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Zusammenfassung

pringende genetische Elemente sind ein grundlegender Bestandteil unseres Genoms. lhre Prasenz und
Mobilitat kann einen starken Einfluss auf Genregulation und Genomevolution ausiiben. Dieser Ein-
fluss kann jedoch auch negative Auswirkungen haben, weshalb Transposons einer strikten zelluldren Kon-
trolle unterliegen. Unkontrollierte Mobilisierung kann die Integritit des Genomes gefihrden, zu Mutatio-
nen und in extremen Féllen zur Sterilitit des Organismus fithren. Aus diesen Griinden haben sich mehrere
Mechanismen entwickelt, welche die Aktivitat von Transposons tiberwachen. In Keimzellen von Drosophi-
la melanogaster iibernehmen diese Rolle kleine RNAs zusammen mit einer Gruppe von evolutionir hoch-
konservierten Proteinen der Argonaute Klasse: Piwi, Argonaute3 und Aubergine. Diese Enzyme kénnen
aktive Transposons anhand der gebundenen kleinen RNA erkennen und konsequenterweise abbauen oder
ihre Transkription génzlich verhindern. Die gebundenen kleinen RNAs, oder Piwi-interagierenden RNAs
(piRNAs), werden aus langen, cinzelstringigen RNA Vorlaufern gebildet, welche Homologie zu Trans-
posons besitzen. Es ist bislang unklar auf welchem Weg Transposons ihre Sequenzinformation zu diesen
sogenannten piRNA Clustern hinzufiigen. Um diesen Vorgang besser zu verstehen, haben wir exogene
Sequenzen in mehrere solche Cluster inseriert, um zu testen ob diese in kleine RNAs prozessiert werden.
Unsere Ergebnisse bestatigen daB3 dies der Fall ist, selbst wenn der piRNA Cluster von seiner iiblichen

Umgebung im Genom separiert wird.

Auf welcher Weise diese kleinen RNAs aus ihren Vorldufer-Molekiilen hergestellt werden und welche
Gene an der Biogenese und der daraus folgenden Transposon Kontrolle beteiligt sind ist groBtenteils un-
bekannt. Aus diesem Grund haben wir ein Genom-weites Screening unternommen, um nach Mdglichkeit
alle an diesen Prozessen beteiligten Gene zu identifizieren. Abschaltung von 87 Genen in einer Zellkultur
hergeleitet von Drosophila Follikel Zellen fiithrte zu dramatisch erhohter Expression von einer Spezial-
klasse von Transposons. Durch weitere in vivo Experimente konnten wir nachweisen da3 mehrere dieser
Gene in der piRNA Biogenese beteiligt sind. Andere Gene, wie zum Beispiel CG3893, welches wir asterix
tauften, scheinen einen starken Einfluss auf heterochromatische Histon Modifikationen zu haben, welche
normalerweise mit stillgelegten Transposons assoziiert sind. Eine detaillierte Charakterisierung von aste-
rix Mutanten zeigte, dal} dieses Protein im Nukleus lokalisiert ist, keinen Einfluss auf piRNA Biogenese
hat, und deshalb mit hoher Wahrscheinlichkeit zusammen mit Piwi dem transkriptionellen Transposon-

regulations Komplex angehért.



Summary

obile genetic elements are a fundamental part of our genome. Their presence can provide a rich
M source of regulatory elements and has a strong impact on genome evolution. Nonetheless, their
activity can lead to insertional mutagenesis and thus has to be tightly controlled. Failure to do so can
compromise genomic integrity and lead to sterility. Several pathways have evolved that exert this control.
Germ cells, as the carriers of the inheritable genome, are protected by a highly conserved small RNA path-
way: the piRNA pathway. