcagtCACGGATATGAAGTACAAGAAtagttatattcaagcataTTCTTGTACTTCATATCCGTGgeg
rv: aattcgcCACGGATATGAAGTACAAGAAtatgcttgaatataactaTTCTTGTACTTCATATCCGTGactg
CG3893 fw: ctagcagtGCCGTGTGATCTACAAAGACAtagttatattcaagcataTGTCTTTGTAGATCACACGGCgcg
rv: aattcgcGCCGTGTGATCTACAAAGACAtatgcttgaatataactaTGTCTTTGTAGATCACACGGCactg
Nup58 fw: ctagcagtACCACAAGGAGCACTACCTAAtagttatattcaagcataTTAGGTAGTGCTCCTTGTGGTgceg
rv: aattcgcACCACAAGGAGCACTACCTAAtatgcttgaatataactaTTAGGTAGTGCTCCTTGTGGTactg
CG2183 fw: ctagcagtTCCCTTGTTCATTGACTTCAAtagttatattcaagcataTTGAAGTCAATGAACAAGGGAgcg
rv: aattcgcTCCCTTGTTCATTGACTTCAAtatgcttgaatataactaTTGAAGTCAATGAACAAGGGAactg
sbr fw: ctagcagtAAGCGATGCTCTCCATATCAAtagttatattcaagcataTTGATATGGAGAGCATCGCTTgceg
rv: aattcgcAAGCGATGCTCTCCATATCAAtatgcttgaatataactaTTGATATGGAGAGCATCGCTTactg
Atu fw: ctagcagtCCGCTCGTAGTAAGAGATCAAtagttatattcaagcataTTGATCTCTTACTACGAGCGGgcg
rv: aattcgcCCGCTCGTAGTAAGAGATCAAtatgcttgaatataactaTTGATCTCTTACTACGAGCGGactg
Nup54 fw: ctagcagtAGCGAAGATACTTGAACATAAtagttatattcaagcataTTATGTTCAAGTATCTTCGCTgceg
rv: aattcgcAGCGAAGATACTTGAACATAAtatgcttgaatataactaTTATGTTCAAGTATCTTCGCTactg
asfl fw: ctagcagtCCGCGTGGGCTACTATGTGAAtagttatattcaagcataTTCACATAGTAGCCCACGCGGgceg
rv: aattcgcCCGCGTGGGCTACTATGTGAAtatgcttgaatataactaTTCACATAGTAGCCCACGCGGactg
CG9915 fw: ctagcagtGTGGTTCTAGACGTTCTAGAAtagttatattcaagcataTTCTAGAACGTCTAGAACCACgcg
rv: aattcgcGTGGTTCTAGACGTTCTAGAAtatgcttgaatataactaTTCTAGAACGTCTAGAACCACactg
Patr-1 fw: ctagcagtCACGCCGTATATCGACGACTAtagttatattcaagcataTAGTCGTCGATATACGGCGTGgeg
rv: aattcgcCACGCCGTATATCGACGACTAtatgcttgaatataactaTAGTCGTCGATATACGGCGTGactg
CG40228 fw: ctagcagt CACCTCCGAAGAGAAAGAAT AtagttatattcaagcataTATTCTTTCTCTTCGGAGGTGgcg
rv: aattcgcCACCTCCGAAGAGAAAGAATAtatgcttgaatataactaTATTCTTTCTCTTCGGAGGTGactg
CG3689 fw: ctagcagtACCAACGATAGCGCTACCTAAtagttatattcaagcataTTAGGTAGCGCTATCGTTGGTgceg
rv: aattcgcACCAACGATAGCGCTACCTAAtatgcttgaatataactaTTAGGTAGCGCTATCGTTGGTactg
mago fw: ctagcagtCACCACCTCAAGCATAGCCTAtagttatattcaagcataTAGGCTATGCTTGAGGTGGTGgceg
rv: aattcgcCACCACCTCAAGCATAGCCTAtatgcttgaatataactaTAGGCTATGCTTGAGGTGGTGactg
RnpS1 fw: ctagcagtACCCCAGTTCAATAGGTTCAAtagttatattcaagcataTTGAACCTATTGAACTGGGGTgcg
rv: aattcgcACCCCAGTTCAATAGGTTCAAtatgcttgaatataactaTTGAACCTATTGAACTGGGGTactg
gw fw: ctagcagtTAGCGCTTCTAACTTAACTAAtagttatattcaagcataTTAGTTAAGTTAGAAGCGCTAgceg
rv: aattcgcTAGCGCTTCTAACTTAACTAAtatgcttgaatataactaTTAGTTAAGTTAGAAGCGCTAactg
Nxtl fw: ctagcagtCTCCGTCAAGTTCGCAGATCAtagttatattcaagcataTGATCTGCGAACTTGACGGAGgcg
rv: aattcgcCTCCGTCAAGTTCGCAGATCAtatgcttgaatataactaTGATCTGCGAACTTGACGGAGactg
ball fw: ctagcagtACGGCGGTTGATTCACGTACAtagttatattcaagcataTGTACGTGAATCAACCGCCGTgcg
rv: aattcgcACGGCGGTTGATTCACGTACAtatgcttgaatataactaTGTACGTGAATCAACCGCCGTactg
pcm fw: ctagcagtACCGACGAACGAGACTATAGAtagttatattcaagcataTCTATAGTCTCGTTCGTCGGTgcg
rv: aattcgcACCGACGAACGAGACTATAGAtatgcttgaatataactaTCTATAGTCTCGTTCGTCGGTactg
CGS8211 fw: ctagcagtCTGGTGCTCAACTATTCGATAtagttatattcaagcataTATCGAATAGTTGAGCACCAGgcg
rv: aattcgcCTGGTGCTCAACTATTCGATAtatgcttgaatataactaTATCGAATAGTTGAGCACCAGactg
Actri3E fw: ctagcagtGCGACGCGAAGTCACAGTTGAtagttatattcaagcataTCAACTGTGACTTCGCGTCGCgcg
rv: aattcgcGCGACGCGAAGTCACAGT TGAtatgcttgaatataactaTCAACTGTGACTTCGCGTCGCactg
veli fw: ctagcagtCACGAGAAGGCCGTAGAGCTAtagttatattcaagcataTAGCTCTACGGCCTTCTCGTGgcg
rv: aattcgcCACGAGAAGGCCGTAGAGCTAtatgcttgaatataactaTAGCTCTACGGCCTTCTCGTGactg
SRPK fw: ctagcagtCACCTTGAAAGGACAATCAAAtagttatattcaagcataTTTGATTGTCCTTTCAAGGTGgcg
rv: aattcgcCACCTTGAAAGGACAATCAAAtatgcttgaatataactaTTTGATTGTCCTTTCAAGGTGactg
CG5859 fw: ctagcagtCCGCAATGCGTTGCTATGTAAtagttatattcaagcataTTACATAGCAACGCATTGCGGgcg
rv: aattcgcCCGCAATGCGTTGCTATGTAAtatgcttgaatataactaTTACATAGCAACGCATTGCGGactg
SelD fw: ctagcagtCAGTACCAAGATGACAGAGAAtagttatattcaagcataTTCTCTGTCATCTTGGTACTGgcg
rv: aattcgcCAGTACCAAGATGACAGAGAAtatgcttgaatataactaTTCTCTGTCATCTTGGTACTGactg
CG6020 fw: ctagcagt CAGGGACTTCGAGACCAAGAAtagttatattcaagcataTTCTTGGTCTCGAAGTCCCTGgceg
rv: aattcgcCAGGGACTTCGAGACCAAGAAtatgcttgaatataactaTTCTTGGTCTCGAAGTCCCTGactg
SG101 fw: ctagcagtCCGAGTTCAGGAGAAAGTTAAtagttatattcaagcataTTAACTTTCTCCTGAACTCGGgceg
rv: aattcgcCCGAGTTCAGGAGAAAGTTAAtatgcttgaatataactaTTAACTTTCTCCTGAACTCGGactg
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spi

fw: ctagcagtCAAGGAGATCGACAATACTTAtagttatattcaagcataTAAGTATTGTCGATCTCCTTGgcg
rv: aattcgcCAAGGAGATCGACAATACTTAtatgcttgaatataactaTAAGTATTGTCGATCTCCTTGactg

fw: ctagcagtATCGATGGTTGTAGACATATAtagttatattcaagcataTATATGTCTACAACCATCGATgcg
rv: aattcgcATCGATGGTTGTAGACATATAtatgcttgaatataactaTATATGTCTACAACCATCGATactg

Cloned into W22

armi

fw: ctagcagtTTCGCTGTCAAGCTAAGTTTAtagttatattcaagcataTAAACTTAGCTTGACAGCGAAgcg
rv: aattcgcTTCGCTGTCAAGCTAAGT TTAtatgcttgaatataactaTAAACTTAGCTTGACAGCGAAactg

krimp

fw: ctagcagtCAGATTGGGAGACTACGAAT AtagttatattcaagcataTATTCGTAGTCTCCCAATCTGgcg
rv: aattcgcCAGATTGGGAGACTACGAATAtatgcttgaatataactaTATTCGTAGTCTCCCAATCTGactg

AGO3

fw: ctagcagtTTGGTTGGAAATATTGTCTTAtagttatattcaagcataTAAGACAATATTTCCAACCAAgcg
rv: aattcgcTTGGTTGGAAATATTGTCTTAtatgcttgaatataactaTAAGACAATATTTCCAACCAAactg

SoYb

fw: ctagcagtAAGGTTCAAAGTATCAGCGAAtagttatattcaagcataTTCGCTGA TACTTTGAACCTTgcg
rv: aattcgcAAGGTTCAAAGTATCAGCGAAtatgcttgaatataactaTTCGCTGATACTTTGAACCTTactg

BoYb

fw: aattcgcCAGCATCAGTTGTGCGATCAAtatgcttgaatataactaTTGATCGCACAACTGATGCTGactg
rv: ctagcagtCAGCATCAGTTGTGCGATCAAtagttatattcaagcataTTGATCGCACAACTGATGCTGgcg

Other

zZuc

TRIiP.GL0111 / Bloomingtion stock: 35227

Table S8. Probes used for Northern Blots

Name Sequence
Idefix

AAACTACTGGCAATCGTTTGGGAA
miR-310

AAAGGCCGGGAAGTGTGCAATA

Table S9. siRNAs used for RNAi in OSCs

Gene sequence

GFP Guide: ACUUCAGGGUCAGCUUGCCTT
Passenger: GGCAAGCUGACCCUGAAGUTT

armi Guide: UAAACUUAGCUUGACAGCGTT
Passenger: CGCUGUCAAGCUAAGUUUATT

CG9754 Guide: UUCUUGUACAGCGUAGCCGUU
Passenger: CGGCUACGCUGUACAAGAAUU

CG2183/gasz Guide: UUGAAGUCAAUGAACAAGGGAUU
Passenger: CCUUGUUCAUUGACUUCAACGUU

zZuc Guide: UUGUUGUGCAUCAAGUUCGTT
Passenger: CGAACUUGAUGCACAACAATT
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

X-Gal staining

Ovaries from 5-7 day old flies were dissected into ice cold PBS (max 30 min), fixed in
0.5% Glutaraldehyde/PBS (RT, 15 min), and washed with PBS. The staining reaction
was performed with staining solution (10mM PBS, ImM MgCl2, 150 mM NaCl, 3 mM
potassium ferricyanide, 3 mM potassium ferrocyanide, 0.1% Triton, 0.1% X-Gal) at room

temperature over night (gypsy reporter) or for 2 hours (Burdock reporter).

Cell culture

Act>GFP-CG9754, Act>GFP-CG2183/Gasz and Act>Zuc-GFP have been constructed by
Gateway cloning using full cDNA amplicons of the genes.

Act>Zuc AN-GFP and Act>GFP-CG2183/Gasz AC have been constructed by gateway
cloning. Sequences used for cloning were zuc cDNA (bp 116-759) and CG2183/gasz

cDNA (bp 4-1305)

Transposon QPCR analysis

cDNA was prepared via random priming of 1ug total RNA isolated from ovaries of 5-7
day old flies. Quantitative PCR was performed using a homemade QPCR master mix (20
mM Tris pH 8.3, 100 mM KCI, 5 mM MgCI2, 0.5 mM each dNTP. 1x Evagreen, 40
uL/ml TAQ).

Each experiment was performed in biological triplicates with technical duplicates.
Relative RNA levels were calculated by the 2-ACT method (Livak and Schmittgen,
2001) and normalized to rp49 levels. Fold enrichments were calculated in comparison to

respective RNA levels obtained from heterozygous flies, from flies not harboring a
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knockdown hairpin or from control siRNA transfections into OSCs.

Northern Blot analysis

Total RNA was isolated from respective knockdowns and separated on a 15%
polyacrylamide urea gel. RNA was transferred to Amersham Hybond-NX (RPN303T)
membrane and crosslinked by EDC (1-ethyl-3-(3- dimethylaminoprophy) carbodiimide)
for 1 hour (Pall and Hamilton, 2008). The membrane was pre-hybridized in Church
Buffer and hybridized to probes overnight at 3. The membrane was washed 3 times

10 minutes with 2xSSC, 0.1% SDS and exposed.

small RNA cloning

Small RNA cloning and sequencing was performed as described (Jayaprakash et al.,
2011). In brief, 20 ug of total RNA was isolated from ovaries or OSCs by TRIzol and
Phenol/Chloroform extraction, was resolved on a denaturing polyacrylamide gel and
RNAs corresponding to 18-28 nt were isolated and subjected to ligations of 3’-, and 5°-
adaptors followed by reverse transcription and PCR amplification; libraries were
sequenced on GAII or HiSeq2000 platforms (Illumina).

The RNA cloning strategy introduces 4 random nucleotides at 3’ end of the 5’ linker and
5’ end of the 3’ linker, which reduces ligation biases (Jayaprakash et al., 2011). Reads
were first stripped of the 3 adaptor and then the introduced 4 random nucleotides at each
end of the read were removed.

Reads were mapped to the genome (100% match; release 5). For piRNA cluster mapping
we considered genome-unique mappers, for TE mappings (Repbase; (Jurka et al., 2005)

all mappers (up to 3 MM) have been considered. Libraries were normalized to 1 Mio

17
53



miRNA reads. Small RNAs mapping to rRNAs, tRNAs and snoRNAs were excluded.
The calculation of TE piRNA levels was based on antisense piRNAs. Ping-pong

signatures were calculated as previously described (Malone et al., 2009).

RNA sequencing (RNA-seq)

mRNA from wildtype OSCs was selected with Dynabeads Oligo(dT) (Invitrogen) from
total RNA, fragmented and reverse transcribed with random hexamers. Strand-specific
libraries were prepared using the UDG-digestion-based strategy, cloned with NEBNext
ChIP-Seq Library Prep Reagent Set for Illumina (NEB) and sequenced on a Genome
Analyzer II (Illumina).

This yielded ~6-20 million genome- and transcriptome-mappable reads. For the
computational analyses, we first extracted high quality bases from every read (6-36 nt)
and mapped these to the Drosophila genome as well as to the FlyBase transcriptome.
Uniquely aligned reads were used for quantification of gene expression levels according

to coordinates in the Flybase gene annotation (r5.38) by calculating RPKM values.

Gene expression enrichment analysis

Expression data was obtained form FlyAtlas (Chintapalli et al., 2007). For genes tested
multiple times an average value was calculated. Ratios between expression values of
individual tissues and the value for “whole fly” have been calculated for all genes. Tissue
enrichment analysis was performed using Wilcoxon Rank Sum and Signed Rank Test
implementation in R. The lists used for statistical analysis contained all tested genes

(background set) or all genes scoring positively in the screen.
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KEGG tem analysis

KEGG analysis was done with DAVID (Huang et al., 2009b; 2009a) online tool. All
tested genes have been used as background list, whereas genes showing a ‘no ovary’
phenotype were used for analysis. Presented P-values have been corrected for multiple

testing using the Benjamini-Hochberg method.

GO term analysis

GO analysis was performed using GOrilla (Eden et al., 2007; 2009) online tool using two
ranked lists of genes. As target set all positively scoring or all positively scoring genes
depleted for mitochondrial genes have been used. All genes tested in the screen have
been used as background list. Presented P-values have been corrected for multiple testing

using the Benjamini-Hochberg method.

Statistical analyses

We used statistical packages implemented in R 2.15.0 for all calculations and plots in this
study. For data visualization in box plot format we used standard features of ggplot2
boxplot function: horizontal bar represents median, the box depicts 25" and 75"
percentile (lower and upper quartile respectively), whiskers represent sample minimum
(lower) and maximum (upper); outliers are shown as circles. Statistical significances in
Fig. 4D and Fig. 7D were calculated with Wilcoxon Rank Sum and the Signed Rank Test

implementation in R.

Image quantification
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The images were copied to a 50% downsampled map where the initial segmentation was
performed. The Armitage and DAPI channels were added together to get a good
representation of the whole cell and a multiresolution segmentation was used to define
object borders. By evaluating intensity and standard deviation those objects belonging to
cells were defined and classified. Objects of the cell class were merged, the borders
refined by growing using surface tension and then the objects were synchronized back
onto the main map. From within the cell class a quantile of pixel intensities of 95% from
the Armi channel was calculated and used as a threshold to segment the Yb-bodies. The
sum of intensities from the Piwi channel within Yb-bodies was calculated and divided by
the sum of intensities of the surrounding cytoplasm. This gives a relative measure of how

much of the Piwi signal colocalized with Yb-bodies.
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5.2 The exon junction complex is required for definition and excision of

neighboring introns in Drosophila

In collaboration with Rippei Hayashi I investigated the role of the exon junction complex
(EJC) in the Drosophila piRNA pathway. We selected the EJC for further characterization
because multiple EJC components scored strongly in the screen. Also, EJC components have
been shown to be important for the expression of heterochromatic genes and we therefore
hypothesized that the EJC might play an important role in piRNA cluster transcription or
nuclear export of cluster transcripts. Surprisingly, we instead found that the function of the
EJC in the piRNA pathway is to ensure proper splicing of piwi mRNA. This allowed us to
dissect the role that the EJC plays in splicing.

In the following, I will first give a short introduction into the biology of the exon junction
complex.

The EJC is a multi-protein complex that is deposited upstream of exon-exon boundaries by
the splicing machinery’®. Three proteins, eIF4AIII Tsunagi and Mago, build the core of the
complex. The complex is directly bound to the RNA ~26nt upstream of exon junctions *>°.
RNA binding is sequence independent and is mediated by the DEAD-box domain of
elF4AIll. After export of the fully spliced and poly-adenylated mRNA, the fourth core
component, Barentz (Btz), binds to the EJC”".

Deposition of the core EJC at exon-exon boundaries serves as a binding platform for an array

98-100
of accessory factors

. Several functions are assigned to the EJC and these seem to vary
with the different associated factors. Among the functions of the EJC are nonsense mediated
mRNA decay (co-factor: Upf3'”, nuclear mRNA export (co-factors: UAP56'”, Aly'” and
NFX1'”) and mRNA quality control (co-factors: Acinus (Acn)'™, RnpS1'®'% and
SAP18'").

Although most actions of the EJC occur post splicing, the EJC has been shown to also interact

. . . . .. 108,109
with proteins involved in splicing'®"

. This caused the question, if the EJC is actually
involved directly in splicing. Indeed it was shown that the nuclear core (eIF4AIll, Mago and
Tsu) of the EJC and the auxiliary factor RnpS1 are necessary for the faithful splicing of

several mRNAs in Drosophila''*'"!

. Loss of any of these factors leads to the exclusion of
exons in mRNAs displaying atypical large introns (so-called exon-skipping). Affected genes
are often located in heterochromatin and contain several large introns. The most prominent
gene showing defects is rolled which encodes for the signaling kinase ERK''*'"".

The EJC core components Mago Nashi (Mago) and Tsunagi (Tsu) as well as the accessory
factors RnpS1 and Acinus (Acn) scored as strong hits in the screen. Follow-up experiments
showed that eIF4AIll is also required for a functional piRNA pathway. Depletion of this

factor in all follicle cells resulted in a non-interpretable phenotype during the screen as
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ovarian development was blocked. However, el[F4AIIl depletion in clones of cells confirmed
its involvement in the piRNA pathway.

Based on several lines of evidence we could show that the EJC is critically involved in
splicing of the piwi pre-mRNA. In contrast to the literature where only exon skipping

110,111 . . .
01" we observed intron-inclusion of the

phenotypes were reported for EJC deficient cells
fourth intron of piwi. Our work also demonstrated for the first time a clear involvement of the
accessory factor Acinus in EJC mediated splicing processes.

To dissect the mechanism behind the splicing defects we generated transgenic flies where we
modified intron 4 of piwi. We were able to show, that the poor poly-pyrimidine tract of
Drosophila piwi intron 4 in combination with the extension of intron 4 length by transposon
insertions underlie the requirement of the EJC for successful splicing. Furthermore we
showed that deposition of the EJC onto neighboring exon-exon boundaries facilitates splicing
of piwi intron 4. We also analyzed the impact of EJC loss genome wide and could show that
~286 introns of Drosophila melanogaster show an intron retention phenotype. Taken

together, our work illustrates that the EJC is critically involved in the splicing of poor introns

and that this is facilitated by its prior deposition to a flanking exon-exon junction.
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Splicing of pre-mRNAs results in the deposition of the exon junction complex (EJC) upstream of exon-exon
boundaries. The EJC plays crucial post-splicing roles in export, translation, localization, and nonsense-mediated
decay of mRNAs. It also aids faithful splicing of pre-mRNAs containing large introns, albeit via an unknown
mechanism. Here, we show that the core EJC plus the accessory factors RnpS1 and Acinus aid in definition and
efficient splicing of neighboring introns. This requires prior deposition of the EJC in close proximity to either
an upstream or downstream splicing event. If present in isolation, EJC-dependent introns are splicing-defective
also in wild-type cells. Interestingly, the most affected intron belongs to the piwi locus, which explains the reported
transposon desilencing in EJC-depleted Drosophila ovaries. Based on a transcriptome-wide analysis, we propose that
the dependency of splicing on the EJC is exploited as a means to control the temporal order of splicing events.
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splicing; transposon silencing]
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Expression of protein-coding genes involves a series of
interlinked and interdependent molecular events, includ-
ing nuclear steps such as pre-mRNA transcription, intron
removal via splicing, 5’ and 3’ modifications, and export,
followed by cytoplasmic events such as mRNA translation
and degradation. A central factor connecting nuclear pre-
mRNA maturation to mRNA fate is the exon junction
complex (EJC), a multisubunit protein complex that is
deposited ~24 nucleotides (nt) upstream of individual
exon—-exon boundaries after splicing (Le Hir et al. 2000a).

Assembly of the EJC on an RNA depends on tight RNA
binding of a trimeric nuclear complex of the sequence-
independent DEAD-box RNA clamp eIF4AIIl and a
heterodimer of Mago and Y14/Tsunagi (Tsu) (Shibuya
et al. 2004; Gehring et al. 2009). Upon nuclear mRNA
export to the cytoplasm, these three factors recruit a fourth
EJC core component, Barentsz (Btz)/MLN51 (Degot et al.
2004).

The EJC is a binding platform for several peripheral
factors, which provide mechanistic links to various pro-
cesses in mRNA fate control (Tange et al. 2004; Bono and
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Gehring 2011). Among these are the nuclear mRNA export
factors UAP56, REF/Aly, and TAP/NFX1:pl5 (Kataoka
et al. 2000; Luo et al. 2001); the nonsense-mediated mRNA
decay factor Upf3 (Gehring et al. 2003); and the ASAP
complex (Acinus [Acn], RnpS1, and SAP18), whose sub-
units have been individually implicated in mRNA quality
control, pre-mRNA splicing, and transcriptional regula-
tion (Zhang et al. 1997; Mayeda et al. 1999; Schwerk et al.
2003; Sakashita et al. 2004).

Most molecular processes that depend on the EJC are
post-splicing events. However, the EJC core also interacts
with proteins implicated in splicing (e.g., the splicing
coactivators/alternative splicing factors SRm160 and
Pinin) (Le Hir et al. 2000Db; Li et al. 2003), suggesting that
the EJC plays a direct role in splicing itself. Indeed, the
nuclear EJC core factors e[F4AIll, Mago, and Tsu, together
with RnpS1, are required for the faithful splicing of
several Drosophila pre-mRNAs harboring large introns,
often encoded at heterochromatic gene loci (Ashton-
Beaucage et al. 2010; Roignant and Treisman 2010). Loss
of the EJC results in frequent exon skipping and reduced
mRNA levels, the most prominent example being the
ERK-encoding rolled transcript.

© 2014 Hayashi et al. This article, published in Genes & Development,
is available under a Creative Commons License (Attribution 4.0 Interna-
tional), as described at http://creativecommons.org/licenses/by/4.0.
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It is unclear how the EJC facilitates splicing
mechanistically—in particular, whether the EJC aids splic-
ing of neighboring introns after it has been deposited at
flanking spliced junctions or whether individual EJC
subunits directly facilitate splicing independently of
their assembly into an EJC.

Here, we demonstrate that the nuclear EJC core factors
Mago, Tsu, and eIF4AIIl and the peripheral EJC compo-
nents RnpS1 and Acn are essential for the accurate
transcript splicing of piwi, which encodes an essential
component of the ovarian defense pathway for transpos-
able element (TE) silencing in Drosophila. We show that
the nuclear EJC is required for splicing of intron4 of piwi
and that expression of piwi transcripts lacking this intron
is EJC-independent. In the absence of the EJC recruited
to a flanking exon-exon junction, intron4 is inefficiently
spliced, even in wild-type cells. A transcriptome-wide
analysis reveals that several other mRNAs also exhibit an
intron retention phenotype upon EJC depletion, indicat-
ing that the EJC facilitates the removal of adjacent/nearby
introns with suboptimal splicing characteristics.

Results

The nuclear EJC is required for transposon silencing
in ovaries

TE silencing in Drosophila ovarian tissues in both the
germline and associated soma is mediated by the piRNA
pathway, a small RNA silencing system. Three Argonaute
proteins of the PIWI clade (nuclear Piwi and cytoplasmic
Aubergine and AGO3) are at its core. Each is bound to
a population of 22- to 30-nt single-stranded piRNAs that
act as sequence-specific guides to identify complementary
targets for their transcriptional and post-transcriptional
silencing (Senti and Brennecke 2010; Siomi et al. 2011).

Recent reverse genetic screens have begun to identify
the genetic framework of the Drosophila piRNA pathway
(Czech et al. 2013; Handler et al. 2013; Muerdter et al.
2013). Besides factors involved in piRNA biogenesis or
piRNA-mediated silencing, several unexpected players
were identified. Among these are components of the EJC,
whose depletion results in desilencing of piRNA pathway
repressed TEs.

We retested 15 annotated core and peripheral EJC factors
for a role in ovarian TE silencing. Using tissue-specific
RNAI (Dietzl et al. 2007; Ni et al. 2011), we depleted
individual factors in either germline tissue (which com-
prises accessory nurse cells interconnected with each
other and with the oocyte] or the overlying somatic
follicular epithelium (Fig. 1A,B; Materials and Methods).
piRNA pathway integrity was monitored with lacZ re-
porter transgenes that are repressed by the pathway in
wild-type cells (Fig. 1C,D) and via quantitative RT-PCR
(qQRT-PCR) to measure steady-state RNA levels of marker
TEs (Fig. 1E,F; Materials and Methods). For both assays,
depletion of the essential piRNA biogenesis factor Armit-
age (Armi) served as positive control.

Only the EJC core factors Mago and Tsu and the
peripheral factors RnpS1 and Acn give strong, consistent
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derepression of the reporters and endogenous TEs in both
the ovarian germline (blood and HeT-A) (Fig. 1C,E) and
somatic cells (gypsy and mdg1) (Fig. 1D,F). Depletion of
the core EJC factor eIF4AIll prevents ovarian develop-
ment entirely and could not be evaluated. Importantly,
depletion of the cytoplasmic core EJC factor Btz does not
result in any observable TE derepression.

Similar results were obtained in cultured ovarian so-
matic stem cells (OSCs), which are also subject to piRNA-
mediated silencing of TEs (Niki et al. 2006; Saito et al.
2009). RNAi-mediated depletion of Mago, Tsu, RnpS1, and
Acn, but not of Btz, causes derepression of gypsy (Supple-
mental Fig. S1). Together, our results suggest an involve-
ment of the nuclear EJC plus the factors RnpS1 and Acn in
the ovarian piRNA pathway.

The EJC is required for a post-transcriptional step
in piwi expression

To place the EJC into the hierarchy of the piRNA pathway
(illustrated in Fig. 2A), we took advantage of the obser-
vation that defects in piRNA biogenesis (e.g., loss of Armi)
cause severe reductions in Piwi protein levels, presumably
because unloaded Piwi is unstable (Fig. 2C; Olivieri et al.
2010; Saito et al. 2010). Interestingly, depletion of Mago,
Tsu, RnpS1, or Acn, but not Btz, also causes a strong re-
duction of Piwi levels in soma and the germline (Fig. 2C,D
[see also B for a summary of knockdown strategies]). The
clonal knockdown approach in somatic cells allowed us to
show that the other nuclear EJC core factor, eIF4AIll, is
also required for Piwi accumulation (Fig. 2C).

Because the EJC is known to control RNA fate, we
hypothesized that loss of the EJC impairs expression or
specification of piRNA precursor transcripts, which are
transcribed from discrete, often heterochromatic loci
termed piRNA clusters (Senti and Brennecke 2010).
However, depletion of the EJC in OSCs results in only
moderate and insignificant changes in steady-state RNA
levels of flamenco, the major somatic piRNA cluster
(Brennecke et al. 2007). Also, integrity of the Yb body, the
cytoplasmic piRNA processing center in somatic ovarian
cells (Szakmary et al. 2009; Olivieri et al. 2010; Saito et al.
2010), does not depend on the EJC (Supplemental Fig. S2).

We therefore analyzed piwi expression itself using
fluorescent in situ hybridization (FISH). In wild-type egg
chambers, an exon8 antisense probe detected abundant
piwi transcript in the cytoplasm of nurse cells (Fig. 2E).
In addition, signal within nurse cell nuclei was observed
in strong foci that presumably reflect nascent transcripts
at the sites of transcription. Both signals are absent
in piwi/06843] mutant egg chambers (germline clones),
where a P element inserted into the first intron perturbs
piwi transcription. Consistent with the loss of Armi resulting
in post-translational destabilization of Piwi protein (Olivieri
et al. 2010; Saito et al. 2010), piwi transcript patterns in the
cytoplasm and nucleus are normal in Armi-depleted egg
chambers (Fig. 2E). In contrast, depletion of Acn or RnpS1
results in the severe reduction of cytoplasmic piwi transcript
levels, while nuclear foci are unaffected, indicating that
primary piwi transcription is normal (cf. the signals
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in nurse cell nuclei in Fig. 2E). Thus, depleting EJC
activity impairs the processing, export, or stability of
piwi transcripts.

EJC factors are required for piwi intron4 splicing

Because the nuclear EJC and RnpS1 are required for
faithful splicing of numerous mRNAs (Ashton-Beaucage
et al. 2010; Roignant and Treisman 2010), we analyzed
piwi splicing patterns by RT-PCR using total RNA from
OSCs depleted for individual EJC factors by RNAi. A
primer pair mapping to the first and the last piwi exon
exclusively amplifies the expected spliced wild-type piwi
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W gypsy
@ mdg1

c¢DNA from control and Armi-depleted cells (Fig. 3A,B,
amplicon A).

Depletion of Mago, Tsu, RnpS1, or Acn, but not Btz,
results in additional, longer products, suggestive of intron
inclusion, and shorter products that are indicative of exon
skipping (Mago and Tsu only) (Fig. 3B). We focused on the
major longer fragment, considering that it is observed in all
four knockdown samples. Sequencing showed that it
comprises the expected piwi cDNA plus the entire intron4
(n = 10 of 10); three clones contained introné in addition.

Intron retention in cells with reduced EJC activity was
unexpected because loss of the EJC has previously been
shown to be associated with skipping of exons, in partic-
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Figure 2. The EJC is required for piwi mRNA and protein expression. (A) Illustration of Piwi-mediated transposon silencing. piRNA
precursor transcripts are expressed from heterochromatic piRNA clusters (e.g., flamenco) and exported to cytoplasmic piRNA
biogenesis sites. Upon loading with a piRNA, Piwi enters the nucleus, where it guides transcriptional silencing of TEs. Defective
piRNA biogenesis (e.g., caused by loss of Armi) prevents Piwi loading, which renders it unstable. (B) Illustration of applied RNAi
knockdown strategies. Indicated factors were depleted in either clones of somatic cells (left) or all germline cells (right). Confocal
images in C and D represent surface sections and cross-sections through stage 3-6 egg chambers, respectively. (C,D) Confocal sections
of egg chambers with clones of somatic follicle cells (C) or germline cells (D) expressing shRNAs against EJC factors stained for Piwi.
Bars, 10 wm. Piwi levels are greatly reduced in cells depleted for EJC factors except Btz. shRNAs against GFP and armi served as
controls. (E) Confocal sections through stage 9-10 egg chambers expressing shRNAs against the indicated genes in the germline stained
for piwi exon8 (green) and DNA (magenta). Bars, 50 um. Egg chambers from piwi[06843] germline clones served as negative control.
Cytoplasmic piwi staining is lost upon Acn or RnpS1 knockdown but not upon armi knockdown. Nuclear staining (individual nurse
cell nuclei enlarged) of piwi reflects nascent transcripts and thus active transcription.
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Figure 3. EJC factors are required for piwi int4 splicing. (A) Cartoon of the genomic piwi locus showing exons as blue boxes, introns as
lines, TE fragments as gray boxes, and the locations of RT-PCR primers used in B-D. (B) Agarose/EtBr gel showing piwi RT-PCR
products (primers in exonl and exon8; amplicon A in A; size markers at the borders) amplified from total RNA isolated from OSCs
depleted for the indicated genes. piwi cDNAs containing int4 or both int4 and int6 (indicated by an asterisk) are amplified along with
wild-type piwi cDNA in mago, tsu, Acn, or RnpS1 knockdowns. (C) Shown are the fold changes in steady-state RNA levels of all piwi
transcripts (exon3; black bars) and those piwi transcripts with spliced (gray bars) or unspliced (red bars) int4 amplified from total RNA
isolated from OSCs depleted for the indicated genes. Values are normalized to rp49 levels, and averages of three biological replicates
relative to control knockdowns are shown, with error bars indicating standard deviation. The levels of piwi transcripts with spliced and
unspliced int4 are decreased and increased by twofold to fourfold in mago, tsu, Acn, or RnpS1 knockdowns, respectively. (D) RNA-seq
profiles at the piwi locus obtained from polyA-selected RNA from OSCs depleted for the indicated genes (exonic reads in gray; intronic
reads in red; arrows mark int4), showing the retention of int4 in Acn and tsu knockdowns. (E) Agarose/EtBr gel showing gasz and
shutdown RT-PCR products (primers in the respective first and last exons) amplified from total RNA isolated from OSCs depleted for
the indicated genes. Unlike piwi, the splicing of these transcripts is not affected by the depletion of EJC factors.

ular those adjacent to very long introns (Ashton-Beaucage
et al. 2010; Roignant and Treisman 2010). We therefore
confirmed the retention of piwi intron4 (int4) by qPCR.
Compared with control cells, we observed an approxi-
mately fourfold decrease of the spliced species (amplicon
B) and an approximately fourfold increase of the unspliced
species (amplicon C) in Acn- or RnpS1-depleted cells (Fig.
3C). The accumulation of the unspliced species is evident
but less pronounced in Mago- or Tsu-depleted cells, perhaps
because depletion of these core factors has a broader impact
on piwi splicing patterns or causes a general reduction in
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cell viability. We observed a similar degree of int4 retention
also in ovaries depleted for EJC factors specifically in
germline cells (Supplemental Fig. S3).

A highly similar intron retention pattern was found by
sequencing polyA-selected RNAs: int4 is substantially
retained, and int6 is slightly overrepresented in Acn- or
Tsu-depleted OSCs (Fig. 3D). These data also confirm a
general reduction in piwi steady-state RNA levels, espe-
cially in Tsu-depleted cells, presumably a consequence of
nonsense-mediated decay (NMD) because inclusion of
int4 adds a premature stop codon.
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Intron retention is not a general phenotype in EJC-
depleted cells; splicing of several other transcripts (e.g., of
the piRNA pathway factors gasz or shutdown) is normal
in the various OSC knockdowns tested (Fig. 3E). Thus,
the reduced Piwi activity is probably due to a selective
failure of piwi RNA splicing.

PiRNA pathway defects in EJC-depleted ovaries
are largely due to retention of piwi intron4

To check whether int4 retention is indeed the major block
to Piwi expression in EJC-depleted cells, we tested whether
removing the intron renders piwi EJC-independent. We
generated transgenic flies that express an N-terminal GFP-
Piwi fusion in the context of a fully functional genomic
construct containing the entire piwi locus (GEP-piwi)
(Sienski et al. 2012) and flies expressing an equivalent
gene that lacks int4 (GFP-piwi[Aint4]).

As expected, GFP-Piwi levels from the former construct
are sensitive to the depletion of EJC factors in ovarian
somatic and germline cells (Fig. 4A; Supplemental Fig.
S4A). In contrast, GFP-Piwi from GFP-piwi[Aint4] is in-
sensitive to depletion of Tsu or Acn (Figs. 4A; Supplemen-
tal Fig. S4A) while remaining sensitive to reduced piRNA
synthesis by Armi depletion. Retention of int4 is therefore
causal to the reduced Piwi levels in EJC-depleted cells.

We further tested whether the EJC-independent GFP-
piwi[Aint4] transgene rescues the TE derepression phe-
notype in EJC-depleted flies. We depleted Acn specifically
in ovarian germline or somatic cells of flies carrying
either the wild-type GFP-piwi or the GFP-piwi[Aint4]
construct. TE derepression in the germline caused by the
depletion of Acn, but not of Armi, is greatly rescued by
the GFP-piwi[Aint4] transgene and not by the wild-type
GFP-piwi transgene (Fig. 4B). The transgene also rescues
TE derepression in the soma: In Acn-depleted somatic
cells, expression of the gypsy-lacZ reporter is largely
repressed in the presence of GFP-piwi[Aint4] (Fig. 4C).

The GFP-piwi[Aint4] construct fails to rescue germline
TE derepression due to Tsu depletion (data not shown),
perhaps because these flies also show reduced germline
expression of AGO3 (Supplemental Fig. S4B), a second
central Argonaute protein involved in the piRNA path-
way. AGO3 pre-mRNA has very large introns and thus
resembles transcripts known to require the EJC for effi-
cient splicing. Indeed, AGO3 mRNA level is reduced upon
Tsu but not Acn depletion. We did not detect misspliced
AGO3 mRNA species, possibly due to efficient NMD
(Supplemental Fig. S4C,D). We note that the GFP-piwi
[Aint4] construct does reduce desilencing of mdg1 in Tsu-
depleted follicle cells in which AGO3 is not expressed
(Supplemental Fig. S4E). Taken together, our results in-
dicate that missplicing of piwi int4 is the major cause of
TE derepression in ovaries depleted for EJC components.

Splicing of piwi intrond requires deposition of the EJC
at a nearby splice junction

To understand why splicing of piwi int4 is sensitive to
EJC levels, we compared the int4 sequence in Drosophila
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melanogaster with that in other Drosophilids (Fig. 5A). In
the melanogaster subgroup, int4 harbors one or two TE
remnants that extend the intron to ~200-700 nt, whereas
the intron is devoid of TE fragments and very short (~60
nt) in the more distantly related species. Also, the 3’ end of
piwi int4 lacks a robust polypyrimidine tract (pY; defined
as at least seven consecutive pyrimidines) in nearly all of
these species. Assembly of spliceosome components at 3’
splice junctions involves recognition of the pY tract by the
U2 snRNP factor U2AF65 (Zamore et al. 1992). Introns
with a poor pY tract can be spliced in vitro, but only if they
are <90 nt (Guo et al. 1993).

This analysis raised the possibility that int4 is a sub-
optimal intron in the melanogaster subgroup. To test this
idea, we generated transgenic flies harboring the afore-
mentioned genomic GFP-piwi construct but lacking
either all introns or all except int4. The intron-less
construct drives readily detectable GFP-Piwi expression
in ovarian somatic and germline cells (Fig. 5C). However,
addition of int4 abolishes expression of GFP-Piwi almost
completely (Fig. 5C), indicating that even wild-type cells
cannot splice piwi int4 if it is present in isolation.

Replacing the 3'-most 50 nt of int4 with the equivalent
part of piwi int7 that contains a clear pY tract (the pY-
fixed construct) (Fig. 5B) largely rescues int4 splicing, as
does shortening of int4 to 60 nt (Fig. 5D,E). A length
reduction to 106 nt does not restore splicing, consistent
with the aforementioned length cutoff of ~90 nt for
introns with poor pY tracts (Guo et al. 1993). These results
suggest that piwi int4 is a very poorly defined intron due to
the lack of an optimal pY tract coupled with its large size.

Because piwi int4 is efficiently spliced in the context of
the wild-type locus but poorly spliced when isolated,
perhaps prior splicing of flanking introns is required for
int4 definition. We tested this idea directly by adding
either int3 or int5 at their natural positions to the trans-
gene that contains only int4. Addition of int3 has no
measurable impact, but the presence of int5 results in
significant GFP-Piwi expression to about half the level
observed in the pY-fixed construct (Fig. 5F). Most impor-
tantly and as shown for the wild-type construct, GFP-
Piwi expression from the int4/5 construct is EJC-depen-
dent, being approximately threefold reduced in germline
cells upon germline-specific depletion of Acn (Fig. 5F).

These results strongly favor a model in which splicing
of int5 with subsequent EJC deposition facilitates int4
splicing. To understand why addition of int5 but not of
int3 rescues int4 splicing, we analyzed the impact of
intron identity, absolute intron distance to int4, and
relative intron positioning (upstream versus downstream)
on GFP-Piwi expression. Intron identity plays no role
because an intron derived from the armi locus rescues
expression as efficiently as piwi int5, while piwi int5
placed at the int3 position lacks rescuing activity (Fig.
5QG). Increasing the distance between int4 and int5 from
200 nt (wild type) to 500 or 900 nt impairs rescue, while
shortening the distance has no impact (Fig. 5H), suggesting
that proximity to the splice junction is important. To test
whether the upstream introns fail to rescue because they
are too distant from the int4 3'end, we examined whether
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Figure 4. A piwi transgene lacking int4 rescues transposon derepression in EJC-depleted cells. (A) Expression of wild-type GFP-piwi,
but not of GFP-piwi Aint4, is dependent on EJC factors. Shown are confocal sections through egg chambers expressing GFP-piwi or
GFP-piwi Aint4 depleted for the indicated genes in germline cells. Bars, 10 um. Relative GFP levels (+standard deviation) from the
indicated GFP-piwi transgenes in comparison with the white control knockdown are indicated (GFP fluorescence levels in nurse cell
nuclei normalized to those in follicle cell nuclei from three egg chambers). (B) Displayed are fold changes in steady-state RNA levels of
HeT-A and blood in ovaries depleted for the indicated genes in the germline and expressing the indicated GFP-piwi transgenes. RNA
levels are normalized to rp49 levels, and averages of three biological replicates relative to control knockdowns are shown. Error bars
indicate standard deviation. (*) P < 0.01; (**) P < 0.001. TE derepression caused by Acn knockdown is rescued by GFP-piwi Aint4 but not
by wild-type GFP-piwi. (C) Shown are the X-gal stainings of egg chambers depleted for the indicated genes in somatic follicle cells and
expressing the gypsy-lacZ reporter and the indicated GFP-piwi transgenes. GFP-piwi lacking intron4, but not wild-type GFP-piwi,
greatly reduces the gypsy-lacZ expression induced by the depletion of Acn.

an upstream intron can rescue the splicing of a shorter int4 sequenced polyA-selected RNAs from OSCs depleted for
from Drosophila yakuba (235 nt), which, when isolated, is Tsu, Acn, or GFP (Materials and Methods). We considered
also splice-defective in wild-type cells (Fig. 5I). This shorter ~1500 introns for which a significant quantitative anal-
int4 is indeed rescued by the upstream presence of the ysis was possible (Materials and Methods).

melanogaster int3 (Fig. 5, cf. I and F), indicating that both An analysis of intronic RNA sequencing (RNA-seq)
upstream and downstream introns can rescue int4 splicing reads indicates that splicing of most introns is EJC-
if placed nearby, presumably due to prior deposition of the independent (median changes in intron retention index
EJC to a flanking exon—exon junction. upon tsu and Acn knockdown are both 1.00). Neverthe-

less, 286 introns exhibit pronounced retention character-
istics (twofold to 10-fold higher than in control cells) in
cells depleted for either Tsu or Acn (Fig. 6A). We verified
the RNA-seq results for several EJC-dependent introns by
To investigate whether piwi int4 is indicative of a more performing RT experiments or by qPCR using amplicons
general role of the EJC in efficient intron removal, we that discriminate spliced and nonspliced transcripts (shown

Splicing of first introns tends to depend on the EJC
if followed by a large second intron
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Figure 5. The EJC facilitates piwi int4 splicing from a nearby splice junction. (A) Architecture of piwi int4 from 12 Drosophila species
(phylogenetic tree is at the left). Indicated are TE fragments (colored), intron length, and the presence of a pY tract. piwi int4 is enlarged
in the melanogaster subgroup (boxed) due to insertions of TE fragments. (B) Depicted are the last 50 nt of the indicated introns, with pY
tract in red. piwi int4 from D. melanogaster and D. yakuba have suboptimal pY tracts. (C-I) piwi int4 is not efficiently spliced when it
is placed in isolation. The features of int4 that contribute to the inefficient splicing and the effects of additional flanking introns are
examined. Shown are confocal sections through egg chambers expressing the indicated GFP-piwi transgenes (depicted as cartoons
above each image). Bars, 10 pm. In F, shRNAs against white or Acn are expressed in germline cells (GLKD). The transgene cartoons
represent the piwi cDNA (gray), melanogaster int4 (white large triangles), yakuba int4 (green large triangles), and additional indicated
introns (small colored triangles). The indicated GFP levels (*=standard deviation) were calculated by measuring GFP fluorescence in
nurse cell nuclei of three egg chambers. Microscope settings were identical in C-E and F-I, respectively. GFP intensity was set to 100%
for the left panel in C and the middle panel in F. For a global comparison, the intensity of GEP-piwi [cDNA + int4 + int5@int5] is 13.0 =
2.0% of the intensity of GFP-piwi [cDNA].
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Figure 6. Transcriptome-wide analysis of EJC-dependent introns. (A) Scatter plot showing the fold changes in the retention of
individual introns of OSC transcripts upon Acn or tsu knockdown relative to the control knockdown. Validated hits are indicated (blue
dots). piwi int4 is among the most prominent introns that are retained both in Acn and tsu knockdowns. (B,C) Experimental validations
of enhanced retention of CG8671 int1 and garnet int7 in tsu- or Acn-depleted OSCs using polyA-selected RNAs. Shown at the top is
a cartoon of the respective locus (exons as boxes and introns as lines) with the location of the primers in RT-PCR. The bar charts
indicate fold changes in steady-state levels of the indicated CG8671 (B) or garnet (C) transcripts. (Gray) Spliced; (red) unspliced.
Amplicon identity is given above. The Agarose/EtBr gel images show RT-PCR products obtained with primers mapping to the flanking
exons. The asterisk in C marks a nonspecific product. (D, top) The cartoon depicts the analyzed groups of introns, considering their
location in the transcript and the identity of flanking introns. The box plot shows fold changes in intron retention for the groups defined
above upon Acn or tsu depletion. First introns followed by a large second intron (group 3) are significantly more retained in EJC-
depleted cells (P-values are calculated by the Wilcoxon rank-sum test).

for CG8671 and garnet in Fig. 6B,C). Of note, piwi int4 is
among the most affected intron transcriptome-wide.

As a poor pY tract is an apparent characteristic of piwi
intd, we inspected whether EJC-dependent introns gen-
erally exhibit a weak pY tract. However, the group of
introns harboring a poor pY tract (n = 272) (Materials and
Methods) is not significantly more dependent on the EJC
than the average intron (median changes in intron re-
tention index upon tsu or Acn knockdown are 1.03 and
1.02, respectively; P-values > 0.5). Also, the suspicious TE
insertions in piwi int4 do not seem to suggest a general
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pattern: TE remnants are only rarely found in tsu- or Acn-
dependent introns (only four out of the 30 most affected
introns harbor TE remnants).

Loss of the nuclear EJC has been shown to result in exon
skipping for transcripts containing large introns (Ashton-
Beaucage et al. 2010; Roignant and Treisman 2010). This
appears not to be the case for intron retention because the
intron retention index is not significantly increased for
either introns that are themselves >2 kb (n = 162; median
changes in intron retention index upon tsu or Acn knock-
down are 0.93 and 0.92, respectively) or introns within
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transcripts containing at least one intron >10 kb (n = 353;
median changes in intron retention index upon tsu or Acn
knockdown are 1.00 and 0.94, respectively].

Manual inspection of many gene loci containing an
EJC-dependent intron indicated that affected introns are
often first introns and that they are frequently followed
by a large second intron (e.g., CG8671 in Fig. 6B; see also
Supplemental Table S1). The population of first introns
followed by a large second intron (>2 kb; n = 77) is
significantly more likely to be inefficiently spliced in
tsu-depleted (median = 1.21; P = 0.012) or Acn-depleted
(median = 1.46; P = 2.06 X 107'2) cells compared with
control cells (Fig. 6D). In comparison, the group of all first
introns (n = 320) or internal introns immediately fol-
lowed (n = 64) or preceded (n = 99) by a large intron shows
no significantly different behavior in EJC-depleted cells
compared with control cells (Fig. 6D). Together, our
results demonstrate an unanticipated dependency of first
introns that are followed by a large second intron on the
EJC for their splicing.

Exon skipping and intron retention are genetically
separable events

Both exon skipping and intron retention are defects in
EJC-depleted cells, arguing that the two processes are
mechanistically related. However, we noticed one clear
difference between the two phenotypes: Loss of Acn
strongly impacts intron retention yet was not previously
reported to have an impact on exon skipping (Ashton-
Beaucage et al. 2010; Roignant and Treisman 2010).

We therefore analyzed splicing patterns of the large
intron-containing rolled and light transcripts in OSCs
depleted for EJC core factors or RnpS1 or Acn. Consistent
with previous reports, depletion of Mago or Tsu leads to
severe exon skipping (Fig. 7A; Supplemental Fig. S5;
Ashton-Beaucage et al. 2010; Roignant and Treisman
2010). The same is true, although to a lesser extent, for
depletion of RnpS1 but not for Acn, whose depletion
results in very mild exon skipping (Fig. 7A; Supplemen-
tal Fig. S5). Similarly, protein levels of the Rolled MAP
kinase ERK are strongly reduced in vivo in cell clones
depleted for EJC core factors (Mago, Tsu, and eIF4AIII),
only mildly reduced upon RnpS1 depletion, and almost
wild type in Acn-depleted cells (Fig. 7B). In contrast, loss
of any involved EJC factor affects Piwi protein levels
equally under comparable experimental conditions
(Fig. 2C,D).

As exon skipping results in reduced levels of affected
transcripts (presumably due to NMD), depletion of the
core EJC affects preferentially levels of transcripts harbor-
ing long introns (Ashton-Beaucage et al. 2010; Roignant
and Treisman 2010). We confirmed that transcript levels
are increasingly more affected as a function of increasing
intron length upon Tsu depletion in OSCs (Fig. 7C). Again,
no such trend is detectable upon Acn depletion, confirm-
ing its limited impact on exon skipping.

Taken together, our observations indicate that exon
skipping and intron retention are related yet geneti-
cally separable processes. While depletion of nuclear
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core EJC factors results in both phenotypes, depletion
of Acn only has a clear effect on the intron retention
phenotype.

Discussion

Genetic screens have uncovered a surprising link be-
tween the EJC and the piRNA pathway in Drosophila.
We dissected the underlying molecular cause and un-
covered several principles that connect the EJC to intron
definition and splicing. The major outcome of our study is
as follows:

(1) Loss of the nuclear EJC or the accessory factors RnpS1
or Acn impairs the D. melanogaster piRNA pathway
due to impaired splicing of the piwi transcript.

(2) Deposition of the EJC to flanking introns, but not
direct recruitment by the spliceosome, underlies the
EJC’s impact on splicing.

(3) Many introns—preferentially first introns followed
by large second introns—require the EJC for their
splicing.

(4) Exon skipping and intron retention depend on related
but distinct aspects of EJC function.

Roles of the EJC in the piRNA pathway

Defective splicing of piwi int4 is a major molecular defect
underlying the involvement of the EJC in the D. mela-
nogaster piRNA pathway (Figs. 3, 4). During evolution,
one or two LINE fragments appear to have inserted into
int4, which, together with its poor pY tract, renders it too
long to be spliced efficiently. Based on these criteria, an
involvement of the EJC in piwi expression appears re-
stricted to the melanogaster subgroup (which branched
from the ananassae subgroup ~45 million years ago) (Fig. 5;
Tamura et al. 2004). It is unclear whether a suboptimal int4
is simply tolerated given its rescue via the EJC or whether
the dependence of int4 on the EJC provides a selective
advantage.

In the case of Acn depletion, TE repression is nearly
entirely restored by expression of an EJC-independent
piwi transgene. Loss of Tsu or Mago, on the other hand,
results in additional defects that impair TE silencing. It is
currently unclear whether splicing of other piRNA path-
way factor transcripts requires the core EJC. A strong
candidate is AGO3, which is expressed as an ~150-kb
pre-mRNA with several large introns; indeed, AGO3
transcript levels are affected upon depletion of core EJC
but not peripheral EJC factors (Supplemental Fig. S4).

EJC assembly to flanking splice junctions occurs prior
to its contribution to splicing

Because deposition of the minimal EJC core (pre-EJC:
elF4AIll, Mago, and Tsu) at the upstream exon occurs
shortly before or during exon ligation and therefore
depends on a successful splicing event (Gehring et al.
2009), most studies on the EJC have focused on its role in
controlling mRNA fate downstream from splicing. It
came as a surprise that the EJC also impacts the process
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of splicing itself (Ashton-Beaucage et al. 2010; Roignant
and Treisman 2010). However, analyzing the molecular
basis for this contribution to splicing has been difficult
due to the complex architecture of previously described
target transcription units (long genes with large introns
harboring numerous TE insertions, often situated within
the heterochromatin). In particular, it was unclear whether
the role of the EJC in the splicing of transcripts containing
large introns reflects a noncanonical role of EJC compo-
nents in splicing or whether canonically deposited EJCs at
flanking splice junctions aid the definition of flanking
introns (discussed in Ashton-Beaucage and Therrien 2011).

The finding that the EJC is also required for splicing of
int4 at the compact and euchromatic piwi locus provides
a powerful system to address this important question.
Our collective data strongly indicate that conventional
assembly of the EJC at splice junctions can facilitate the
subsequent splicing of neighboring introns that pose a
challenge for the spliceosome, such as ones that are
atypically large (Ashton-Beaucage et al. 2010; Roignant
and Treisman 2010) or lack strong splicing signals (this
study). In the case of piwi int4, a neighboring EJC (up-
stream or downstream) can assist the splicing if it is bound
within ~250 nt of the 3’ splice site (Fig. 5FH). Interest-
ingly, this distance requirement resembles that of the
minimum size of an intron in the intron definition model
of splicing (Fox-Walsh et al. 2005) and indicates a direct
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role of the EJC in aiding splicing rather than a licensing
model in which EJC deposition anywhere on the message
promotes splicing of suboptimal introns. The EJC has been
shown to interact with a number of SR proteins (Singh
et al. 2012), suggesting that the EJC acts as an RNA-bound
scaffold to recruit splicing machineries via SR proteins.

A temporal order in splicing instructed by the EJC?

Previous observations point to a preferential role of the
EJC in the splicing of complex transcripts; namely those
that contain unusually large introns, often harboring TE
insertions. Why, however, would first introns followed by
large second introns be disproportionally dependent on
the EJC (Fig. 6D)? These first introns themselves are not
unusually large and exceptional, yet their dependency on
a flanking EJC suggests that they are intrinsically difficult
to splice. An attractive, albeit speculative, model is that
evolution has selected this dependency in order to splice
first introns only after successful splicing of the large
downstream intron. Large introns are likely to contain
cryptic polyadenylation/cleavage sites, and their usage is
suppressed by deposition of Ul onto the nascent tran-
script (Kaida et al. 2010). Delaying intron splicing to a time
point after transcription and splicing of the large down-
stream intron would therefore increase gene expression
fidelity. Interestingly, first introns have been reported to be
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less efficiently spliced compared with internal introns in
Drosophila (Khodor et al. 2011).

A related hypothesis is that the EJC licenses splice
events during alternative splicing. Alternatively spliced
introns often have weak splice recognition sites (Clark
and Thanaraj 2002; Garg and Green 2007), and it has been
shown that splicing of neighboring introns influences the
selection of alternative splice sites (Fededa et al. 2005;
Glauser et al. 2011). It would be intriguing if the order of
intron splicing impacts alternative splicing in an EJC-
dependent manner, thereby increasing the transcript
repertoire in higher organisms.

Exon skipping versus intron retention and the role
of Acinus

Intron retention and exon skipping have two different
molecular causes: defective intron and exon definition,
respectively (De Conti et al. 2013). Nevertheless, depletion
of core EJC factors (e[F4AIll, Mago, and Tsu) or of RnpS1 can
give rise to both phenotypes, suggesting that they are linked
(Ashton-Beaucage et al. 2010; Roignant and Treisman 2010;
this study). Indeed, we hypothesize that both phenotypes
manifest after a first successful round of splicing. In the case
of exon skipping, we propose that the reinforcement of the
exon definition of the newly formed exon pair is compro-
mised (see also Ashton-Beaucage and Therrien 2011). In the
case of intron retention, we propose that EJC loss results in
a failure to license a weak nearby splice site.

Despite these similarities, it appears that these two
processes are at least to some extent distinct, as loss of
Acn leads more or less exclusively to intron retention and
only marginally to exon skipping (Fig. 7). Our genome-
wide analysis shows a global correlation between intron
retention levels in Acn- and Tsu-depleted cells (Fig. 6A).
Also, Acn enhances the splicing of piwi int4 in an EJC-
dependent manner (Fig. 5F). Assembly of the EJC core is
therefore probably a prerequisite for Acn to help defining
neighboring splice sites. Acn forms a stable complex with
the SR protein RnpSl1 to interact with the EJC (Tange et al.
2005) and has recently been implicated in the regulation of
alternative splicing (Michelle et al. 2012). Further genetic
and biochemical analyses on Acn (and RnpS1) should be
the key to understanding their distinctive roles in intron
definition and exon definition.

Materials and methods

Fly husbandry and strains

All flies were kept at 25°C. MTD-GAL4 and piwi[06843] strains
were obtained from the Bloomington Drosophila Stock Center,
tj-GAL4 strain was obtained from the Drosophila Genomics
Resource Center. The lacZ sensor flies for Burdock and gypsy
were described in Handler et al. (2013) and Sarot et al. (2004,
respectively. shRNA lines were generated by cloning short
hairpins (for sequences, see Supplemental Table S3) into the
Valium-20 vector modified with a white selection marker (Ni
et al. 2011) and inserting these into the attp2 landing site on
chromosome 3 (Groth et al. 2004). GFP-Piwi flies were de-
scribed in Sienski et al. (2012). Knockdown crosses with Vienna
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Drosophila Resource Center lines (Dietzl et al. 2007) were with
a UAS-Dcr2; NGT Gald; nosGald driver line (Handler et al.
2013). shRNA lines were used for the Act-Gal4 flip-out clones
(Olivieri et al. 2010) except for fs(1)Yb, for which a Vienna
Drosophila Resource Center line (GD25437) was used.

For all experiments, flies were aged for 4-7 d. Knockdown
experiments were always accompanied by a negative control of
the same genetic background (carrying an shRNA against either
GFP or white). During the last 2 d, flies were kept on apple juice
plates supplemented with yeast paste at medium density to
promote egg laying and uniform ovary morphology.

Cell culture

OSCs were cultured as described (Niki et al. 2006; Saito et al.
2009). In each experiment, 3 X 10° to approximately 4 X 10° cells
were transfected twice with 200 pmol of preannealed siRNAs
using Cell Line Nucleofector kit V (Amaxa Biosystems, program
T-029) and cultured for 4-5 d (2 d plus 2-3 d) before harvesting
(see Supplemental Table S4 for siRNA sequences).

Pacman|GFP-piwi] constructs

The construction of GFP-piwi was described previously (Sienski
et al. 2012). All other GFP-piwi Pacman plasmids were con-
structed via Gibson assembly (Gibson et al. 2009). D. yakuba
genomic DNA was obtained from the Drosophila Species Stock
Center. The 3’ end of D. melanogaster piwi intron4 was replaced
with the sequence from piwi intron7 using gBlock DNA frag-
ments (Integrated DNA Technologies). The resulting sequences
of shortened intron4 are as follows: intron4_60nt, GTAAGACTT
TAAACTATATTTAAAT-deletion-CCATAAAAAATGTAATAT
TTAATTATTATAAACAG; and intron4_106nt, GTAAGACTT
TAAACTATATTTAAATTAACAAGCTCTTGTGTCGCAAAC-
deletion-GCAGTTTAGGGCGGTTTTATGGCCCATAAAAAA
TGTAATATTTAATTATTATAAACAG.

Immunohistochemistry, RNA FISH, and image analysis

Rabbit a-Ago3 was described in Brennecke et al. (2007). Mouse
monoclonal «-Piwi was raised against the first 150 N-terminal
amino acids.

In situ hybridization was performed as described in Lecuyer
et al. (2007). Digoxigenin (DIG)-labeled probes were in vitro
transcribed from piwi exon8 cloned into pBluescriptIl using the
following primers: 5’-ACTGACaagcttTGCCTCAATGGATCTA
CAGCAAA-3'and 5'- ACTGACggtaccCGAACTTGTTGCGA
GACCAGATA-3'. In situ signal was developed using fluorescein
tyramide conjugate (Perkin Elmer).

All fluorescent images were taken on an LSM 780 (Zeiss). GFP
intensity was quantified by Image] version 1.48f (Figs. 4, 5;
Supplemental Fig. S3).

RT-PCR analysis

Total RNA was isolated from OSCs or ovaries using Trizol
(Ambion). cDNA was prepared via random priming of total
RNA unless otherwise stated. qPCR was performed using
standard techniques. All experiments were performed in bi-
ological triplicate with technical duplicates. Relative RNA
levels were normalized to rp49 levels. Fold enrichments were
calculated in comparison with respective RNA levels obtained
from flies expressing a control hairpin or from control siRNA
transfections into OSCs (Schmittgen and Livak 2008). Primer
sequences for qRT-PCR and RT-PCR analyses are listed in
Supplemental Tables S5 and S6.
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RNA-seq

PolyA-plus or rRNA-depleted RNA from biological duplicates of
OSCs treated with siRNA against GFP, tsu, or Acn was selected
with Dynabeads Oligo(dT) (Invitrogen) from total RNA, frag-
mented, and reverse-transcribed with random hexamers. Strand-
specific libraries were prepared using the UDG digestion-based
strategy (Zhang et al. 2012) and cloned with NEBNext ChIP-seq
library preparation reagent set for lllumina (New England Biolabs),
and 50-bp paired-end reads were sequenced on a HiSeq2000
(llumina) instrument. This yielded 10 million-20 million ge-
nome-mappable reads per sample. For the computational analy-
ses, we first extracted high-quality bases from every read (6-50 nt)
and mapped these to the Drosophila genome as well as to the
transcript and intron annotations in FlyBase release 5.56, allowing
up to three mismatches. Uniquely aligned reads were used for
quantification of gene expression levels and intron levels. Tran-
scripts that scored >10 RPKM (reads per kilobase per million) in
GFP knockdown (n = 4203) and introns whose RPKM values were
>10% of their transcript RPKM value in any of biological
duplicates (n = 1478) were analyzed. The intron retention index
was calculated as the intron RPKM level divided by the transcript
RPKM level in the respective samples.

Statistical analysis

We used statistical packages implemented in R 2.15.3 for all
calculations and plots. For data visualization in box plot format,
we used standard features (horizontal bars represent median, the
box depicts 25th and 75th percentile, and whiskers represent the
1.5 interquartile range). Statistical significances in Figures 6D
and 7D were computed with Mann-Whitney U-test; other P-values
were calculated using Student’s ¢-test.
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Supplementary Figure S2. Early steps in piRNA biogenesis are not affected in EJC-depleted
somatic cells.

(A) Confocal sections (scale bars = 10um) of egg-chambers with clones of somatic follicle cells
(marked by GFP expression) expressing shRNAs against EJC factors stained for Armi (red) and
DNA (blue). Yb bodies (piRNA processing sites marked by cytoplasmic Armi foci) are abolished in
Fs(1)Yb-depleted cells (control), but remain intact upon knockdowns of Tsu or Acn.

(B and C) Changes in steady-state levels of flamenco in OSCs treated with siRNAs against indicat-
ed genes, showing that the depletion of Tsu or Acn lead only to mild reductions of flamenco levels.
RNA levels were measured by qRT-PCR (B; normalized to rp49 levels; values indicate averages of
five biological replicates relative to control knockdowns; error bars: stdev.) or by RNA-seq (C;
normalized to one million genome-mappable reads). RNA-seq profiles at the flamenco locus were
obtained from rRNA-depleted total RNA from OSCs treated with siRNAs against indicated genes.
LINE transposons (red) and LTR transposons (black) are indicated. The RNA-seq tracks of Tsu-
and Acn-depleted samples (red) are overlayed to the tracks of the GFP-depleted control sample

(gray).
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Supplementary Figure S3. The EJC is required for splicing of piwi int4 in ovaries.

The fold changes in steady-state RNA levels of all piwi transcripts (exon3, black bars) and those
piwi transcripts with spliced (grey bars) or unspliced (red bars) int4, showing the decrease of
spliced int4 and the increase of unspliced int4 in Tsu- or Acn-depleted ovaries. Total RNA isolated
from ovaries depleted for indicated genes in the germline was used for qRT-PCR. Values were
normalized to rp49 levels and averages of three biological replicates relative to control knock-
downs are shown with error bars indicating Stdev.

71



Hayashi_FigS4

B anti-Ago3 staining
GLKD GFP

GLKD mago GLKD tsu

white SKD

armi SKD

C ago3 RT-PCR D  ago3qRT-PCR (exon 5
— 2 ey
— o —-—— o 1.59----- . T TT
- - s ——
~ — — i%
» . i S
> B B S8 1.0--p-------- --
30kbeme - °<
— - o
& O™
2.0 kb e - S8054--4 t---7--- - -
£ ®©
333+23% — .o 5
. : : 8
w3 - 0 | |
o " . 1.0kb - _ o > s
@ . - — £ = <
S 08 S s
< = (S
- ~§ 2 < - germline specific knockdown
st against indicated gene
D il -

germline specific knockdown
against indicated gene

100 -

Il + none
[ + GFP-piwi [wi]
Jf W + GFP-piwi [Aint4]

white  armi tsu

fold change in steady syate RNA level

- o

3

«Q

-—)
\ : b
3
‘ ‘

| ]

0.1J soma specific knockdown
against indicated gene

78



Supplementary Figure S4. A piwi transgene lacking int4 rescues TE de-repression in Tsu-de-
pleted somatic follicle cells.

(A) The depletion of tsu or Acn affects the expression of wildtype GFP-piwi, but not of GFP-piwi A
int4 in follicle cells. Shown are confocal sections (scale bars = 10um) through egg chambers
expressing wildtype GFP-piwi or GFP-piwi that lacks int4 (Aint4) depleted for indicated genes in
somatic follicle cells. All images report relative GFP levels to white SKD from each GFP-piwi trans-
gene. Indicated fluorescence levels (+ Stdev.) were calculated from GFP intensities in nurse cell
nuclei normalized to those in follicle cell nuclei from three egg chambers. N.D.: not determined.

(B) Confocal sections (scale bars = 10um) through stage 3-5 egg-chambers expressing shRNAs
against EJC factors stained for AGO3 proteins, showing that AGOS3 protein levels are decreased
upon knockdown of mago or tsu.

(C) Agarose/EtBr gel showing AGO3 RT-PCR products amplified from poly-A selected RNA isolated
from ovaries depleted for indicated genes. Primers mapping to the first and the last exon were
used. No mis-spliced species were detected in any knockdown.

(D) Shown are the fold changes in steady-state RNA levels of AGO3 transcripts (exon5) amplified
from poly-A selected RNA isolated from ovaries depleted for indicated genes. Values were normal-
ized to rp49 levels and averages of four biological replicates relative to control knockdowns are
shown with error bars indicating Stdev. AGO3 transcript levels are decreased in Tsu-, but not in
Acn-depleted cells (*: p <0.01)

(E) Shown are fold changes in steady state RNA levels of mdg1 in ovaries expressing indicated
GFP-piwi transgenes and depleted for white, armi or tsu in the soma. The GFP-piwi construct
lacking int4 rescues the de-repression of mdg1 upon depletion of tsu (*: p < 0.01). RNA levels were
normalized to rp49 levels and averages of three biological replicates relative to control knockdowns
are shown (error bars indicate Stdev.).
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Supplementary Figure S5. Depletion of core EJC factors but not Acn results in exon-skip-
ping of light transcripts.

Agarose/EtBr gel image showing RT-PCR products of light transcripts amplified from total RNA
from OSCs depleted for indicated genes using the primers mapping to the first and the last exons.

The depletion of mago, tsu and to a lesser extent RnpS1 leads to exon-skipping of light transcripts
whereas the depletion of Acn does not affect the splicing.
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Supplementary Table S2. (Illumina sequencing datasets used in this study)

Origin Method Genotype GEO

0OSC RNA-seq (Poly-A+) | si-GFP KD (replicate #1) GSES58830
RNA-seq (Poly-A+) | si-GFP KD (replicate #2) GSES58830
RNA-seq (Poly-A+) | si-tsunagi KD (replicate #1) GSES58830
RNA-seq (Poly-A+) | si-tsunagi KD (replicate #2) GSES58830
RNA-seq (Poly-A+) | si-Acinus KD (replicate #1) GSE58830
RNA-seq (Poly-A+) | si-Acinus KD (replicate #2) GSE58830
RNA-seq (ArRNA) si-GFP KD GSES58830
RNA-seq (ArRNA) | si-tsunagi KD GSES58830
RNA-seq (ArRNA) | si-Acinus KD GSES58830
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Supplementary Table S3. (Oligos used for cloning of shRNA constructs)

Gene Sequence

tsunagi fw: ctagcagtCTGCGATTACGGAGAAATCAAtagttatattcaagcataTTGATTTCTCCGTAATCGCAGgcg

rv: aattcgcCTGCGATTACGGAGAAATCAAtatgcttgaatataactaTTGATTTCTCCGTAATCGCAGactg

elF4A1ll fw: ctagcagtAAGGGTTTCAAGGAACAGATAtagttatattcaagcataTATCTGTTCCTTGAAACCCTTgcg

rv: aattcgcAAGGGTTTCAAGGAACAGATAtatgcttgaatataactaTATCTGTTCCTTGAAACCCTTActg

barentsz fw: ctagcagtTGGCATGGAATTTAAGAAGAAtagttatattcaagcataTTCTTCTTAAATTCCATGCCAgcg

rv: aattcgc TGGCATGGAATTTAAGAAGAAtatgcttgaatataactaTTCTTCTTAAATTCCATGCCAactg

Others
GFP (Handler et al. 2013)
white (Handler et al. 2013)

armitage (Handler et al. 2013)

mago nashi | (Handler et al. 2013)

Acinus (Handler et al. 2013)

RnpS1 (Handler et al. 2013)
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Supplementary Table S4. (siRNAs used for RNAi in OSCs)

Gene sequence

mago nashi Guide: UCCUCCUGCAUGAUCUCCGUU
Passenger: CGGAGAUCAUGCAGGAGGAUU

tsunagi Guide: UUGAUUUCUCCGUAAUCGCUU
Passenger: GCGAUUACGGAGAAAUCAAUU

Acinus Guide: UUGUUAUCGCGGUCUUUGCUU
Passenger: GCAAAGACCGCGAUAACAAUU

RnpS1 Guide: UUAACAUUAUUGCUAUCGGUU
Passenger: CCGAUAGCAAUAAUGUUAAUU

barentsz Guide: UUCUUCUUAAAUUCCAUGCUU
Passenger: GCAUGGAAUUUAAGAAGAAUU
Others

GFP
(Handler et al. 2013)

armitage

(Handler et al. 2013)
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Supplementary Table SS. (Primers for QPCR analysis)

Gene

Sequence

flamenco (amplicon A)

fw:

GAAGTCTTGGGACACTCATAGGT

v: CCAGAAAATTAAGCGGAAGC
flamenco (amplicon B) fw: TGCAATTCCCCAAATCTCGATCC
v: GGACACATGGAAGCTTCGAAGAA
flamenco (amplicon C) fw: TGTAGTCTTTGCAGTGTCAGTGT
v: CCTGCATAAACGGATCGGTGATA
flamenco (amplicon D) fw: TTGCCTCAGTGAAACGCCTAAAA
rv: TTCCCTTATTGAACATCACCGCC
flamenco (amplicon E) fw: GTCAAGTGTCTTTTGCTGTGCTG
v: CCCACCCTTGCATAGTCTCTCTA
flamenco (amplicon F) fw: AATGTTTCGGGTTCTAGGGTAGC
v: TCAGCAACGAACATGATTACCTAGT
piwi intron4_spliced fw: AATTCCTGAGCTCTGCCGAGTG
v TAACTGCTCATGGCACGCATAA
piwi intron4_unspliced fw: AAACGAAGAAAAATCTGAGCACT
v: TAACTGCTCATGGCACGCATAA
piwi exon3 fw: TTGGGCACCGAAATAACTCA
v: TTACCCGTACTTCGTCCTGATG
ago3 exon5 fw: CCAACAAGATAAGTGGGCGTCA
v: TTGGTCACAGCATGTTTGGAGA
cg8671 intronl _spliced fw: CAAACGAAAGCAAAGGCAGTTG
v: ATATAGCGGAGACACATCCGAA
cg8671 intronl_unspliced fw: TGTTCCGTGCTGTTGTGTTTGT
v: ATATAGCGGAGACACATCCGAA

84




garnet intron7_spliced fw: CCTTAGAACCCCGGCTAGGAAA
v: CAGAGCTGAATGGAGGCACTGT

garnet intron7_unspliced fw: CGAACCAAAAACCAAACCCAAC
v: CAGAGCTGAATGGAGGCACTGT
Others

rp49 (Handler et al. 2013)

HeT-A (Handler et al. 2013)

blood (Handler et al. 2013)

mdgl (Handler et al. 2013)

gypsy (Muerdter et al. 2013)

Supplementary Table S6. (Primers for RT-PCR analysis)

Gene Sequence

piwi fw: CAGGCGTCCACTTAACGAAG
v: GTGTGCTCTTCGCAATGTCA

gasz fw: AGCAACCTTTGCAAATACGG
v: CTTTTTGCGTTTTCGCTCTG

shutdown fw: TGGAAGAAAACTTCGAACCGTA
v: CCAAGTTGTACTCGCCCAGA

ago3 fw: TTAGTTTTCTGTTTTTGTGGTA
v: CATCTCGTTGAATACTTTGTCC

rolled (Ashton-Beaucage et al. 2010)

light (Ashton-Beaucage et al. 2010)
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5.3 Other publications

During my doctoral time, I was also involved in two additional projects:
1. Mohn F., Sienski G., Handler D. & Brennecke J. The Rhino-Deadlock-Cutoff Complex
Licenses Noncanonical Transcription of Dual-Strand piRNA Clusters in Drosophila.

Cell 157, 13641379 (2014).
I performed the experiments in: Figl A-B; Fig4 A; Fig5 E-F; Fig7 D; FigS1 A-F; FigS6 C

2. Mohn F*., Handler D*. & Brennecke J. piRNA-guided slicing specifies transcripts for
Zucchini dependent, phased piRNA biogenesis. Science [currently under review]

*These authors contributed equally to the work

In close collaboration with Fabio Mohn, I performed the entire experimental and

computational work that underlies this study.

6 Discussion

6.1 Evaluation of the somatic piRNA pathway screen
6.1.1 Decisions underlying the design of the screen

Prior to the initiation of the RNAIi screen several key decisions had to be taken. The three
central ones concerned in which cell type we should screen, which RNAi system we should
use and which readout for piRNA pathway integrity we should rely on.

The decision to perform the screen in the somatic tissue of Drosophila ovaries was based on
biological and technical reasons. One of the main reasons was the simplicity of the somatic
piRNA pathway. The sole PIWI protein expressed in the soma is Piwi and only the primary
but not the secondary piRNA pathway is active. This eliminated the risk that screen hits are
covered by a potential redundancy of the primary and the secondary piRNA pathways.
Another important reason for the somatic tissue was the availability of a functional genome
wide RNAI library. At the time of screen initiation, RNAi by long double stranded hairpins
was widely used in somatic tissues of Drosophila and the near genome wide collection of
RNAI lines available at the Vienna Drosophila RNAi Center has been the basis for several
genome wide screens’''*'"*. In contrast, efficient gene knockdown by RNAi in germline
cells was only possible by the expression of short hairpin RNAs for which no library
existed”’. Only later was it shown that the level of Dicer-2 in the germline limits the

efficiency of RNAIi by long hairpin RNAs and that overexpression of Dicer-2 together with
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the VDRC RNAI lines overcomes that problem''®. Based on these observations the primary
screen was performed in the somatic tissue utilizing RNAI lines from the VDRC library.
After the primary screen, validated genes were tested for their functional contribution to the
germline piRNA pathway utilizing VDRC lines in the germline.

We decided to screen only genes expressed in OSCs, which harbor a fully functional primary
piRNA pathway. Towards this end, we determined the expression level of genes in wildtype
OSCs by RNA sequencing. The cutoff for calling a gene express was set at 1 sequenced read
per kilobase per 1 million sequenced reads (I RPKM). This rather conservative cutoff
resulted in 7257 genes selected for testing. Due to limitations of the VDRC library only 6818
of these were tested. In the screen, no strong screen hit was observed for lowly expressed
genes (SRPKM10) and out of 334 tested genes with RPKM<I1 not a single one showed any
reporter staining. In addition nearly no morphology distortions were observed upon depletion
of genes expressed at RPKM levels below one. Taken together, these results are very
reassuring that the gene expression cutoff for the screen was set at a valid level.

A key factor for the success of the screen was the selection of a suitable readout for piRNA
pathway integrity. I took advantage of a reporter that has been shown previously to efficiently

detect perturbations in the piRNA pathway **2.

6.1.2 Quality measures of the screen

Like with every screen the results needed to be carefully evaluated. Key numbers reflecting
the quality of a screen are the false-negative and false-positive rates. Both values are largely
influenced by effects related to the RNAi system, by secondary consequences of gene
knockdowns on tissue development and by the sensitivity and specificity of the reporter.

A clear advantage of RNAi screens over chemical mutagenesis screens is the specific
targeting of genes instead of random gene mutation. Extensive mapping of mutations to
identify the affected gene is therefore not required. On the other hand, RNAi screens suffer
from a certain proportion of non-functional hairpins and from off-target effects that result in
increased false negative and false positive rates.

The fraction of non-functional VDRC lines must be evaluated separately for each screen and
can be calculated from the number of hairpins that do not result in the examined phenotype.
As the number of known piRNA pathway factors was limited, RNAI efficiency could not be
calculated reliably based on positive reporter results. Therefore I calculated the RNAi
efficiency based on whether depletion of central house keeping genes resulted in a clear
ovarian morphology phenotype. Many genes and even gene-groups are known to be essential
for the cell. Therefore these gene-groups are well suited for the RNAI efficiency calculation.
One of the largest gene-groups known to be essential for cells are ribosomal protein encoding

genes. Around 80% of the VDRC lines targeting these genes caused a detectable morphology
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phenotype when expressed in follicle cells. Considering that we tested typically two
independent VDRC lines per gene, ~93% of the genes encoding ribosomal proteins show a
morphology phenotype with at least one of the tested VDRC lines. Similar rates were
observed if other essential gene categories were analyzed. Together with the observation that
only one gene known to act in the somatic piRNA pathway was missed in the screen, I
conclude that the false negative rate of the screen is in the range of 10-20%".

An estimation of the off-target rate (a major cause for false positive hits) is not directly
possible. Off-target effects mostly arise when RNAI hairpins target a non-wanted gene non-
specifically. The best approach is to test screen hits with independent RNAi lines. We
therefore constructed for 30 screen hits shRNA lines and tested these in the same assay.
Expression of four of the shRNA lines resulted in a block of oogenesis and therefore these
genes could not be evaluated. Of the remaining 26 shRNA lines 80% confirmed the result
from the initial screen.

Another off-target effect is the unspecific activation of gene expression by driving expression
of the RNAI hairpin construct in case this is inserted close to a gene locus. This effect only
applies for RNAi hairpins that are randomly integrated into the genome, which was the case
for 78% of the VDRC hairpins used the screen. I argue, however, that artificial activation of
gene expression is of minor concern for this screen. This is as it is rather difficult to imagine
that overexpression of a gene would lead to piRNA pathway disruption.

As mentioned before depletion of several genes in follicle cells resulted in morphological
distortions of the ovary. A key decision for the screen was therefore to manually score the
reporter stainings. This way, reductions in tissue size did not affect the evaluation and only
complete loss of ovaries prevented the scoring of the phenotype. In the screen ~10% of the
genes could not be evaluated due to severe tissue loss. KEGG term analysis revealed that
many of these genes are involved in basic cellular processes. It cannot be excluded that
reporter phenotypes were masked by severe morphological distortions. Indeed, with eIF4AIIl
one of the genes resulting in no ovaries has been reported to be involved in the piRNA
pathway. eIF4AlIl is one of the core proteins of the exon junction complex that are important
for the piRNA pathway''’.

The sensitivity and the specificity of the reporter assay are crucial for the success of a screen.
The reporter I used was shown to be a valid tool for the detection of piRNA pathway
perturbations®®>. The combination of direct silencing of the reporter-gene by the piRNA
pathway with the manual evaluation of the staining intensity ensured a high sensitivity
throughout the screen. Indeed, RNAi mediated depletion of all known piRNA pathway
components (with the exception of CG31755 for which no functional VDRC line exists™)

. - .54,59,69,70,72,74,118
resulted in robust reporter expression .
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With the high sensitivity of the reporter the rate of false positives must to be evaluated
carefully. In total 144 genes scored in the screen. Besides the known pathway members, only
~30 additional genes showed strong reporter de-silencing. The remaining screen hits showed
weak or intermediate reporter staining at best. RT-qPCR demonstrated a high correlation of
reporter staining intensities with the increase in steady state transposon RNA levels. In
addition also the steady state RNA level of the reporter mRNA was directly connected to
staining intensities. Therefore the staining intensity in the screen was a good indicator for the
strength of the distortion in the piRNA pathway.

Based on all the data presented, the reporter used for the screen shows high sensitivity and
specificity for the identification of genes involved in the piRNA pathway. I would estimate

that the screen recovered at least 80% of the genes involved in the somatic piRNA pathway.
6.1.3 Participation of screen hits in somatic and germline piRNA pathways

The main focus of the screen has been the identification of novel factors acting in the somatic
piRNA pathway. Due to the similarities in the primary pathway in ovarian soma and
germline, it was of interest if the factors identified in the somatic screen are also important for
the germline pathway. Therefore, I retested all screen hits in the germline with a reporter
designed to detect even minor changes in the germline piRNA pathway. The germline
reporter (Burdock-lacZ) was developed in our lab and was used in combination with VDRC
line driven germline knockdowns. We showed that this combination provides very good
sensitivity as RNAi-mediated depletion of different factors involved in the primary and
secondary piRNA pathway resulted in reporter deregulation. All 144 hits from the somatic
screen were retested with the germline reporter. Of these, 29 scored at least with medium
staining intensity. Measurements of steady state RNA levels of the reporter and germline
specific transposons showed high correlation with the germline reporter staining intensities.

Interestingly 36 genes scoring highly in the somatic tissue did not show any importance for
the germline piRNA pathway although a similar linear piRNA pathway is active in both
tissues. This argues for a diversification of the piRNA pathway between the soma and the
germline. Indeed, it was shown that the structure and transcription of piRNA clusters differs
substantially between soma and germline. Therefore, cluster-related processes are likely to be
controlled differently, too. In support of this, it has been shown that for germline cluster
transcription the action of a germline specific protein complex consisting of the factors Rhino,

Deadlock and Cutoff is required®®'"*'’.
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6.2 Screen results

A bulk analysis of gene functions by gene ontology (GO) enrichments resulted in a
remarkable enrichment for GO-terms involved in mitochondrial metabolism. In total 38 genes
that were identified in the screen were associated with mitochondrial GO-terms. Nearly all of
these genes scored only mildly and specifically in the soma but not in the germline. In
addition their depletion resulted in morphological distortions of the ovary. Based on RT-
gPCR results depletion of these factors caused a weak but significant de-repression of piRNA
pathway repressed transposons. Therefore these hits are most likely real hits that only mildly
affect piRNA pathway function in the soma. It seems however rather unlikely that general
mitochondrial metabolism is directly involved in the piRNA pathway. A more likely
explanation is that upon depletion of these genes mitochondrial number or vitality is reduced
and therefore mitochondrial-associated processes of the piRNA pathway are perturbed. Due
to the high likelihood that these genes are only indirectly involved in the piRNA pathway I
excluded them from further analyses.

When repeating the GO-term analysis after excluding the set of mitochondrial metabolism
genes the most enriched cellular component GO-terms were nucleus, the Yb-body and the P-
body. The Yb-body term is explained by the efficient identification of the known biogenesis
factors in the screen. Interestingly, it has previously been shown that the Yb-body is in close
proximity or even in connection with the P-body in the Drosophila soma®. Also in mouse
several proteins involved in piRNA biogenesis colocalize with P-body components in so-
called piP-bodies in the male germline'*'. Considering that depletion of P-body components
typically leads only to mild TE de-repression, the functional implications of P-body
components in the piRNA pathway are currently unknown.

Besides the GO enrichment analysis, I also grouped the screen hits manually into functional
groups based on gene function studies and the literature. Of note, in every functional group at
least one gene was among the highest scoring genes in the screen. In the following paragraphs
I will introduce the most prominent functional gene groups and discuss their potential role in

the piRNA pathway.
6.2.1 A genetic link to transcription elongation

Based on the literature, several screen hits have a strong link to transcription, in particular to
transcription elongation. These genes can be grouped into components of the Pafl complex
and factors implicated in TFIIS biology.

The Pafl complex (Paflc) is a multi-protein complex that was first characterized in yeast'*>
' The yeast core complex consists of the five proteins Pafl, Leol, Rtfl, Cdc73 and Ctr9,
but additional factors have been identified in the human Paflc (hSki8)'*°. The Paflc is
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implicated in many processes. Among these are regulation of transcription initiation and
elongation, modification of histones, phosphorylation of the Pol II C-terminal domain and
participation in RNA processing and export events (reviewed in'>").

The Paflc member that scored strongly in the screen is the Drosophila ortholog of Leol/Atu.
The core Paflc factors, Pafl/Atms, Ctr9/CG2469 (identified by BLAST search) and
Cdc73/Hyx could not be evaluated in the screen as their depletion led to ovary loss. Rtfl on
the other hand showed no reporter staining. Of note, Rtfl was shown to be not a permanent
member of the Drosophila Paflc, possibly explaining this negative result'**. Besides Atu, the
gene CG3909 scored strongly in the screen. CG3909 shows homology to the human and yeast
Ski8 genes. Interestingly, CG3909 was shown to interact with the Pafl core members Atms
and Hyx in Drosophila'®. 1t therefore seems plausible that CG3909 as a bona fide Paflc
member in Drosophila. The Drosophila Pafl complex has been implicated in modulation of

chromatin structure at actively transcribed genes'>*

. Although disruption of Drosophila Paflc
does not change RNA Pol II occupancy at active gene loci over the gene-body, transcript
levels of heat shock genes are reduced two fold'*".

Besides the Paflc, another clear link to transcription biology is based on TTIIS scoring as one
of the strongest hits in the screen. TfIIS is has been implicated in the regulation of RNA Pol 11
fidelity. The main function of TfIIS is the rescue of arrested RNA Pol II by multiple

130

mechansisms ~ . Which of the molecular functions that TFIIS exerts on Pol II is required for

12231 "It therefore

the piRNA pathway is unclear. Interestingly, TfIIS interacts with the Paflc
seems plausible that the Paflc in conjunction with TFIIS is required for a critical step in
piRNA pathway biology.

The two most obvious steps where the Paflc and TFIIS might impact the pathway are at the
level of piRNA cluster transcription or at the level of transcriptional TE silencing. In my
opinion, the former is more likely due to several reasons: First, both the Paflc and TTfIIS, have
been shown to impact active transcription processes and have not been linked to
transcriptional silencing. In addition, all of the screen hits linked to these two complexes
score only in the somatic pathway and it seems rather unlikely that the process of piRNA
guided transcriptional silencing differs between soma and germline. In contrast, piRNA
cluster biology is clearly different in soma and germline. For example, germline clusters
require the RDC complex for their transcription, while somatic clusters do not’®. Maybe the
large transcription unit of the flamenco cluster- the most prominent piRNA cluster in somatic
follicle cells- poses a significant challenge for RNA Pol II that can only efficiently be

overcome with the help of dedicated transcription elongation factors.
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6.2.2  Screen hits involved in RNA transport

A second clear scheme that emerged from the screen is the process of nuclear RNA export.
Two of the strongest hits in the screen were Sbr/Nxfl and Nxtl. In vivo, Nxfl and Nxtl form
a stable heterodimer, which is required for mRNA export from the nucleus'”>. The general
importance of these genes in RNA export is reflected by their depletion resulting in severe
disruptions in oogenesis and ovarian morphology. Still, the severe de-repression of
endogenous TEs upon depletion of either factor argues for a direct role of these genes in the
somatic piRNA pathway. Potentially these proteins -in conjunction with special nucleoporin
components (discussed below)- are critically involved in piRNA cluster transcript export
from the site of their transcription to the biogenesis sites in the cytoplasm.

I also tested the involvement of these two RNA export factors in the germline piRNA
pathway. While Nxf1 scored weakly in the germline assay, a role for Nxtl in the germline
pathway could not be assesses as its depletion led to rudimentary ovaries. Interestingly, the
Drosophila genome encodes for multiple nxf genes but only one nxt/ gene. Wile nxfl is
expressed ubiquitously, nxf2 and 3 are preferentially expressed in ovaries. Depletion of either
Nxf2 or 3 via germline specific RNAi resulted in severe transposon de-repression
(unpublished observations). This is in line with Nxf2 being identified as piRNA pathway
factor in a screen focusing on the germline piRNA pathway'>”. These combined findings
strongly support a critical role for RNA export processes in the somatic and germline piRNA

pathways.

6.2.3 A role of the nuclear pore complex in the somatic piRNA pathway

One remarkable outcome of the screen was the identification of several proteins directly
implicated in nuclear pore complex biology. Specifically, these are Nup54, Nup58, Nup214
and CG11092/Nup93-1. The nuclear pore is a large macromolecular complex that spans the
two nuclear membranes. A schematic illustration can be seen in Fig6. It allows the regulated
transport of molecules from the nucleus to the cytoplasm and vice versa. The pore consists of
a structural part that anchors the pore within the nuclear membrane. On this structural part a
set of linker proteins attach, which build the structure of the central pore. On the nuclear face
of the pore a set of proteins build a basket like structure, while the cytoplasmic face is
decorated with several cytoplasmic filaments. The pore itself is filled with a mesh of FG-
repeat peptides from proteins that are anchored in the pore complex. Together these various
structures ensure the tightly regulated, but efficient transport of molecules across the nuclear

. . 134
membranes (reviewed in ).
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Fig6é Schematic representation of the nuclear pore complex. (modified from '**)

The nucleoporins identified in the screen belong to the group of central FG-repeat containing
proteins (Nup54 & Nup58), to the cytoplasmic FG-repeat containing proteins (Nup214) and
to the linker Nups (Nup93-1). Interestingly the proteins have a different level of impact on the
piRNA pathway. Whereas the central pore-filling Nups Nup54 & Nup58 scored with a very
strong phenotype, Nup214 scored intermediate and the linker protein Nup93-1 scored only
weakly.

Depletion of Nup54 and Nup58 also resulted in strong de-repression of endogenous piRNA
pathway controlled TEs. Generally, their importance for the pathway is close to core pathway
factors. Although both factors belong to the central FG-repeat containing proteins, other
proteins belonging to this group in Drosophila (Nup98, Nup62) did not score in the screen.
Only depletion of Nup98 resulted in a distorted ovarian morphology and is therefore probably
important for general nuclear pore function. Considering that ovarian morphology is wildtype
upon Nup54/58 depletion, these results argue for a highly specific role of Nup54 and Nup58
in the piRNA pathway.

Based on the phenotypic strength I would attribute Nup93-1 only an indirect role in the
piRNA pathway. Of note, Nup93-1 is one of the linker proteins within the nuclear pore that
interacts with the central FG-repeat containing proteins (including Nup54 & Nup5S).
Therefore loss of Nup93-1 could result in a partial perturbation of Nup54 and Nup58 resulting
in a mild piRNA pathway phenotype. Interestingly, in Drosophila a paralog to Nup93-1 exists
(CG7262/Nup93-2)"°. CG7262 scored with an intermediate phenotype in the primary screen,
but the phenotype was not confirmed by re-tests. One possibility is that the two Nup93
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paralogs in Drosophila act in a redundant manner and a double knockdown would result in
more severe piRNA pathway defects. From the positioning within the nuclear pore, I still
propose that the main role for Nup93 is the positioning of the FG-repeat containing
nucleoporins, which would imply an indirect role of Nup93 in the piRNA pathway.

The last nucleoporin identified in the screen is Nup214. It is also an FG-repeat containing
protein, but it is located on the cytoplasmic side of the nuclear pore. The general function of
Nup214 is unclear, making speculations about its function in the piRNA pathway difficult.

At the moment it is unclear what the specific role of the nucleoporins is in the somatic piRNA
pathway. One possibility is that they are intricately involved in the efficient export of piRNA
cluster transcripts. It has been shown, that the Yb-body —the cytoplasmic center for piRNA
biogenesis- is located close to the nuclear membrane next to an accumulation of piRNA
precursor transcripts””’*'"*°. Based on unpublished observations in our laboratory, it appears
as if the Yb-body is always juxtaposed to the nuclear location of the flamenco DNA locus. It
is therefore intriguing to propose a model, wherein nuclear transcription of piRNA clusters is
directly coupled to the cytoplasmic processing machinery via specialized nucleoporins and

the RNA export factors Nxfl and Nxtl.
6.2.4 Factors potentially involved in transposon silencing

TE silencing by Piwi has been shown to mainly occur at the transcriptional level’more
REFS. The molecular events that underlie TGS, however, are currently unknown. It has been
observed that target silencing is accompanied by the local formation of a histone H3 Lysin 9
trimethylation (H3K9me3) domain, which is one of the major repressive histone marks™. In
fact, Piwi induced TE silencing is responsible for most H3K9me3 islands in euchromatin.
Three of the screen hits appear to be directly involved in Piwi mediated TGS and importantly,
their disruption does not impact heterochromatin biology at non-Piwi target loci. These are
the factors Maelstrom, CG9754 and CG3893. As Maelstrom and CG3893/Gtsfl were studied

in detail by two colleagues in the laboratory™"’

, I performed some initial follow-up
experiments on CG9754, which were part of the screen publication*’. Though the combined
efforts on these three factors clearly support their integral role in Piwi mediated TGS, clues
about their exact molecular functions are still missing. It seems likely, however, that target
recognition by Piwi leads to a conformational switch in the Argonaute structure, which
initiates the assembly of a chromatin modifying and silencing complex.

As none of the identified piRNA pathway specific silencing factors appears to exhibit any
enzymatic activity that would explain the silencing phenotype, it seems likely that these
factors at some point link to cellular activities that have evolved for heterochromatin

formation and transcriptional silencing in general. Of note, the screen identified multiple

other proteins with functions related to chromatin biology. One interesting candidate is the
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Lysine methyl-transferase Eggless (Egg/Setdbl). Egg has been shown to be responsible for
most methylation marks on H3K9 in euchromatin'>*"*°. For its function Egg requires the

14 . .
0, which also scored in the screen.

presence of its cofactor Windei (Wde)
Another intriguing hit in the screen is the Histone variant H2Av, which is a variant of the
main histone H2A. H2Av has multiple functions and is associated with active and silent
chromatin. As one of its major functions, H2Av is involved in the formation of H3K9me3
marked repressive chromatin. It has been reported that one of the most upstream steps of
H3K9 methylation is the exchange of H2A with H2Av, which initiates a cascade of events
resulting in H3K9 methylation'*"'*,

Based on this it is intriguing to hypothesize that Piwi binding to a nascent target RNA
initiates the formation of silent chromatin by utilizing general cell biological machineries that
are potent inducers of heterochromatin. Detailed genetic and possibly in vitro experiments

will be required to dissect the exact cascade of molecular events that underlie Piwi mediated

TGS.
6.3 Implications of the screen for other fields of biology

The piRNA pathway requires specific processes carried out by specific proteins at several key
steps. However, some processes in the piRNA pathway require more general cellular
processes. Therefore, it is no surprise that the screen uncovered many proteins involved in
general cell biological processes. Examples for these processes are factors involved in
transcription, RNA transport/export and chromatin remodeling factors. Although these factors
are not specific to the piRNA pathway, targeted studies of their role in the piRNA pathway
will be of great importance. Such studies very likely will not only provide insight into the
functions of these factors in the piRNA pathway, but also will result in a better understanding
of the factors itself. In addition, the piRNA pathway can be seen as an isolated environment to
study the function of these factors based on a specific phenotype.

One very good example of such a “spin-off” are studies on the EJC we and others''™'®
performed. Initially, we hypothesized that the EJC has an important function in piRNA
cluster biology. In the end we were studying splicing defects on piwi mRNA upon EJC
depletions. Although this study offered limited insight into piRNA pathway biology in
general, it provided key insights into the role of the EJC in splicing. For example, both studies
demonstrated a central role of the EJC in the definition and proper splicing of poorly defined
introns. Furthermore, they demonstrated a clear genetic link to the co-factor Acinus. Most
significantly, however, they showed that the EJC impacts splicing only after its deposition to

a splice junction that is close-by to the problematic intron.
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Previously the EJC has only been implicated in splicing of large heterochromatic genes that
are difficult to study. The fact that piwi resembles a pretty average Drosophila gene, opened
the possibility to study the splicing defects in more detail and to uncover intron features that
underlie the dependency of splicing on the EJC. Based on this, we think that our study on the
EJC is interesting for many fields of research and provides tools that can lead to a better
understanding of EJC biology.

I predict that several other screen hits will similarly offer a unique window to study general
cellular processes. For example, the study of the export route of piRNA cluster transcripts

could result in a better understanding of RNA export through the nuclear pore in general.
6.4 The emerging role of mitochondria in the piRNA pathway
6.4.1 Several piRNA biogenesis factors are associated with mitochondria

In a follow up of the screen, I showed that Gasz is an essential factor for piRNA biogenesis.
Gasz is anchored in the outer mitochondrial membrane by a C-terminal transmembrane
domain. The role of Gasz in the pathway is likely to recruit upstream biogenesis factors such
as the RNA helicase Armitage to mitochondria®’. This is consistent with the cellular
localization patterns observed for Armi in the germline in wildtype versus Gasz depleted
cells. Consistent with this is the fact that Gasz harbors Ankyrin repeats and a SAM domain,
both of which are protein domains implicated in specific protein-protein interactions.

Interestingly, mitochondrial localization is a recurrent theme in the pathway. Besides Gasz
several other piRNA biogenesis factors were shown to have a close association with
mitochondria. Thus, the role of mitochondria is an emerging topic in piRNA biology. In fact,
the outer mitochondrial membrane was predicted to serve as platform for piRNA biogenesis
factors in most organisms studied ranging from Drosophila melanogaster and Bombyx mori
to0 Mus musculus®731980.144.145
The first piRNA biogenesis factor shown to be associated with mitochondria was Zucchini. It
harbors an N-terminal transmembrane domain, which is required for its mitochondrial
localization*"*"*">77  zucchini is a 25kDa protein and contains a single Phospho-lipase D
domain. It therefore was initially categorized as member of the phospholipase D family,
which is implicated in the generation of phosphatidic acid (PA)'*. Subsequent structural

7178 which is in line

studies revealed that Zuc is an endonuclease generating piRNA 5’ ends
with initial predictions based on Zucchini’s similarity to the bacterial endonuclease Nuc .
Based on the crystal structures Zuc contains a positively charged groove with the active site
in the center. Sterically, this groove can accommodate single stranded but not double stranded
nucleic acids, which is in line with the observation that piRNA precursors are single stranded

RNAs. Zucchini is probably a sequence independent nuclease, consistent with a modeling
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attempt that predicted interactions of the groove in Zucchini with the RNA backbone. In fact,
in vitro studies support the proposed sequence independence of the nuclease activity.

Another piRNA biogenesis factor shown to localize to mitochondria in soma and germline is
Minotaur (Mino)®*'. Remarkably, Mino is a member of the highly conserved GPAT protein
family that is involved in the PA pathway. However it turned out that the enzymatic function
of catalytic domain in Mino is not required for piRNA biogenesis. The exact role of Mino in
piRNA biogenesis is currently unknown.

A fourth piRNA biogenesis factor that localizes to mitochondria is Partner of PIWIs (PAPI)*.
Describe the protein domains first. Studies in Bombyx mori indicated that BmPAPI is
anchored to the outer mitochondrial membrane by an N-terminal transmembrane domain'®.
Depletion of BmPAPI did not lead to a loss of piRNAs but rather to an increase in their length
by 0.5-1nt on average. This predicted that Papi might be involved in the 3’ end maturation of
piRNAs, potentially by linking PIWI proteins to the trimmer exo-nuclease. Whether the
Drosophila protein plays a similar function is currently unclear. Its depletion leads to only
very mild defects in the ovarian piRNA pathway and might therefore indicate that also in
Drosophila, the role of Papi is more in the fine-trimming of piRNA 3’ ends.

In contrast to Drosophila and Bombyx mori, the mouse Papi ortholog TDRKH is
indispensable for piRNA biogenesis. In TDRKH mutants piRNA populations are still loaded
into PIWI proteins but they exhibit a massive increase in length'*. As the 5> end of the
extended piRNAs do overlap with mature piRNAs, TDRKH was suggested to be involved in
piRNA 3’ end maturation via recruiting an unknown 3’ to 5’ exonuclease. Based on these
observations the Tudor-domain containing PAPI and its homologs might be the factor

connecting PIWI proteins and the trimming exonuclease generating piRNA 3’ends.
6.4.2 Reasons for mitochondrial sequestering of biogenesis factors

It is currently unclear, why the piRNA pathway has such intricate connections to the outer
mitochondrial membrane. One possibility is the necessity to sequester potentially dangerous
nucleases from the cytoplasm. It could be very hazardous for the cell to have an unspecific
nuclease like Zuc free floating in the cytoplasm. Therefore anchoring of Zuc to the
mitochondrial membrane could be a way to spatially restrict Zuc’s enzymatic activity.

Alternatively, the anchoring of piRNA pathway associated nucleases could be important in
providing substrate specificity by compartmentalization of different steps in piRNA
biogenesis. In the Drosophila soma the Yb-body is the dominant structure in piRNA
biogenesis besides the mitochondrial membrane. piRNA cluster transcripts have been shown

to localize in close proximity to the Yb-body"**'"’

or even colocalize with it (my unpublished
observations). Therefore, the Yb-body might serve as a platform for piRNA precursor

definition, whereas the mitochondrial membrane serves as the platform for piRNA
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processing. There is strong evidence, that Armi and Gasz mediate the connection between
these compartments. It was shown, that Armi associates with empty Piwi and piRNA
precursors in the Yb-body **”°. In addition, my work showed that Gasz is required for the
recruitment of Armi and Piwi to mitochondria, consistent with the hypothesis that the direct
interaction of Armi and Gasz allows for the sequential order of piIRNA biogenesis steps.

No structure resembling the Yb-body exists in the germline. It is therefore unknown where
the sorting of piRNA precursors and their association with Armi occurs. However, also in the
germline Armi is recruited to mitochondria in a Gasz dependent manner. Therefore, it is
likely that also in the germline Gasz provides the connection between the upstream precursor

sorting and the maturation of piRNAs at mitochondria.
6.4.3 The piRNA pathway impacts the localization of mitochondria in the cell

The influence of the piRNA pathway on the cellular localization of mitochondria is another
interesting aspect of the connection between the piRNA pathway and mitochondria. It has
been shown that depletion of Zuc results in pronounced clustering of mitochondria around the

) ) . 69,73,79,80,148
nucleus in flies and mice

. The reasons for this phenomenon are not known.
Potentially mitochondria are glued together by long piRNA precursor RNAs that are recruited
to multiple mitochondria simultaneously. As the nuclease Zuc is missing, this inevitably leads
to mitochondrial clustering. Indeed it has been shown that the Zuc dependent clustering of
mitochondria can be prevented by cleaving the most prominent piRNA precursor transcript
(flamenco) using a mix of several siRNAs '*'. If correct, this would predict that multiple Armi
molecules can bind one piRNA precursor at the same time and that these are recruited to
multiple mitochondria simultaneously. Furthermore, these data strongly suggest that no other
nuclease is able to process piRNA precursor into piRNAs. This is consistent with the inability
of identifying additional nucleases in a series of genome-wide screens aimed at finding novel
components of the piRNA pathway*’'**!*°.

Interestingly, 1 observed that mitochondria show a clear clustering around the nucleus in
wildtype germline cells but that this clustering is absent in cells depleted for Gasz. This
suggests that the piRNA pathway impacts mitochondrial positioning in wildtype cells,
probably due to limited gluing of mitochondria by piRNA precursor transcripts that are in the

process of being cleaved.

7 Outlook

The set of recently published genetic screens for piRNA pathway factors in the soma and

germline of the Drosophila ovary uncovered many novel players that act in this fascinating
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genome defense pathway*”'"*>'*. These screens will therefore serve as important entry points
for the molecular and mechanistic dissection of the various steps that constitute the pathway.
The next big challenge is to study the organization of the individual key-processes and their
cell biological and molecular details.

To me, one of the most fascinating areas is related to the question how piRNA clusters are
transcribed and how the cluster transcript are transported to the cytoplasm. In the germline the
action of a special protein complex (the RDC) is required for piRNA cluster transcription®.
At which step the RDC impacts cluster transcription, however, is unclear. The only factor
shown to participate in the export of germline piRNA cluster transcripts is the general RNA
export factor UAP56°". Under steady state conditions, UAP56 is a nuclear protein that co-
localizes with the RDC at piRNA cluster loci. Interestingly, RDC foci and therefore also
UAP56 foci are in close proximity to the nuclear membrane and typically juxtaposed of
cytoplasmic accumulations of piRNA biogenesis factors such a the RNA helicase

118,150-152 . 1 . . :
TSI “The germline screen'” offers several interesting entry points towards

Vasa
studying these processes. For example, several unknown factors appears to be specifically
involved in the germline piRNA pathway and it seems likely that some of these are involved
in cluster biology, similar to the RDC. In addition, the RNA export factors Nxf2 and 3 as well
as members of the THO complex scored positively. Potentially, evolution has devised special
export routes for piRNA cluster transcripts in order to efficiently funnel them into the piRNA
biogenesis machinery.

In the soma our knowledge about piRNA cluster biology is even sparser. It is unclear which
factors are necessary for the transcription of the >180kb long piRNA cluster flamenco that
resides at the border between euchromatin and heterochromatin. Whether such a long
transcript requires special factors for efficient transcription or special factors for efficient
export is unclear, but several screen hits offer exciting entry points towards those ends.

I would like to conclude this thesis by emphasizing how important genetic screens are for the
understanding of biological processes. While they are of course important for the discovery of
core pathway members, I find it particularly interesting how screens uncover frequently the

unexpected links. The piRNA pathway screens are certainly no exception here.
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9 Appendix

9.1 A systematic analysis of Drosophila TUDOR domain-containing
proteins identifies Vreteno and the Tdrdl2 family as essential

primary piRNA pathway factors.

It has been shown that several proteins involved in the piRNA pathway, foremost Aub, AGO3
and Vasa are symmetrically di-methylated on Arginine residues'>> . This modification is a
known binding motif for Tudor-domain containing proteins and several of these have been
associated with functions in the piRNA pathway (Spindle-E, Krimper, Tejas and
Tudor)68’84’153’155']58.

Therefore 1 conducted a systematic analysis and tested more than 30 Tudor domain
containing proteins for their function in the germline and somatic piRNA pathway. For this
mini-screen I utilized a novel transgenic RNAI system that is based on the expression of short
hairpin RNAs'. In this study I could show that four previously not reported Tudor-domain
containing proteins are implicated in the piRNA pathway. I characterized one of these factors,

CG4771/Vreteno, in more detail and showed that it is required for primary piRNA biogenesis.
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PIWI proteins and their bound PIWI-interacting RNAs
(piRNAs) form the core of a gonad-specific small RNA
silencing pathway that protects the animal genome
against the deleterious activity of transposable elements.
Recent studies linked the piRNA pathway to TUDOR
biology as TUDOR domains of various proteins bind sym-
metrically methylated Arginine residues in PIWI proteins.
We systematically analysed the Drosophila TUDOR protein
family and identified four previously not characterized
TUDOR domain-containing proteins (CG4771, CG14303,
CG11133 and CG31755) as essential piRNA pathway
factors. We characterized CG4771 (Vreteno) in detail and
demonstrate a critical role for this protein in primary
PiRNA biogenesis. Vreteno physically and/or genetically
interacts with the primary pathway components Piwi,
Armitage, Yb and Zucchini. Vreteno also interacts with
the Tdrd12 orthologues CG11133 (Brother of Yb) and
CG31755 (Sister of Yb), which are essential for the primary
PiRNA pathway in the germline and probably replace the
function of the related but soma-specific factor Yb.
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Introduction

The PIWI-interacting RNA (piRNA) pathway is an animal-
specific small RNA pathway that silences selfish genetic
elements such as transposons in gonads (Malone and
Hannon, 2009; Khurana and Theurkauf, 2010; Senti and
Brennecke, 2010). At the core of this pathway act Argonaute
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proteins from the PIWI clade and their bound small RNAs,
generally referred to as piRNAs. Mutations in PIWI proteins
or in factors involved in piRNA biogenesis or piRNA-
mediated silencing lead to de-silencing of transposons, to
widespread DNA damage and ultimately result in sterility.

The analyses of piRNA populations from vertebrates and
invertebrates have provided genuine insight into the genomic
origin of piRNAs (Aravin et al, 2006, 2007, 2008; Girard et al,
2006; Lau et al, 2006; Vagin et al, 2006; Brennecke et al, 2007;
Li et al, 2009; Malone et al, 2009; Robine et al, 2009; Saito
et al, 2009). The three major piRNA sources are long RNAs
originating from discrete genomic loci typically enriched in
transposon sequences (piRNA clusters), transcripts from
active transposons and finally mRNAs from numerous en-
dogenous genes.

The genetic and mechanistic principles of piRNA biogen-
esis are only poorly understood but sequence analyses of
piRNA populations indicated that two modes of piRNA
biogenesis exist (reviewed in Senti and Brennecke, 2010).
On the one hand, during primary piRNA biogenesis presum-
ably single-stranded precursor transcripts are processed in a
seemingly random manner into 23-30nt primary piRNAs
(Lau et al, 2009; Li et al, 2009; Malone et al, 2009; Saito
et al, 2009). On the other hand, transposon sense transcripts
(typically from active elements) and antisense transcripts
(typically from piRNA clusters) participate in the process of
secondary piRNA biogenesis: Here, piIRNA-mediated cleavage
of the target transcript triggers the production of a novel
piRNA with the reciprocal polarity (Brennecke et al, 2007;
Gunawardane et al, 2007). Hallmarks of this so-called ping-
pong amplification of piRNAs are conserved from sponges to
mammals (Aravin et al, 2007; Grimson et al, 2008).

The existence of two distinct piRNA biogenesis branches is
particularly evident in the Drosophila ovary. Within ovarian
germ cells, the three PIWI proteins Piwi, Aubergine and
Argonaute 3 (Ago3) are co-expressed and piRNAs are gener-
ated via the primary and secondary pathways. The two major
players of the secondary ping-pong pathway are Aubergine
and Ago3 with Aubergine binding primarily cluster derived
antisense piRNAs, while Ago3 is primarily complexed with
transposon mRNA-derived sense piRNAs (Brennecke et al,
2007; Gunawardane et al, 2007; Li et al, 2009; Malone et al,
2009). In contrast, the surrounding follicle cells (somatic
origin) express exclusively Piwi and piRNAs are produced
only via the primary pathway (Lau et al, 2009; Li et al, 2009;
Malone et al, 2009; Saito et al, 2009).

As all three PIWI proteins are expressed in germline cells,
accurate systems must be in place to guarantee controlled
piRNA biogenesis and PIWI loading. Several recent studies
indicate that modular interactions between PIWI proteins and
TUDOR domain-containing proteins are part of this control
system (Chen et al, 2009; Kirino et al, 2009, 2010; Nishida
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et al, 2009; Reuter et al, 2009; Vagin et al, 2009). The TUDOR
domain is a member of the TUDOR ‘royal family’, which
among others also contains Chromo, plant Agenet, MBT and
PWWP domains (Maurer-Stroh et al, 2003). The core TUDOR
domain spans ~ 60 amino acids and folds into a strongly bent
anti-parallel B-sheet with five strands forming a barrel-like
fold (Sprangers et al, 2003; Chen et al, 2009; Friberg et al,
2009; Liu et al, 2010a, b). A key function of this domain is to
facilitate protein-protein interactions, which often depend on
the post-translational methylation of Lysine or Arginine
residues in target proteins. Indeed, several methylated
Arginine residues have been identified in PIWI-family pro-
teins and at least in some cases specific interactions between
PIWI and TUDOR proteins require the symmetric di-methyla-
tion of Arginine residues (sSDMAs) in PIWI proteins (Kirino
et al, 2009, 2010; Nishida et al, 2009; Reuter et al, 2009; Vagin
et al, 2009; Huang et al, 2011b). Based on the observed
specificity of PIWI-TUDOR interactions, it is possible that
an intricate sSDMA code allows the controlled recruitment of
selected TUDOR domain-containing proteins at specific
points of the life cycle of PIWI-piRNA complexes.

In Drosophila, six (Tudor, Spindle-E, Krimper, Tejas, Yb
and Papi) out of the roughly 20 proteins implicated in the
piRNA pathway contain TUDOR domains (Boswell and
Mahowald, 1985; Gillespie and Berg, 1995; Lim and Kai,
2007; Malone et al, 2009; Nishida et al, 2009; Olivieri et al,
2010; Patil and Kai, 2010; Qi et al, 2010; Saito et al, 2010; Liu
et al, 2011). We therefore decided to systematically analyse all
fly TUDOR domain-containing proteins for an involvement in
the piRNA pathway. This led to the identification of four
novel TUDOR proteins as essential piRNA pathway factors.
We characterized in detail the role of CG4771 (Vreteno), a
tandem TUDOR domain-containing protein. Vreteno localizes
to Yb bodies in follicle cells and to nuage in germline cells
and is required for primary piRNA biogenesis in both cell
types. Vreteno interacts with the three fly Tdrd12 proteins Yb,
CG11133 (Brother of Yb) and CG31755 (Sister of Yb), which
have partially overlapping functions in the somatic and
germline piRNA pathways.

Results

Identification and classification of TUDOR domain-
containing proteins in Drosophila

We mined the Drosophila melanogaster proteome for TUDOR-
clan domains (Pfam CL0049) using sensitive sequence-pro-
file (HMMer) and profile-profile comparison methods
(Soding et al, 2005). Supplementary Table SI lists all identi-

fied proteins and specifies the individual subclasses (see also
Figure 1A). For further analysis we focused on the TUDOR-
clan domains TUDOR and SMN, which both have been
reported to bind sDMA residues (Selenko et al, 2001;
Sprangers et al, 2003; Cote and Richard, 2005; Liu et al,
2010a, b). This resulted in 22 proteins containing at least one
TUDOR/SMN domain.

An alignment of all TUDOR/SMN domains contained in
this set indicates three subgroups (Supplementary Figure S1).
Groups A (Smn, CG13472 and CG17454) and B (Otu, CG3251)
show similarity only to the ~60 amino-acid TUDOR core. All
other sequences cluster together in group C and share sig-
nificant similarity also N- and C-terminal to the TUDOR core.
Characteristic for group C are two 100% conserved amino
acids, an Arginine in B4 and an Aspartate in the loop linking
B5 and B6 of the extended TUDOR structure (Supplementary
Figure S1; marked in green in Figure 1B; Liu et al, 2010a).
Based on structural studies, group C sequences represent
extended TUDOR domains, which are characterized by a
core TUDOR domain tightly interacting with an OB-fold that
consists of the N-terminal and C-terminal extensions (Liu
et al, 2010a,b). So far, every TUDOR domain-containing
protein that has been linked to the piRNA pathway belongs
to the extended TUDOR group.

To further characterize the set of proteins harbouring ex-
tended TUDOR domains, we annotated all additionally con-
tained protein domains and searched for the corresponding
mouse orthologues (Figure 1A; Supplementary Figure S2).
Most of the fly proteins exhibit strong similarity to their
mouse counterparts and the listed pairs in Supplementary
Figure S2 are supported by multiple independent orthology
assignment methods. CG14303 was linked to Rnf17 based on
automated orthology identification (Inparanoid, Compara,
OMA) and similarities in the TUDOR domains and an N-
terminal B-Box C-terminal domain. We note that the N-termi-
nus of CG14303 is not annotated in FlyBase (lack of EST data),
indicating that the similarities between CG14303 and Rnfl7
might also include the RING-type zinc finger found in Rnf17.
Notably, an N-terminal RING finger could be identified in the
Apis and Bombyx CG14303/Rnfl7 orthologues. Murine
Tdrd12 was assigned to CGI1133 and CG31755 based on
OrthoMCL (v2:0G2_82474 and v4:0G4_21213). Since both of
these proteins share a similar domain composition with the
piRNA pathway protein Yb, it appears that Tdrd12 has
radiated in Drosophila into three proteins. Indeed, all three
fly proteins are more related to each other than to the single
mouse or human Tdrd12 proteins. Less obvious was the
assignment of Tdrd1l, a 4 x TUDOR domain protein with an

Figure 1 Characterization of the Drosophila TUDOR proteins. (A) Cartoon showing all Drosophila melanogaster proteins containing TUDOR/
SMN domains (blue boxes). All other significant protein domains identified via HHpred searches are indicated with coloured boxes and their
identity is given to the right from N to C (ZnF: zinc finger; RRM: RNA recognition motif; BBC: B-Box C-terminal domain; DEAD: DEAD-Box
RNA Helicase; Hel-C: Helicase C-terminal; HA2: Helicase associated domain; OB: oligo-nucleotide binding; CS: HSP20-like domain; DSRM:
double-stranded RNA binding; TM: trans-membrane domain; KH: K homology; SNase: Staphylococcus nuclease; DUF: domain of unknown
function; UBA: ubiquitin-associated domain). TUDOR proteins implicated in the piRNA pathway (including the ones from this study) marked
with a black dot (left). The scale indicates amino-acid positions. The identified mouse orthologues (see Supplementary Figure S1), the number
of identified TUDOR domains in fly (mouse) and the expression bias towards gonads in adult flies are shown to the right. Proteins with similar
domain composition are grouped together. For CG14303, the ‘22’ indicate the non-annotated N-terminus. (B) The secondary structure cartoon
(blue indicates B-strands, red a-helices) denotes the extended TUDOR domain and is based on Liu et al (2010a) (see also Supplementary Figure
S1). The core TUDOR domain (SMART definition) is shown as an alignment for all identified TUDOR domains (‘e” and ‘h’ above the alignment
indicate B-strands and a-helices, respectively). The conserved Arginine and Aspartate residues present in all extended TUDOR domains are
highlighted in green, aromatic cage residues in red, the Asparagine involved in sDMA binding in orange and a strongly conserved glycine in
grey. To the left, the predicted likelihood of a domain to bind sDMA residues (based on the aromatic cage residues) is indicated with black
(likely binder) and grey (potential binder) circles.
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N-terminal MYND-type zinc finger. Based on domain compo-
sition, Tdrd1 might be the single mammalian counterpart of
fly CG9925, CG9864 and CG4771, all of which encode besides
multiple TUDOR domains also a MYND zinc finger (CG4771
contains in addition an RRM domain). Fly proteins with no
assignable mouse counterparts are Krimper as well as the two
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testes specific proteins CG15042 and CG15930 (the two
TUDOR domains of Krimper and CG15042 are highly similar,
potentially suggesting a common ancestor). Finally, mouse
Tdrd8 seems to lack a detectable fly orthologue.
TUDOR/SMN domains often bind peptides with sDMA
residues in target proteins. The sDMA-binding pocket resides
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within the TUDOR core. It consists of four aromatic residues
(Figure 1B, marked in red), whose aromatic rings form a
cuboid cage and complex the di-methylated guanidine group
(Selenko et al, 2001; Sprangers et al, 2003; Cote and Richard,
2005; Liu et al, 2010a, b). An additional conserved Asparagine
(Figure 1B, marked in orange) interacts with the sDMA
residue via a hydrogen bond (Liu et al, 2010a, b). In sSDMA-
binding TUDOR domains, the aromatic cage residues are
highly conserved and are critical for sDMA binding. We
inspected the Drosophila extended TUDOR domains for aro-
matic cage residues. The alignment in Figure 1B indicates
that while a set of TUDOR domains harbours all of these
important residues at the exact same position, numerous
TUDOR domains seemingly lost the ability to bind sDMA
residues due to multiple amino-acid exchanges at critical
positions. Nevertheless, many of the identified proteins
contain at least one TUDOR domain with an intact aromatic
cage and therefore likely interact with sDMA residues.

We finally analysed the RNA expression pattern of all
TUDOR/SMN genes via the adult Drosophila Fly Atlas
(Chintapalli et al, 2007). This showed a strong bias for
genes with extended TUDOR domains to be expressed in
ovaries and/or testes, further suggesting a link to piRNA
biology (Figure 1A; Supplementary Figure S3).

Defining the set of TUDOR proteins with critical roles in
the ovarian piRNA pathway

The implication of several TUDOR proteins in piRNA biology
and their often gonad-specific expression prompted us to
genetically test all proteins with extended TUDOR domains
for their involvement in the piRNA pathway. Defects in the
piRNA pathway lead to sterility and to a substantial accumu-
lation of transposon transcripts in ovaries. We therefore
assayed these phenotypes in females where individual
TUDOR domain-containing proteins were knocked down
via RNAI specifically in the ovarian soma (marked in green
in Figure 2A and B) or in the germline (marked in beige
in Figure 2A and B).

RNAI in the follicular epithelium (soma), where only the
primary piRNA pathway is active, was based on tj-GAL4
driven dsRNA-hairpin constructs (hp-lines) from the VDRC
(Vienna Drosophila RNAi Centre) library (Dietzl et al, 2007;
Olivieri et al, 2010). For the germline we expressed short
hairpin constructs (sh-lines) with the germline-specific MTD-
GAL4 driver, which allows robust knockdowns (Haley et al,
2008; Ni et al, 2011). In addition, we took advantage of
the observation that VDRC hp-lines induce potent RNAi in
the germline if expressed in conjunction with Dicer-2 (Sidney
Wang and Sarah Elgin, personal communication). Figure 2B
illustrates specificity and efficacy of the soma and germline-
specific knockdowns using the piRNA biogenesis factor
Armitage as an example.

Integrity of the somatic piRNA pathway was monitored via
a gypsy-lacZ construct that accurately reports piRNA-
mediated silencing in follicle cells (Figure 2C; Sarot et al,
2004; Olivieri et al, 2010). Integrity of the germline piRNA
pathway was monitored via the steady-state RNA levels of the
two transposons HeT-A and blood (Figure 2D). In addition,
we determined female fertility rates (percentage of hatched
eggs) for all knockdowns (Figure 2E). The two germline
knockdown approaches yielded in nearly all cases identical
results. We attribute the three exceptions (CG9925-hp, yu-sh,
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CG14303-sh; Figure 2D and E) to off-target effects or non-
functional RNAI lines.

Seven TUDOR proteins scored as putative piRNA pathway
components (CG4771, CG11133, Tejas, CG14303, Spindle-E,
Krimper, Yb). All four factors that had previously been shown
to be essential pathway members (Spindle-E, Krimper, Tejas,
Yb) were identified. In agreement with the literature, Spindle-
E, Krimper and Tejas scored only in the germline knock-
downs while Yb scored only in the soma assay (Lim and Kai,
2007; Malone et al, 2009; Szakmary et al, 2009; Olivieri et al,
2010; Patil and Kai, 2010). Papi and Tudor—though previously
implicated in the pathway—did not result in transposon de-
silencing or sterility. This is in agreement with the literature
as both proteins are dispensable for fertility and correspond-
ing mutant ovaries contain no or only slightly elevated
transposon RNA levels (Nishida et al, 2009; Liu et al, 2011).
We note that the grandchild-less phenotype for Tudor
(Boswell and Mahowald, 1985) is recapitulated in the Tudor
germline knockdowns.

In addition to the known factors, germline knockdowns of
three uncharacterized proteins (CG14303, CG4771, CG11133;
Figure 2D and E) resulted in sterility and transposon silencing
defects. Out of these, CG4771 was also identified as an
essential component for the somatic piRNA pathway
(Figure 2C) and we therefore decided to characterize this
factor in more detail.

Vreteno (CG4771) is an essential piRNA pathway factor
CG4771 is localized on the third chromosome (Figure 3A) and
encodes a protein with two extended TUDOR domains
(Figure 3B). The C-terminal TUDOR domain might possess
sDMA-binding activity (Figure 1B) and the relevant aromatic
cage residues are conserved in distantly related Drosophila
species (Figure 3B). In addition, CG4771 harbours an N-
terminal RRM domain and a highly conserved zinc finger
belonging to the MYND family (C2C4HC).

To verify that CG4771 is a piRNA pathway factor, we
obtained genetic alleles of this gene. Females homozygous
for the P-insertion HP36220 (Bloomington), which is inserted
into the 5’UTR of CG4771 (Figure 3A) were sterile and laid
eggs that exhibited defects in dorso-ventral patterning as
evidenced by a high percentage of fused dorsal appendages.
This is a common phenotype of piRNA pathway mutants and
stems from the activation of the Chk2 DNA damage pathway,
presumably caused by widespread DNA damage originating
from uncontrolled transposon activity (Chen et al, 2007;
Klattenhoff et al, 2007). However, in HP36220 mutants only
the blood element was de-repressed, although germline-
specific and soma-specific knockdowns of CG4771 clearly
de-repressed also HeT-A and ZAM, respectively (Figure 3C).
This suggested that HP36220 is a hypomorphic allele. Indeed,
nuclear Piwi localization in the mutant was impaired, yet to a
lesser degree than in armitage or Yb mutants (Figure 3D;
Olivieri et al, 2010).

We therefore generated an additional allele by mobilizing
the HP36220 element. Out of 280 analysed excision events,
one line (CG4771[A1]) exhibited a more pronounced pheno-
type as homozygous females failed to lay eggs. The ovarian
morphology of CG4771[A1] mutants strongly resembled those
of armitage or zucchini null ovaries (Pane et al, 2007; Olivieri
et al, 2010). In some egg chambers, we observed besides the
oocyte nucleus a single giant nurse cell nucleus, indicating

©2011 European Molecular Biology Organization



A [] Germiline cells
MTD-GAL4 > shRNA hairpin
nanos GAL4 > Dcr-2 + hpRNA

(9]

gypsy-lacZ sensor with tj-GAL4 driven hpRNAs against indicated genes

[ somatic cells
traffic jam GAL4 > hpRNA

Yb

Wild type

Fold changes of steady-state RNA levels

Hatchring rate

(normalized to no-hairpin controls)

of laid eggs (%)

D¢

TUDOR domain-containing proteins in Drosophila
D Handler et al

GL knockdown (hp)

GL knockdown (sh)

1000 A
B Het-A (sh-system)
blood (sh-system)
100 e -
B Het-A (hp-system)
blood (hp-system)
10 N B TSR | T B 8
1-||‘ ..... ‘ ‘IIV ‘I'I"‘I" I|‘ -------

100 7 m sh-system
80 1 B hp-system
60 -

40 1
20 - i
0- - --1— i
<o %) v Q O L AN D
@qo.)(b (5\/\6 Ogro \‘5&\ 60\' @%Q;L (0Q R 0'\ ;\\{b \ Q(\ \(~
O 06 0 00 <« O $) OG‘ 0@

Germline-specific knockdown of indicated gene

Figure 2 The set of TUDOR proteins involved in the Drosophila piRNA pathway. (A) Cartoon of a Drosophila ovariole (somatic cells are in
green, germline cells are in beige). The RNAIi systems used for the two cell types are listed. (B) Immunostaining of Armitage (green) and DNA
(blue) in egg chambers expressing RNAi constructs in a tissue-specific manner (left: wild type; middle: soma knockdown via tj-GAL4 >hpRNA;
right: germline knockdown via MTD-GAL4 >shRNA or NGT-GAL4 > Dcr-2 + hpRNA). Monochrome panels show only the anti-Armitage
channel. (C) Bright field images of ovarioles stained for B-GAL activity. The individual genotypes represent soma-specific knockdowns of the
indicated genes in the background of the gypsy-lacZ sensor described in Sarot et al (2004). zucchini knockdown serves as a positive control and
spindle-E as negative control. Of all TUDOR knockdowns, only those against CG4771 or Yb resulted in sensor de-repression. (D) Changes in
steady-state levels of HeT*A and blood transposon transcripts upon knockdown of individual TUDOR proteins in the germline with the shRNA
(black/gray) or the hpRNA (red/rose) knockdown systems (normalized to no-hairpin controls via rp49; log scale; n=3; error bars indicate
s.d.). Identity of knocked down genes identical to the legend in (E). (E) Fertility rates of females with germline-specific knockdown of indicated
TUDOR proteins using the shRNA (black) and the hpRNA (red) systems (~ 200 eggs per experiment; n=3; error bars indicate s.d.).
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Figure 3 Vreteno is a novel piRNA pathway member. (A) Overview of the CG4771 (vreteno) genomic locus indicating flanking genes (blue),
the HP36220-insertion site (pink triangle) and the extent of the genomic rescue construct. (B) Cartoon of the CG4771 protein domain structure
and sequence alignment of the C-terminal TUDOR domain in distantly related Drosophilids (virilis, mojavensis, grimshawi, willistoni,
melanogaster, pseudoobscura). Aromatic cage residues and the conserved Arg/Asp residues colour coded as in Figure 1B. (C) Changes in
steady-state transposon levels (n = 3; s.d.) upon CG4771 knockdown (normalized to no-hairpin controls) in soma (green) or germline (beige) in
comparison to those in CG4771[HP36220] mutants (black; normalized to heterozygotes). (D) Immunostaining of Piwi in wild-type and
CG4771[HP36220] mutant egg chambers. (E) The occasionally observed egg chamber morphology of CG4771[A1] (vreteno) mutants, which
originally led us to name the gene ‘avocado’ (DNA stained with DAPI). (F) RNA levels of CG4771, of the flanking genes HPIc and CG6985 and
of actin-5C in vreteno[A1] mutant ovaries compared with vreteno[A1]; GFP-vreteno rescued ovaries (values normalized to w[1118] controls).
(G) Immunostaining of Piwi in vreteno[A1] mutant egg chambers and in vreteno[A1] mutant egg chambers expressing a GFP-vreteno rescue
construct. (H) Steady-state RNA levels of the HeT-A, blood and ZAM transposons in vreteno[A1] mutant ovaries compared with vreteno[Al];
EGFP-vreteno rescued ovaries (values normalized to heterozygous siblings; n = 3; error bars indicate s.d.). (I) Inmunostaining of Vreteno in
wild-type and vreteno[A1] mutant egg chambers at identical microscope settings.

severe defects in cytokinesis. Based on the morphology group (‘vreteno’ means °‘spindle’ in Bulgarian, referring
of these egg chambers (Figure 3E), we initially named to the spindle class phenotype of eggs laid by CG4771
CG4771 ‘avocado’. While this work was under review, mutants) and we therefore adopted this name for consistency
CG4771 was named ‘vreteno’ in FlyBase by the Lehmann reasons.
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In vreteno[A1] homozygous ovaries, germline- and soma-
specific transposons were severely de-repressed, indicating
the stronger nature of this allele (Figure 3F). This was
paralleled by a more pronounced defect in nuclear Piwi
accumulation (compare Figure 3G and D). To verify that the
vreteno[A1] phenotype is due to defects in the CG4771 locus,
we restored fertility (not shown), transposon silencing
(Figure 3F) and nuclear Piwi localization (Figure 3G) to
wild-type levels by introducing a genomic rescue construct
that expresses GFP-tagged Vreteno under its endogenous
regulatory regions (Figure 3A). As this rescue construct also
contained the complete loci for HPIc and CG698S5, we mea-
sured steady-state RNA levels of all three genes in ovaries of
vreteno[A1] mutants and of the GFP-vreteno rescued animals
(Figure 3H). This confirmed the specificity of the A1 allele for
the vreteno locus. Immunofluorescence analysis with an
antibody recognizing the Vreteno N-terminus further indi-
cated that also the protein is essentially not detectable in
ovaries from vreteno[A1] mutants (Figure 31I).

We also analysed the requirement of vreteno for the piRNA
pathway in males. Towards this end, we measured steady-
state levels of the transposons mdgl and copia as well as of
the repetitive Stellate locus that is under control of the piRNA
pathway in testes. This indicated a requirement of vreteno for
copia and Stellate silencing, supported by the observation
that silencing was fully restored in males expressing a GFP-
vreteno rescue construct (Supplementary Figure S4). Taken
together, vreteno encodes a novel piRNA pathway factor that
is essential for the ovarian and testes piRNA pathways.

A
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Vreteno is required for primary piRNA biogenesis

in soma and germline

Defects in primary piRNA biogenesis (e.g. in armitage or
zucchini mutants) result in a collapse of piRNA populations
in follicle cells, in a severe reduction of most germline piRNA
species and in defects in Piwi’s nuclear accumulation accom-
panied by a significant loss of Piwi protein (Pane et al, 2007;
Malone et al, 2009; Haase et al, 2010; Olivieri et al, 2010; Saito
et al, 2010). Delocalization and decreased levels of Piwi were
also observed in the vreteno[A1] mutant (Figure 3D and G).
We therefore analysed the effects of loss of Vreteno on PIWI-
family proteins and on piRNA populations in the ovarian
soma and germline.

Similar to an RNAi-mediated Armitage knockdown,
knockdown of Vreteno in follicle cells led to an almost
complete loss of Piwi protein in these cells (Figure 4A),
indicating defects in primary piRNA biogenesis. Indeed,
analysis of small RNA populations obtained from
vreteno[A1] mutant ovaries showed that piRNAs originating
from the flamenco cluster, which gives rise to primary
piRNAs in follicle cells (Lau et al, 2009; Li et al, 2009;
Malone et al, 2009), were almost entirely lost in
vreteno[A1] mutants (Figure 4B). Highly similar profiles
were obtained from ovaries mutant for armitage, zucchini
or Yb, the only known factors involved in primary piRNA
biogenesis. In contrast, piRNA populations from spindle-E
mutant ovaries showed no impact, in agreement with
spindle-E functioning exclusively in the germline pathway
(Figure 4B; Malone et al, 2009). Very similar results were
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Figure 4 Vreteno is essential for primary piRNA biogenesis in the soma. (A) Immunostaining of Piwi (lower panels) in wild-type egg chambers
(left) in comparison to egg chambers expressing hpRNAs against armitage (centre) or vreteno (right) specifically in somatic cells. Armitage
and Vreteno stainings indicate the knockdown efficiency. (B) Normalized piRNA profiles (23-30 nt small RNAs) obtained from control ovaries
(vret heterozygote; black) in comparison to profiles obtained from indicated mutant ovaries (red) mapping uniquely to the soma-specific
piRNA cluster flamenco. The y axis for the heterozygote plot is representative for all plots.
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Figure 5 Vreteno is essential for piRNA biogenesis in the germline. (A) Immunostaining of Piwi, Aubergine and Ago3 in wild-type egg
chambers (top row) in comparison to egg chambers expressing shRNAs against armitage (centre row) or vreteno (lower row) specifically in
germline cells. Armitage and Vreteno stainings indicate the knockdown efficiency. (B) Normalized piRNA profiles (23-30nt small RNAs)
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uniquely to the germline-specific piRNA cluster 42AB (sense and antisense piRNAs are indicated with peaks pointing up- and downwards).
(C) Normalized piRNA profiles obtained from control ovaries (black) in comparison to profiles obtained from indicated mutant ovaries (red)
mapping to the germline-dominant Rt1b transposon.

obtained when piRNAs mapping to individual soma-specific Knockdown of Vreteno in the germline resulted in a near
transposons such as Tabor or ZAM were analysed complete loss of Piwi protein, again pheno-copying the
(Supplementary Figure S5). Armitage germline knockdown (Figure 5A). In addition,
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piRNA populations mapping to the germline-specific piRNA
cluster 42AB or to the transposon Rt1b, whose piRNA popu-
lations depend on primary piRNA biogenesis (Malone et al,
2009), were severely reduced in vreteno mutant ovaries as
well as in spindle-E, armitage or zucchini mutant ovaries
(Figure 5B and C). No significant changes were observed in
Yb mutant ovaries consistent with this gene acting in somatic
follicle cells only. We also observed a severe disruption of the
nuage localization of Aubergine and Ago3 in germline cells
depleted of Vreteno (Figure 5A). This is significant, as loss of
the primary biogenesis factor Armitage does not impact the
subcellular localization of Aubergine and Ago3 (Figure 5A).
Also in armitage null mutants, Aubergine and AGO3 localiza-
tion to nuage was not significantly perturbed (not shown),
indicating that the observed differences cannot be attributed
to insufficient knockdowns.

To characterize piRNA populations from vreteno mutants
in more detail, we mapped small RNAs isolated from ovaries
mutant for vreteno, armitage, zucchini, Yb or spindle-E as
well as small RNAs isolated from their respective heterozy-
gote controls to annotated transposon families (Jurka et al,
2005; Supplementary Table S2). While the spindle-E libraries
were taken from the literature (Malone et al, 2009), armitage,
zucchini and Yb libraries were prepared for this study (pre-
vious libraries were based on unfavourable genetic alleles in
the case of armitage, or suffered from inaccurate genotyping
in the case of zucchini; Malone et al, 2009). All heterozygote
libraries were scaled to 1 million repeat-derived small RNAs
(23-30nt in length). Each mutant library was then normal-
ized to its respective heterozygote library using non-transpo-
son-derived endo-siRNA populations.

Figure 6A displays the levels of small RNAs that mapped to
annotated transposons in sense or antisense orientation as a
function of their length. The mutant small RNA profiles could
be grouped into three classes: (1) Yb is a soma-specific factor
essential for primary piRNA biogenesis (Olivieri et al, 2010;
Qi et al, 2010; Saito et al, 2010). Accordingly, the majority of
ovarian piRNAs were unchanged in this mutant. Only a slight
decrease (preferentially in antisense piRNAs) was seen, in
agreement with soma piRNAs exhibiting an extreme anti-
sense bias (Malone et al, 2009). (2) Spindle-E is required for
the germline-specific ping-pong cycle but is dispensable for
primary piRNA biogenesis (Malone et al, 2009). Accordingly,
spindle-E mutant piRNA profiles showed a severe collapse
in piRNA populations, with a subpopulation of piRNAs
(nearly exclusively antisense) remaining. These showed a
pronounced bias towards a 5’ terminal Uridine, lacked the
characteristic ping-pong signal (see below) and therefore
represent primary piRNAs (not shown). (3) The vreteno,
armitage and zucchini mutant libraries strongly resembled
each other. They exhibited a severe depletion of piRNAs,
with more pronounced losses in antisense populations, in-
dicative of these factors being required for primary piRNA
biogenesis.

The described classification of the analysed pathway mu-
tants was supported by the changes in transposon-specific
piRNA populations (Figure 6B and C). We focused on a set of
37 transposon families that has been well characterized
previously (Malone et al, 2009). These transposons can be
grouped into three cohorts (Figure 6B) depending on whether
piRNAs targeting them are predominantly found in germline
cells (germline dominant), in somatic cells (soma dominant)
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or in both cell types (intermediate). Transposons shown in
Figure 6B were ranked according to their ping-pong signature
in the average heterozygote library (blue heatmap). This
correlated strongly with the previously reported extent
of maternal piRNA inheritance (yellow/red heatmap) as
maternal deposition is only possible for germline piRNAs,
which typically participate in the ping-pong cycle (Malone
et al, 2009).

We mapped piRNAs to the selected transposon families
and calculated the log2 fold ratios of the respective hetero-
zygote/mutant pairs. In agreement with the genetic data,
piRNA populations from Yb and spindle-E mutants were
essentially anti-correlated (Figure 6B). While Yb mutations
affected soma-dominant elements, spindle-E mutations af-
fected germline-dominant elements. A scatter plot of the
log2 fold het/mut ratios underlines this further (Figure 6C;
r=—0.52; Pearson correlation). In contrast, libraries ob-
tained from vreteno, armitage or zucchini mutants exhibited
nearly identical losses of piRNA populations mapping
to soma, intermediate or germline-dominant elements
(Figure 6B; Pearson correlations: r(armi/zuc) =0.80;
r(armi/avo) = 0.76; r(zuc/avo) =0.87). The soma-dominant
elements were the most consistently affected group, in agree-
ment with all of them depending on primary piRNA biogen-
esis. Within the germline-dominant group, some transposons
showed only very mild losses of piRNAs (e.g. protoP-A, Doc,
F-element). This pattern was observed in all three libraries
(see e.g. the bottom scatter plot in Figure 6C), further under-
lining the hypothesis that all three factors participate in a
common step of piRNA biogenesis.

We finally analysed the impact of the five mutants on the
ping-pong cycle (Figure 6D). While ping-pong collapsed in
spindle-E mutants (Malone et al, 2009), it was unaffected in
Yb mutants, consistent with this factor being soma specific.
Interestingly, vreteno, armitage or zucchini mutants showed
no defects in ping-pong signatures. On the contrary, for many
elements, the ping-pong signal was elevated in comparison to
the wild-type situation. This trend was particularly evident
for the intermediate group of transposons, especially in
armitage and zucchini mutants. Of note, ping-pong was still
efficient in vreteno mutants despite the fact that the key
players Aubergine and Ago3 were delocalized from nuage
(Figure 5A). This indicates that nuage localization per se is
not required for ping-pong.

Figure 6E shows sense and antisense piRNA populations
mapping to the F-element, which is a particularly interesting
case. piRNA populations for this element were highly sensi-
tive to perturbations in the ping-pong cycle (spindle-E
mutant), but not to defects in primary piRNA biogenesis
(vreteno, armitage, zucchini mutants). The increased ping-
pong signal in primary pathway mutants suggests that in
these mutants, the pool of primary piRNAs (lacking ping-
pong signatures) is eliminated, thereby leaving only ping-
pong pairs. For the Rt1B element (also a germline-dominant
element), this is different as piRNA populations in this case
evidently depend on ping-pong amplification as well as on
primary piRNA biogenesis (Figure 5C). Nevertheless, the
small pool of remaining Rt1B piRNAs in primary pathway
mutants still displays strong ping-pong signatures. We spec-
ulate that these element-specific differences are related to the
maternally transmitted piRNA pool (Brennecke et al, 2008).
For unknown reasons, the F-element ping-pong might be
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maintained by maternally transmitted piRNAs, whereas this

is not the case for elements such as Rt1B.

In summary, our analysis shows that Vreteno is essential
for primary piRNA biogenesis and that the ping-pong cycle
can operate independently of primary piRNA biogenesis in

Drosophila as suggested previously (Malone et al, 2009).

Vreteno accumulates in Yb bodies and physically

interacts with Piwi, Armitage and Yb

In follicle cells and in cultured somatic stem cells (OSCs; Niki
et al, 2006; Saito et al, 2009), Armitage and Yb are enriched in
discrete foci termed Yb bodies, which presumably are sites of

primary piRNA biogenesis as Piwi transits through these
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bodies (Olivieri et al, 2010; Qi et al, 2010; Saito et al, 2010). To
better understand at which step Vreteno acts during
primary piRNA biogenesis, we performed genetic epistasis
experiments in ovarian follicle cells as well as in OSCs. A
GFP-Vreteno fusion protein expressed under the endogenous
control regions localized to the cytoplasm of somatic and
germline cells in the ovary (Figure 7A and B). Intriguingly,
Vreteno was enriched in discrete foci in follicle cells and in
nuage in germline cells, highly reminiscent of an Armitage-
GFP fusion protein. A more detailed analysis of the subcel-
lular localization in follicle cells revealed that the majority of
Vreteno and Armitage foci precisely overlapped (Figure 7B).
Also in OSCs, Vreteno localized to the cytoplasm and accumu-
lated in distinct foci, which typically were Armitage positive
(Supplementary Figure S6). In some cases, however, Vreteno
and Armitage foci seemed to directly flank each other and in
several cells we observed accumulation of Vreteno in large
cytoplasmic domains that showed no Armitage accumulation
(Supplementary Figure S6). Typically, these cells lacked dis-
cernable Armitage foci, potentially suggesting that Yb bodies
undergo remodelling at specific stages.

We next analysed the subcellular localization of Vreteno in
cells lacking known primary biogenesis factors using mitotic
follicle cell clones in flies or RNAi in OSCs. Vreteno localiza-
tion to Yb bodies was dependent on Armitage and Yb
(Figure 7C). Strikingly, loss of Zucchini, a phospho-lipase
or putative nuclease localizing to the outer mitochondrial
membrane (Pane et al, 2007; Saito et al, 2010; Watanabe et al,
2011; Huang et al, 2011a) resulted in the accumulation of
Vreteno in massive Yb bodies, similar to what has been
observed previously for Armitage (Figure 7C; Olivieri et al,
2010). In contrast, Vreteno localization was unperturbed in
cells lacking Piwi (Supplementary Figure S7). Furthermore,
Armitage and Yb still localized to Yb bodies in cells lacking
Vreteno (Supplementary Figure S7). Comparable results were
obtained in OSCs upon knockdown of individual factors
(Figure 7D shows Yb and Zucchini knockdowns; Yb and
zuc mRNA levels were reduced to 7.2% and 13.6%, respec-
tively, resulting in 19-fold (Yb) or eight-fold (zuc) elevated
mdgl transposon levels).

We obtained further support for a role of Vreteno in
primary piRNA biogenesis by co-immunoprecipitation (co-
IP) experiments from OSC lysate. This indicated that
Armitage and Vreteno reside in a common complex (sup-
ported by reciprocal co-IP experiments). In addition, both
proteins were also found to physically interact with Yb and
Piwi (Figure 7E).

Taken together, Vreteno is a novel Yb-body component that
interacts with Armitage, Yb and Piwi. Vreteno localization

TUDOR domain-containing proteins in Drosophila
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depends on Armitage and Yb and in zucchini mutant cells it
accumulates together with Armitage and Yb in large cyto-
plasmic aggregates.

The Tdrd12 proteins CG11133 and CG31755 interact
with Vreteno and are essential primary piRNA pathway
factors in the germline

Vreteno is besides Piwi, Armitage and Zucchini the fourth
known factor required for primary piRNA biogenesis in the
ovarian soma and germline. In contrast, the Tdrdl2-like
protein Yb is an essential piRNA biogenesis factor but acts
only in somatic cells (Olivieri et al, 2010; Qi et al, 2010; Saito
et al, 2010). The Drosophila genome contains two additional
Tdrd12-like proteins (CG11133, CG31755; Figure 8A), both
of which are also specifically expressed in gonads
(Supplementary Figure S3; FlyAtlas). Since Vreteno physi-
cally interacts with Yb, we reasoned that it might also interact
with CG11133 and CG31755. We performed IP experiments
from ovaries expressing GFP-Vreteno instead of the endo-
genous protein and from wild-type control ovaries using a
monoclonal GFP antibody followed by quantitative mass
spectrometry analysis. Strikingly, CG11133 and CG31755
were among the five most enriched proteins in the
GFP-Vreteno IP (besides Vreteno, Hsp27 and CG9281;
Supplementary Table S3).

To further characterize the fly Tdrd12 family, we analysed
expression and localization of GFP-tagged Yb, CG11133 and
CG31755 in ovaries (all proteins were expressed under their
respective endogenous control regions). While CG31755 was
expressed at comparable levels in follicle and germline cells,
Yb was expressed specifically in follicle cells and CG11133
predominantly in germline cells (Figure 8B). Remarkably, the
subcellular localizations of the three proteins were highly
reminiscent of the Armitage or Vreteno localizations. Double
labelling experiments confirmed the co-localization of
Armitage with Yb and CG31755 in follicle cells (Figure 8B).
Also for CG11133, though present only at very low levels,
localization to Armitage foci in follicle cells was observed
(not shown). In germline cells, CG31755 localized to peri-
nuclear clouds that were also positive for Armitage, while
CG11133 was enriched in nuage, where Armitage was also
present (Figures 7A and 8B).

Given the follicle cell expression and Yb-body localization
of CG31755 and CGI11133, we investigated their somatic
piRNA pathway involvement in OSCs by knocking them
down, individually or in combination with RNAi. Depletion
of CG31755, but not CG11133 resulted in a strong increase of
mdgl transposon levels, similar to what has been observed
for zuc, armi or Yb knockdowns (Figure 8C; Saito et al, 2010).

Figure 6 Vreteno, Zucchini and Armitage are essential primary piRNA biogenesis factors but are dispensable for the ping-pong cycle.
(A) Length profiles of all repeat-derived (transposon and satellite repeats) small RNAs (18-30 nt) isolated from ovaries of the indicated mutants
and their respective heterozygous controls (all heterozygote libraries normalized to 1 million repeat-derived 23-30nt RNAs). Sense
populations are in blue and antisense populations are in red. The fold decrease in the respective populations (23-30nt only) is indicated.
(B) Bar diagram indicating the changes of normalized piRNAs mapping antisense to the indicated transposons (left) in the indicated mutant
ovaries compared with the respective heterozygous control ovaries (het/mut ratios are given as log2 values). Grey bars indicate values below 1
(less than two-fold changes). Identity of the analysed mutants is given at the bottom. Transposons are grouped into germline-dominant (red),
intermediate (yellow) and soma-dominant (green) based on Malone et al (2009). The heatmaps indicate degree of maternal piRNA inheritance
(yellow: strong; red: weak) and ping-pong signature (blue: strong; white: absent) of each individual element. (C) Scatter plots of the log2
values plotted in (B), where individual transposons are colour coded as in (B). (D) Ping-pong signatures of the individual transposons
(classification and order as in (B) in the average heterozygote (het.) and the indicated mutants as a heatmap ranging from strong signals
(dark blue) to no signal (white). The F-element is indicated with an arrow. (E) Normalized piRNA profiles (sense and antisense) mapping to the
F-element. Compared are populations from heterozygotes (black) to the indicated mutants (red). Ping-pong signatures (basis for the heatmap

in (D) are shown to the right of each plot.
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Figure 7 Vreteno is a novel Yb-body component. (A) Subcellular localization of GFP-tagged Vreteno or Armitage (optical section of egg
chambers) expressed under the respective endogenous regulatory regions. (B) Confocal section through the follicular epithelium of a GFP-
Vreteno (green) expressing egg chamber stained for Armitage (red) and DNA (blue). (Right panel) Merge of all three channels (co-localization
of Vreteno and Armitage results in yellow). (C) Immunostaining of Vreteno (green), Piwi (red) and DNA (blue) in egg chambers, where clones
of cells mutant for the indicated genes (left) have been induced in the follicular epithelium (clone borders are indicated with a yellow line).
(D) Co-immunostaining of Vreteno (left) and Armitage (right) in OSCs transfected with siRNAs against EGFP (top), Yb (middle) or zucchini
(bottom). (E) Co-IPs of Armitage and Vreteno from OSC lysate. Western blots against Armitage, Vreteno, Piwi and Yb. For the Armitage western
blot (Armi-IP), only 1/15th compared with all other blots was loaded in the IP-lanes. Beads lacking antibody (IP-beads) served as control.

Double depletion of CG31755 and CG11133 led to an addi- while CG31755 was not (Figure 2D and E). We analysed
tional, but small increase in mdgl transcript levels, suggest- silencing of the HeT-A and blood elements in ovaries depleted

ing a minor role for CG11133 in the somatic piRNA pathway. for CG31755 and/or CGI11133 via the shRNA system

We performed a similar analysis in germline -cells. (Figure 8D). While knockdown of CG31755 had no significant

The initial survey of TUDOR proteins already indicated that impact on HeT-A/blood silencing, a nearly 10-fold increase in
CG11133 was critical for transposon silencing in the germline, blood levels was measured in CG11133 knockdown ovaries
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Figure 8 The Tdrd12 orthologues CG11133 and CG31755 are essential primary piRNA pathway factors in the germline. (A) Cartoon overview
of the Tdrd12 proteins in fly and mouse (Tudor domains: blue; other domains as indicated). (B) Immunofluorescence staining for Armitage and
GFP-tagged Yb, CG31755 or CG11133. (Lower panels) Merge of the three channels (DNA, GFP, Armitage). (C) The left chart shows changes in
steady-state levels of the mdgl transposon upon knockdown of CG11133, CG31755 or both together in OSCs. Values were normalized to GFP
control knockdowns via rp49. The right chart indicates the efficiencies of the respective knockdowns (n = 3; error bars indicate s.d.). (D) The
left chart shows changes in steady-state levels of the HeT-A and blood transposons upon knockdown of CG11133, CG31755 or both together in
germline cells (MTD-GAL4 >shRNA). Values were normalized to ‘no-hairpin’ control flies via rp49. The right chart indicates the efficiencies of
the respective knockdowns (n=3; error bars indicate s.d.). (E) Immunofluorescence staining for Piwi in wild-type egg chambers (left)
compared with egg chambers where the indicated genes have been knocked down via shRNAs in the germline only. For the CG31755 and
CG11133 single knockdowns, most egg chambers displayed a wild-type Piwi pattern (top), while 3-5% displayed the phenotypes of the lower
panels. The phenotype for the double knockdown was fully penetrant.
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(Figure 8D). Strikingly, double depletion of CG31755 and
CG11133 de-silenced HeT-A and blood to levels comparable
to verified piRNA pathway mutants (Figures 2D and 8D).
The observed silencing defects correlated with defects in
Piwi levels and localization (Figure 8E). In the single
knockdowns, most egg chambers displayed wild-type Piwi
levels and localization. In about 3-5% of egg chambers,
however, we observed reduced Piwi levels or cytoplasmic
Piwi localization (representative images in Figure 8E).
Strikingly, double depletion of CGI1133 and CG31755
resulted in an almost complete loss of germline Piwi
(Figure 8E). Based on these observations and the correlation
between defects in nuclear Piwi accumulation and defects in
primary piRNA biogenesis (Olivieri et al, 2010; Saito et al,
2010), we conclude that CG11133 and CG31755 function
together in primary piRNA biogenesis in germline cells.
We therefore named CG11133 ‘Brother of Yb’ and CG31755
‘Sister of Yb”.

Discussion

The set of TUDOR domain-containing proteins

in Drosophila

Whereas Tudor, the founding member of TUDOR domain-
containing proteins was genetically identified > 25 years ago
as a grandchild-less gene in Drosophila (Boswell and
Mahowald, 1985), the link between TUDOR domains and
the piRNA pathway has only recently emerged: On the one
side, PIWI proteins have been shown to contain sDMA
residues, docking sites for TUDOR domains. In selected
cases, sDMA-dependent interactions between TUDOR do-
mains and PIWI proteins could indeed be shown (Nishida
et al, 2009; Vagin et al, 2009; Kirino et al, 2010; Huang et al,
2011b). On the other hand, 10 out of the 17 identified proteins
in Drosophila that contain an extended TUDOR domain have
been directly linked to the piRNA pathway (including the
genes identified in this study). We emphasize that our RNAi-
based assays could only score those genes, which are indivi-
dually required for the ovarian piRNA pathway and which
perform essential roles in it. Figure 1A suggests that several
TUDOR domain-containing genes could act redundantly
(in particular yu and papi, CG9925 and CG9684, Tejas and
CG8920, CG11133 and CG31755) or specifically in testes
(CG15042, CG15930). Double knockdowns of these gene
pairs might identify their possible involvements in the path-
way.

What could be the role of this surprisingly large set of
proteins in the piRNA pathway? The protein domain cartoon
of the Drosophila TUDOR family (Figure 1A) suggests
that numerous effector domains such as helicase domains,
RNA-binding domains, zinc-finger domains, etc. are targeted
to PIWI proteins via modular sDMA-TUDOR interactions.
Several reports indicate that the sDMA-TUDOR affinity is
influenced by the peptide sequence harbouring the sDMA
residue (Nishida et al, 2009; Liu et al, 2010a, b; Huang et al,
2011b). This might allow for highly specific and ordered
interactions between methylated target proteins and subsets
of TUDOR proteins. As many TUDOR proteins contain
multiple TUDOR domains, a second scenario is that these
multi-domain proteins act as scaffolds (Nishida et al, 2009;
Huang et al, 2011b) to bring different effector proteins such as
Aubergine and Ago3 into close physical proximity, a likely
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prerequisite for the efficient functioning of the ping-pong
cycle.

It is, however, critical to mention that many of the identi-
fied TUDOR domains in Drosophila (similar results emerge in
vertebrates) carry mutations in aromatic cage residues,
indicating that they lost the ability to interact with sDMA
residues. For example, mouse Tdrd12 as well as the three
Drosophila counterparts Yb, CGI11133 and CG31755 lack
nearly all aromatic cage residues. Nevertheless, a genetically
identified Yb allele that carries a mutation in the ultra-
conserved Arginine residue in B4 of the extended TUDOR
domain is a strong loss of function allele (Szakmary et al,
2009). Certain TUDOR domains might thus have evolved to
bind alternative residues or post-translational modifications.
This might also explain the puzzling observation that loss
of the sDMA generating enzyme Csul (PRMTS5) results in a
surprisingly mild phenotype compared with loss of individual
TUDOR domain-containing proteins such as Spindle-E,
Krimper or Vreteno (Anne et al, 2007).

The role of Vreteno in primary piRNA biogenesis

Four lines of evidence place Vreteno into the process of
primary piRNA biogenesis. First, Vreteno is an essential
factor for the piRNA pathway in somatic follicle cells,
which has been shown to consist only of the primary branch.
Second, piRNA profiles from vreteno mutant ovaries strongly
resemble those from armitage and zucchini mutant ovaries
with primary piRNA populations collapsing, while ping-pong
signatures are not affected. Third, Vreteno physically inter-
acts with Armitage, Yb and Piwi, three factors of the primary
piRNA pathway. Finally, Vreteno localizes to Yb bodies, the
presumed sites of primary piRNA biogenesis in follicle cells.

Our data provide less insight at the mechanistic level.
What is the precise role of the TUDOR domains in Vreteno?
Do they interact with SDMA residues in PIWI proteins? What
are the functions of the MYND domain and the N-terminal
RRM domain? Combinations of biochemical and genetic
rescue experiments will be crucial to answer these important
questions.

An intriguing observation of our studies in germline cells
is that Vreteno is required for the nuage localization of Auber-
gine and Ago3. Nevertheless, secondary piRNA biogenesis
via ping-pong was functional. In this, vreteno mutants differ
significantly from armitage mutants. Whether Vreteno merely
tethers Aubergine and/or Ago3 to nuage (potentially via
sDMA-TUDOR interactions) or whether Vreteno is also im-
portant for primary piRNA biogenesis feeding into Aubergine
will be an important question for the future. Co-localization
experiments in germline cells indicate that Vreteno foci are in
very close proximity to Aubergine and especially AGO3 foci
(Supplementary Figure S8). sDMA sites in these proteins
have been mapped (Nishida et al, 2009) and it will be
important to determine whether these peptides mediate
physical interactions with Vreteno.

The three Tdrd12 orthologues are essential primary
PiRNA pathway factors in flies

The TUDOR domain-containing protein Yb is an essential
factor for primary piRNA biogenesis in somatic follicle cells
(Olivieri et al, 2010; Qi et al, 2010; Saito et al, 2010).
Genetically, this gene is dispensable for the piRNA pathway
in germline cells, despite the fact that other primary piRNA
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biogenesis factors such as Armitage or Zucchini are essential
factors in soma and germline. As Yb is not expressed in
germline cells, it has been suggested that the sequence-
related proteins CG11133 and/or CG31755 fulfil Yb’s function
in the germline (Olivieri et al, 2010). All three proteins share
a similar domain composition, although CG31755 contains a
second TUDOR domain and CG11133 and CG31755 harbour a
C-terminal CS-like domain (Figure 8A). The single vertebrate
orthologue of these three proteins is the uncharacterized
Tdrd12 protein (Tdrd12 likely corresponds to the repro23
locus; repro23 mutant mice are male sterile and resemble
piRNA pathway mutants; Asano et al, 2009). The molecular
role of Tdrd12-family proteins is not known but data from
follicle cells suggest that they might be the defining factors of
Yb bodies and correspondingly nuage in the germline
(Szakmary et al, 2009; Olivieri et al, 2010; Qi et al, 2010;
Saito et al, 2010).

Our genetic data indicate that Yb and CG31755 are essen-
tial piRNA pathway factors in somatic ovarian cells, while
CG11133 and CG31755 function in germline cells. Based on
the severe impact on Piwi levels and localization in the
germline upon double depletion of CG31755 and CG11133,
we suggest that these two proteins are indeed the Yb counter-
parts in germline cells.

Taken together, our study adds functional data for four
novel TUDOR proteins in the Drosophila piRNA pathway. It
becomes increasingly clear that this small RNA silencing
pathway is by far more complex than the related miRNA
and siRNA pathways. The challenge for the future will be to
dissect the precise molecular roles for the multitude
of genetically identified factors in this fascinating genome
defence pathway.

Materials and methods

Drosophila stocks

tj-GAL4 (DGRC stock 104055); tj-Gal4; gypsy-lacZ (Olivieri et al,
2010); MTD-GAL4 (Ni et al, 2011); UAS-Dcr-2; NGT (Bloomington
stock 25751); armi[A1]/TM3 (Olivieri et al, 2010); fs(1)Yb[72]/FM6
(Swan et al, 2001). zuc[HM27]/CyO and Df(2l)PRL/CyO (Pane et al,
2007); armi-GFP and GFP-Yb (Olivieri et al, 2010); HP36220
(Bloomington stock 22204): P-insertion into the 5’'UTR of vreteno
(CG4771); vreteno[A1] is a strong loss of function mutant obtained
by mobilization of the HP36220 element via the A2,3 transposase.
Molecular analysis of this line revealed an internal deletion of the
majority of the P-element without affecting the flanking genomic
sequences. We speculate that the enhanced strength of the vret[A1]
allele compared with the HP36220 allele is due to loss of a cryptic
promoter located within the P-element sequence similar to what has
been described in Lafave and Sekelsky (2011).

GFP-Vreteno flies carry a genomic rescue construct with an
EGFP cassette inserted at the N-terminus of Vreteno (obtained via
bacterial recombineering) in the vreteno[A1] genetic background.

GFP-CG11133 and GFP-CG31755 flies carry a genomic construct
with an EGFP cassette inserted at the respective N-termini (bacterial
recombineering).

Lines from the VDRC are listed in Supplementary Table S4.

shRNAI lines were cloned into the Valium-22 vector (Ni et al,
2011) modified with a white selection marker and integrated into the
attp2 landing site reported in Markstein et al (2008). Hairpin
sequences are listed in Supplementary Table S5.

FRT-based mitotic clones were obtained by crossing armi[A1],
zuc[HM27], Yb[72], piwi[1] or vret[Al] alleles with corresponding
FRT insertions to respective hsFlp'#%; FRT, ubi-GFP flies; clones
were induced by heat-shocking freshly enclosed females on
2 consecutive days for 1h at 37°C; flies were dissected 5 days later.
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Antibodies

Antibodies against the N-terminal peptide of Vreteno (MESESSQDD
WSAFDP) were raised in rabbits and serum was affinity purified
using the same peptide. Other used antibodies were rabbit anti-
Armi (peptide sequence in Cook et al, 2004), rabbit anti-Yb (peptide
sequence in Szakmary et al, 2009), mouse anti-Piwi (Saito et al,
2006), mouse anti-Armi (Saito et al, 2010), rabbit anti-Piwi, anti-
Aub and anti-Ago3 (peptide sequences in Brennecke et al, 2007).

X-Gal stainings

Ovaries from 5- to 7-day-old flies were dissected into ice-cold PBS
(max 30min), fixed in 0.5% glutaraldehyde/PBS (RT, 15min) and
washed with PBS. The staining reaction was performed with
staining solution (10mM PBS, 1 mM MgCl,, 150mM NaCl, 3 mM
potassium ferricyanide, 3 mM potassium ferrocyanide, 0.1% Triton,
0.1% X-Gal) at RT overnight.

Immunocytochemistry
IF staining of ovaries and OSCs was as in Olivieri et al (2010).
All primary antibodies were used at 1:500.

Cell culture

0OSCs were cultured as described (Niki et al, 2006) and transfected
with the Cell Line Nucleofector kit V (Amaxa Biosystems),
selecting the programme T-029 (K Saito and M Siomi, personal
communication).

Immunoprecipitation

A 15-cm dish of OSCs was harvested, cells were extracted twice
with 250 ul lysis buffer (20mM Hepes pH 7.5; 150mM NaCl; 10%
glycerol; 1 mM EDTA; 5mM MgCl,; 0.5% Triton X-100, complete
protease inhibitors (Roche)) and lysates were cleared for 15 min at
16 000g at 4°C. The supernatant was split and incubated 2 h at 4°C
with 20 pg anti-Vreteno, 20 ug anti-Armi antibody cross-linked to
100 pl Invitrogen ProteinG Dynabeads. Empty beads were used in
the control reaction. Beads were washed three times for 5 min with
wash buffer I (20 mM Hepes pH 7.5; 150 mM NaCl; 10% glycerol;
1 mM EDTA; 5 mM MgCl,; 0.2% Triton X-100), three times for 5 min
with wash buffer II (20mM Hepes pH 7.5; 150mM NaCl; 10%
glycerol; 1 mM EDTA; 5 mM MgCl,; 0.04% Triton X-100) and eluted
by boiling in 1 x SDS sample buffer.

Small RNA cloning

Total RNA was isolated from mutant or respective heterozygous
ovaries by TRIzol and phenol/chloroform extraction. Small RNA
libraries were generated as previously described (Brennecke et al,
2007) and sequenced on an Illumina G2 platform.

Transposon QPCR analysis

cDNA was prepared via random priming of 1 pg total RNA isolated
from ovaries of 5- 7-day-old flies. Quantitative PCR was performed
using Bio-Rad IQ SYBR Green Super Mix. Each experiment was
performed in biological triplicates with technical duplicates.
Relative RNA levels were calculated by the 2724¢% method (Livak
and Schmittgen, 2001) normalized to rp49 levels. Fold enrichments
were calculated in comparison to respective RNA levels obtained
from heterozygote flies or from flies not harbouring a knockdown
hairpin. Primers used for QPCR are listed in Supplementary
Table S6.

Sterility tests

Ten 3- to 5-day-old female flies were mated with wild-type males
overnight. Females were allowed to lay eggs onto apple-juice
agar plates for 18 h at 25°C. The number of laid eggs (~200 per
experiment) was counted and the number of hatched eggs was
counted 48 h later.

TUDOR domain searches and alignment

A subset of the FlyBase FB2010_01 proteome was generated, which
included the longest protein for each protein-coding gene. The
obtained set was analysed for the presence of TUDOR-clan
similarities as described in the following: Each protein sequence
was analysed for its presence in a Pfam24 TUDOR-clan domain
definition with the aim to identify known and well-classified
TUDOR-clan members. Pfamscan, HMMer2 and HMMer3 were
used to query the proteome subset for similarities to models of the
Pfam24 TUDOR-clan seed and full alignments. Finally, HHpred 1.5
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(with PSI-BLAST homologue collection) was used for even more
sensitive searches against SMART, Pfam or PDB-based models that
can be associated to the Pfam-TUDOR-clan based on domain
similarity. For HMMer hits to be considered, an E-value of <0.01
and a hit length of > 10 was required, for HHpred hits the cutoff was
set to E<0.001 and hit length > 10.

Bioinformatics analysis

Only sequences matching the Drosophila genome (release 5;
excluding Uextra) 100% were retained. Libraries from heterozygous
flies were scaled to 1 million repeat-derived 23-30nt small RNAs.
Libraries from mutant flies were normalized to their respective
heterozygous counterparts using endogenous siRNAs originating
from convergent gene pairs and from long hairpin loci as in Malone
et al (2009). For the piRNA cluster profiles, only piRNAs mapping
uniquely to the respective region were considered. For the
transposon profiles, all piRNAs mapping with up to three
mismatches to the Repbase reference sequence (Jurka et al, 2005)
were considered. For the calculation of fold changes in piRNA
sequences (transposon analysis), only piRNAs mapping antisense
to the respective element were considered. This avoids the
influence of random degradation products of transposon sense
transcripts that are seen for some elements in piRNA pathway
mutants. These small RNA populations have a uniform size
distribution and lack a clear nucleotide bias as seen for bona
fide piRNAs, classifying them as likely degradation products. The
ping-pong signatures for individual elements were calculated
as described in Malone et al (2009).
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Figure S3. Adult Expression Patterns of TUDOR and piRNA pathway genes in Drosophila

Bar Diagrams depicting the detected expression levels of the indicated genes (color coded; legend
given for each diagram) in the indicated tissues (bottom). All values are based on data from the adult
FlyAtlas (www.flyatlas.org). TUDOR genes were split into gonad specific (first), gonad enriched
(second), testes specific (third) and ubiquitous (fourth).
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Figure S4. vreteno is required for efficient transposon and Stellate silencing in testes

Shown are changes in testes steady state RNA levels (normalized to w/1118] controls) of vreteno, the
transposons mdgl and copia as well as of Stellate in vreteno[Al] flies compared to vreteno[Al] flies
expressing a GFP-vrefeno rescue construct (n=3; error bars indicate St. dev).
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Figure S5. piRNA populations of somatic transposons collaps in vreteno mutants

Shown are normalized piRNA profiles obtained from heterozygote ovaries (black) in comparison to
profiles obtained from indicated mutant ovaries (red) mapping to the soma dominant transposons
Tabor and ZAM (sense and antisense piRNAs are indicated with peaks pointing up- and downwards).
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Figure S6. Vreteno localizes to Armi-foci in cultured somatic follicle stem cells

Shown are immunofluorescence images of fixed OSCs stained for Vreteno (red), Armitage (green) and
DNA (blue). Two representative images are shown. Yellow arrowheads in the monochromatic Vreteno
channel highlight the cells in which Yb-bodies have apparently dispersed, resulting in loss of Armitage foci
and large cytoplasmic accumulations of Vreteno.
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vret mutant clone piwi mutant clone

vret mutant clone

Figure S7. Vreteno localization is independent of Piwi and its levels do not affect Yb-body forma-
tion.

Immunostainings of Vret, Armi, Yb, Piwi and DNA (blue) in egg chambers, where clones of cells mutant
for the indicated genes (left) have been induced in the follicular epithelium (clone borders indicated by a
yellow line). The right panels show the merge of all three channels, the monochrome panels the individual
channels as indicated.
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Figure S8. Vreteno localizes to nuage in nurse cells in close proximity to Aubergine and Ago3.

(A) Immunostainings of GFP-Vret (green), Aubergine (red) and DNA (blue) in an entire egg chamber
(lower panel) or focused on an individual nurse cell nucleus (upper panels). The right panels show the
merge of all three channels where co-localization results in yellow. (B) Immunostainings of GFP-Vret
(green), Ago3(red) and DNA (blue) in an entire egg chamber (lower panel) or focused on an individual
nurse cell nucleus (upper panels). The right panels show the merge of all three channels where

co-localization results in yellow.
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Supplementary Table 1

gene label name tudor_clan_domains
FBgn0003044 Pcl Polycomblike 53-BP1_Tudor
FBgn0250818 CG34360 53-BP1_Tudor
FBgn0038780 CG5060 53-BP1_Tudor
FBgn0051151 wge winged eye 53-BP1_Tudor
FBgn0023509 mip130 Myb-interacting protein 130 53-BP1_Tudor
FBgn0050390 CG30390 53-BP1_Tudor,DUF1325
FBgn0032169 CG4709 53-BP1_Tudor,SMN
FBgn0028734 Fmrl Fmrl Agenet,53-BP1_Tudor
FBgn0034255 CG18186 Chromo

FBgn0030854 CG8289 Chromo

FBgn0044324 Chro Chromator Chromo

FBgn0023395 Chd3 Chd3 Chromo

FBgn0013591 Mi-2 Mi-2 Chromo

FBgn0086902 kis kismet Chromo

FBgn0250786 Chd1 Chromodomain-helicase-DNA-binding protein 1 Chromo

FBgn0003042 Pc Polycomb Chromo

FBgn0003600 Su(var)3-9 Suppressor of variegation 3-9 Chromo

FBgn0028965 Al6 Al6 Chromo

FBgn0027914 Gen XPG-like endonuclease Chromo

FBgn0031613 HP6 Heterochromatin protein 6 Chromo_shadow
FBgn0259922 CG42448 Chromo_shadow
FBgn0030994 CG14193 Chromo_shadow
FBgn0003607 Su(var)205 Suppressor of variegation 205 Chromo_shadow,Chromo
FBgn0030082 HP1b HP1b Chromo_shadow,Chromo
FBgn0037675 HPle HPle Chromo_shadow,Chromo
FBgn0039019 HPic HP1c Chromo_shadow,Chromo
FBgn0004400 rhi rhino Chromo_shadow,Chromo
FBgn0032475 Sfmbt Scm-related gene containing four mbt domains MBT

FBgn0003334 Scm Sex comb on midleg MBT

FBgn0038016 MBD-R2 MBD-R2 MBT,53-BP1_Tudor
FBgn0086908 egg eggless MBT,53-BP1_Tudor
FBgn0002441 [(3)mbt lethal (3) malignant brain tumor MBT, Tudor-knot
FBgn0039743 CG7946 PWWP

FBgn0033155 CG1845 PWWP

FBgn0043456 CG4747 PWWP

FBgn0031023 CG14200 PWWP

FBgn0038190 CG9926 PWWP

FBgn0039559 Mes-4 Mes-4 PWWP

FBgn0016754 sba six-banded PWWP

FBgn0033752 CG8569 PWWP

FBgn0039863 CG1815 PWWP

FBgn0036882 CG9279 PWWP

FBgn0020503 CLIP-190 Cytoplasmic linker protein 190 PWWP

FBgn0085451 CG34422 PWWP,53-BP1_Tudor,Tudor-knot,Chromo
FBgn0011785 BRWD3 BRWD3 SMN

FBgn0036467 CG12310 SMN

FBgn0051268 CG31268 SMN

FBgn0259241 CG42339 SMN

FBgn0038191 CG9925 TUDOR

FBgn0037583 CG9684 TUDOR

FBgn0039018 CG4771 TUDOR

FBgn0033921 CG8589 TUDOR

FBgn0031401 CG7082 TUDOR

FBgn0029764 yu yu TUDOR

FBgn0035121 Tudor-SN  Tudor-SN TUDOR

FBgn0003483 spn-E spindle E TUDOR

FBgn0029754 CG15930 TUDOR

FBgn0034098 krimp krimper TUDOR

FBgn0030937 CG15042 TUDOR

FBgn0037205 CG11133 TUDOR

FBgn0051755 CG31755 TUDOR

FBgn0000928 fs(1)Yb female sterile (1) Yb TUDOR

FBgn0003891 tud tudor TUDOR

FBgn0038633 CG14303 TUDOR

FBgn0027529 CG8920 TUDOR
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FBgn0003023 otu ovarian tumor TUDOR

FBgn0031622 CG3251 TUDOR

FBgn0036450 CG13472 TUDOR,SMN
FBgn0039977 CG17454 TUDOR,SMN
FBgn0036641 Smn survival motor neuron TUDOR,SMN
FBgn0034975 enok enoki mushroom Tudor-knot
FBgn0026080 Tip60 Tip60 Tudor-knot
FBgn0014340 mof males absent on the first Tudor-knot
FBgn0027378 MRG15 MRG15 Tudor-knot
FBgn0002775 msl-3 male-specific lethal 3 Tudor-knot
FBgn0039585 CG1894 Tudor-knot
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Supplementary Table 2A
this table lists the raw counts of 23-30mer small RNAs that map with up to 3 mismatches
to the indicated transposons (from Repbase) in antisense orientation.

#TP ZucMut ZucHet ArmiMut ArmiHet FslYbMut FsilYbHet VretMut VretHet

GYPSY6A_LTR 97 2521 42 1855 947 2143 802 4476
DM412B_LTR 1378 32722 1527 48441 6182 19121 2035 58834
STALKER3_LTR 34 1880 12 1727 518 1024 139 4206
GYPSY12A_LTR 17 438 6 449 346 515 27 510
DMTOM1_LTR 3 56 1 63 31 41 14 77
BATUMI 43581 108401 21970 108450 105682 161040 59856 128518
DMSAT6 1 12 3 11 13 11 1 10
ACCORD 799 28448 840 40484 27183 34841 3159 62863
TLD3 19 230 14 122 74 95 34 209
GTWIN 1587 75721 136 92222 4748 19474 4657 168692
PEN2 0 0 0 0 1 0 0 0
INVADER3 3574 35224 8770 23828 43761 51587 1303 13088
HETRP 4144 29908 3852 16439 15304 73977 4033 11782
TART 2566 116067 2608 91599 112408 142211 8669 95882
LTRMDG3 445 5033 711 2440 3436 7542 333 2154
PROTOP_A 23501 22911 10835 22749 11919 20057 30847 28848
QUASIMODO2-1 571 44515 164 11247 9821 9220 1013 14357
GYPSY11 13 176 2 136 77 154 29 264
MARINER2 2 49 0 22 31 32 10 33
DOC2 2010 28340 1331 16483 22688 18080 2431 23040
COPIA2LTR 335 609 142 711 558 1219 1954 1814
S 2943 9717 1068 5354 3091 4870 848 8944
STALKER4 60984 309121 34776 363296 143910 417014 87495 322716
PEN1 0 0 0 0 1 0 0 0
DIVER2 319 8386 198 7468 6320 5635 1207 12167
SAR 204 96 73 225 79 316 187 141
TC1-2 118 4768 42 4418 3036 3642 151 2597
ACCORD2 487 29104 192 20781 18556 23209 1153 33485
FROGGER 5 204 2 116 106 137 18 198
INVADERG6 2659 65074 884 45323 24189 49730 2238 52300
MDG3 10989 41569 8276 19762 41292 60944 1387 20294
DNAREP1 55 3756 19 2361 1413 2200 169 2211
ROO 77745 412727 43983 405566 312266 480554 96228 317238
Transib5 97 2795 43 2269 3349 3780 380 3942
DMRPR 0 0 0 0 0 0 0 0
INVADER4 576 9983 1112 9543 10593 9650 778 9301
DMRT1C 22 1524 7 709 777 913 49 1888
MDG1 7031 155867 4158 162877 29219 118023 18868 286447
Transib1l 46 3039 17 1579 783 1547 67 2085
HELENA_RT 26 740 9 1052 672 954 178 1140
RSP 2874 695 76 96 265 274 552 650
LOOPER1 69 4492 23 2781 1472 2574 189 2943
S2 7 92 2 86 64 94 19 161
DIVER 541 34067 734 23497 17485 11185 1039 24270
LINEJ1 1413 61586 606 37437 36915 42340 2625 47357
ALA 0 0 0 0 0 0 0 0
FW3 26 389 22 375 341 390 81 586
DOC3 4336 40993 2663 30692 35865 36331 5447 34662
DM412 8321 270760 3328 337464 39605 187076 18113 469794
INVADER1 4015 21972 4586 36423 31300 50284 7957 22514
INVADER5S 4 48 2 33 63 52 5 40
TLD1 0 11 0 27 19 19 0 25
G7 3 51 1 43 43 38 4 33
PEN4 0 0 0 0 0 0 0 0
Transib4 5 65 2 40 25 43 7 78
GYPSY2 478 30560 189 20703 18139 24554 1639 37980
JOCKEY2 592 2568 821 3243 1251 2585 556 4014
DM1731 1342 24641 4106 31713 30464 37698 1123 24255
XDMR 27 218 6 143 51 86 46 75
ZAM 453 10528 124 9261 747 5798 821 16933
TC1 8 388 3 393 162 251 17 447
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Supplementary Table 2B
all heterozygote libraries were scaled to 1 million repeat derived 23-30mer small RNAs
each mutant library was normalized too its respective het lobrary via non-TE derived endogenous siRNAs (see Malone et al. 2009)
the spn-E data was taken from Malone et al. 2009
elements colored in red are germline dominant, in yellow are intermediate and in green are soma dominant (according to Malone et al. 2009)

QUASIMODO
GYPSY3
GYPSY4
BLOOD
STALKER4
IDEFIX
ROVER_DM
GYPSY
STALKER2
DM412
GYPSY2

ZucMut ZucHet zuc_log 2 ratio |JArmiMut ArmiHet armi_log 2 ratio |[Fs1YbMut FsiYbHet yb_log2_ratio |VretMut VretHet vret-log2_ratio|spnE-log2_ratio

48

72
75
1765
19
33
24
409
241

1849
1435
3644
6871
19059
1405
2357
2884
4069
16694

5.271616704
7.261595047

5.65338492
6.510280878
3.432594793
6.233883766
6.154469519
6.914285341
3.313777325
6.115039705
7.089415927

473
13
200
282
2974
94
109
31
615
285

3872
929
4024
6857
25434
1435
4026
1568
5319
23625

3.03326554
6.149717238
4.333007391
4.603823972
3.096423359
3.933623022
5.212153518
5.638640027
3.112043521
6.375376147
6.486751578

3156
673
2024
14493
8634
1419
678
1119
2108
2376

5867
1401
2241
9969
25618
1769
1765
1215
5457
11492
1508

0.894767305
1.05802644
0.146947159
-0.539851464
1.56896736
0.317400027
1.379329962
0.118578183
1.372013151
2.273908391
0.470901532

274
56
188
239
3555
96
170
94
820
736

2947
1105
4064
7074
19146
1736
5762
2067
5473
27872

3.426343777
4.308708676
4.433513474
4.887002803
2.428968192
4.181057063
5.082714954
4.452824757
2.738153779
5.242906433
5.080327711

1.05
1.02
1.43
0.54
1.29
0.04
0.36
0.19
0.92
0.31
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Supplementary Table 3

Identified Proteins that were more than 10fold enriched (quantitative mass-spec analysis) in
Vreteno-GFP immuno-precipitates compared to a control sample (wildtype ovaries). Ribosomal
proteins were excluded.

peptide # unique iTRAQ
protein ID gene name coverage [%] | peptides # of peptides | enrichment
FBpp0076182 | Hsp27 26.3 2 5 16x
FBpp0083716 | CG4771 54.9 30 37 13x
FBpp0073872 | CG9281 54 3 3 12x
FBpp0079562 | CG31755 33.0 35 42 10x
FBpp0078210 | CG11133 35.0 26 34 10x
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Supplementary Table 4

VDRC lines used in this study

Tudor-SN 19011GD
yu 48006GD
CG13472 32193GD
tej 24181GD
CG8920 28998GD
CG4771 34897GD
CG9925 29329GD
CG9684 24090GD
CG7082 2553GD
spn-E 21374GD
CGI11133 18149GD
tud 24031GD
CG31755 100190KK
CG14303 17474GD
fs(1)Yb 25437GD
armi 16205GD
Zuc 48764GD
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Supplementary Table 5

Primers for shRNA construct cloning

CG9925 top

ctagcagtAAAGTGTATGTTCAAACATTAtagttatattcaagcataTAATGTTT
GAACATACACTTTgcg

CG9925 bottom

aattcgcAAAGTGTATGTTCAAACATTAtatgcttgaatataactaTAATGTTTG
AACATACACTTTactg

CG31755 top

ctagcagtAAGGTTCAAAGTATCAGCGAAtagttatattcaagcataTTCGCTGA
TACTTTGAACCTTgcg

CG31755 bottom

aattcgcAAGGTTCAAAGTATCAGCGAAtatgcttgaatataactaTTCGCTGAT
ACTTTGAACCTTactg

CG9684 top

ctagcagtAAGGATATCAATGATGAGTTAtagttatattcaagcataTAACTCAT
CATTGATATCCTTgcg

CG9684 bottom

aattcgcAAGGATATCAATGATGAGTTAtatgcttgaatataactaTAACTCATC
ATTGATATCCTTactg

ctagcagtCAGCAAGTCGATGAACATCAAtagttatattcaagcataTTGATGTT

yu_top CATCGACTTGCTGgcg
aattcgcCAGCAAGTCGATGAACATCAAtatgcttgaatataactaTTGATGTTC
yu_bottom ATCGACTTGCTGactg

CG13472 top

ctagcagtCTGCAGCGAAATCGACAAATAtagttatattcaagcataTATTTGTC
GATTTCGCTGCAGgcg

CG13472 bottom

aattcgcCTGCAGCGAAATCGACAAATAtatgcttgaatataactaTATTTGTCG
ATTTCGCTGCAGactg

Tudor-SN_top

ctagcagtTAGAAGAAGTGCCTAAAGAAAtagttatattcaagcataTTTCTTTA
GGCACTTCTTCTAgCg

Tudor-

aattcgcTAGAAGAAGTGCCTAAAGAAAtatgcttgaatataactaTTTCTTTAG

SN bottom GCACTTCTTCTAactg
ctagcagtCAGCATGTATGCGTTGGATAAtagttatattcaagcataTTATCCAA
CG8920 top CGCATACATGCTGgcg

CG8920 bottom

aattcgcCAGCATGTATGCGTTGGATAAtatgcttgaatataactaTTATCCAAC
GCATACATGCTGactg

CG7082 top

ctagcagtCACCCACAACAAGTTAATCAAtagttatattcaagcataTTGATTAA
CTTGTTGTGGGTGgcg

CG7082 bottom

aattcgcCACCCACAACAAGTTAATCAAtatgcttgaatataactaTTGATTAAC
TTGTTGTGGGTGactg

ctagcagtCAGATTGACTACTAAAGATAAtagttatattcaagcataTTATCTTT

tud top AGTAGTCAATCTGgcg
aattcgcCAGATTGACTACTAAAGATAAtatgcttgaatataactaTTATCTTTA
tud bottom GTAGTCAATCTGactg
ctagcagtCAGCTGGAAAGACTGTATGAAtagttatattcaagcataTTCATACA
CG4771 top GTCTTTCCAGCTGgcg

CG4771 bottom

aattcgcCAGCTGGAAAGACTGTATGAAtatgcttgaatataactaTTCATACAG
TCTTTCCAGCTGactg

CG11133 bottom

aattcgcCAGCTGGAAGATGAAAGTAAAtatgcttgaatataactaTTTACTTTC
ATCTTCCAGCTGactg

CG11133 top

ctagcagtCAGCTGGAAGATGAAAGTAAAtagttatattcaagcataTTTACTTT
CATCTTCCAGCTGgcg

CG8589 top

ctagcagtCTCCAAGTCATTGAAAGTTAAtagttatattcaagcataTTAACTTT
CAATGACTTGGAGgcg
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CG8589 bottom

aattcgcCTCCAAGTCATTGAAAGTTAAtatgcttgaatataactaTTAACTTTC
AATGACTTGGAGactg

CG14303 top

ctagcagtCCGGAGGATTTCTATGTTCAAtagttatattcaagcataTTGAACAT
AGAAATCCTCCGGgcg

CG14303 bottom

aattcgcCCGGAGGATTTCTATGTTCAAtatgcttgaatataactaTTGAACATA
GAAATCCTCCGGactg

spn-E top

ctagcagtCTCGAAGAAGCTATTATTATAtagttatattcaagcataTATAATAA
TAGCTTCTTCGAGgcg

spn-E bottom

aattcgcCTCGAAGAAGCTATTATTATAtatgcttgaatataactaTATAATAAT
AGCTTCTTCGAGactg

krimp top

ctagcagtCAGATTGGGAGACTACGAATAtagttatattcaagcataTATTCGTA
GTCTCCCAATCTGgcg

krimp bottom

aattcgcCAGATTGGGAGACTACGAATAtatgcttgaatataactaTATTCGTAG
TCTCCCAATCTGactg

fs(1)yb top

ctagcagtCAGCTGCGATAAGATCTTCAAtagttatattcaagcataTTGAAGAT
CTTATCGCAGCTGgcg

fs(1)yb bottom

aattcgcCAGCTGCGATAAGATCTTCAAtatgcttgaatataactaTTGAAGATC
TTATCGCAGCTGactg
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Supplementary Table 6

QPCR primers used in this study:

p49 for CCGCTTCAAGGGACAGTATCTG
p49 rev ATCTCGCCGCAGTAAACGC

HeT-A for CGCGCGGAACCCATCTTCAGA
HeT-A rev CGCCGCAGTCGTTTGGTGAGT
blood for AACAATAGAAAGAAGCCACCGAAC
blood rev AGTCATGGACTATTGAGGGTGTTG
ZAM for ACTTGACCTGGATACACTCACAAC
ZAM rev GAGTATTACGGCGACTAGGGATAC
HPlc for GTGCGAAGAGATCCAGAAGC

HPlc rev AGTCGAACTCGTCGCAGAAC
CG6985 for ACCGCATTTGGAAATTAGCC
CG6985 rev ATTCCGATTGGGTGAACTCC

vret for TGGCCAACAATGAACCTCTT

vret rev GACTTCCACTGAGCCAATGC
CG31755 for TTCAAACAAACACTTGGCTTCC
CG31755 rev AAAAACCCATCCGAAAGAAGTG
CG11133 for CAGATTTTCCCAACTGTATGAGTGT
CG11133 rev AATGCAGTCTTCTCCTGAGTATGG
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9.2 Abbreviations

Acn
AGO1
AGO2
AGO3
Aly
Armi
Atms
Atu
Aub
Bm
Btz
Cdc73
cDNA
Ctr9
DNA
EJC
flam
Fs(1)Yb
GO
GPAT
H2Av
H3K9me
HE
hSki8
Hsp90
Hyx
KEGG
lacZ
Leol
LINE
LTR
Mago
Mino
miRNA
mRNA
Nup
Nxf2
Nxf3
Nxtl
ORF
0SC
0SS
PA
Pafl

Acinus

Argonaute-1

Argonaute-2

Argonaute-3

always early

Armitage

Antimeros

Another Transcription Unit
Aubergine

Bombyx Mori

Barentz

Cell Division Cycle 73
complementary DNA

Cln Trhee (CLN3) Requiring
Deoxyribonucleic Acid

Exon Junction Complex
flamenco

Female sterile (1) Yb

Gene Ontology
glycerol-3-phosphate O-acyltransferase
Histone H2A variant

Histone 3 Lysine 9 methylation
Homing Endonuclease

human Super Killer

Heat shock protein 90

Hyrax

Kyoto Encyclopedia of Genes and Genomes
B-Galactosidase

Left Open Reading Frame 1
Long Interspersed Elements
Long Terminal Repeat

Mago nashi

Minotaur

Micro RNA

messenger RNA

Nucleoporin

Nuclear RNA export factor 2
Nuclear RNA export factor 3
NTF2-related export protein 1
Open Reading Frame

Ovarian Somatic Cells

Ovarian Somatic Sheet
Phosphatidic Acid

RNA polymerase Il associated factor 1
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PAPI Partner of PIWIs

piRNA PIWI-interacting RNA

Piwi P-element induced wimpy testis
PIWI PIWI-clade Argonaute proteins

PSD Post segregation distorters

PTGS post transcriptional gene silencing
RDC Rhino Deadlock Cutoff

RISC RNA Induced Silencing Complex
RNA Ribonucleic Acid

RNA Pol I RNA Polymerase Il

RNAIi RNA-interference

RnpS1 RNA-binding protein S1

RPKM reads per 1 KB per 1 million sequenced reads
RT-qPCR Real Time Quantitative PCR

Rtf1 Restores TBP function

SAM Sterile Alpha Motive

Sbr Small bristles

shRNA short hairpin RNA

SINE Sort Interspersed Elements

siRNA Small interfering RNA

TDRKH tudor and KH domain containing

TE Transposable Element (Transposon)
TFIIS RNA polymerase Il elongation factor
TGS transcriptional gene silencing

Tsu Tsunagi

UAP56 Helicase at 25E

UTR untranslated region

VDRC Vienna Drosophila RNAi Center
Vret Vreteno

Wde Windei

Zuc Zucchini
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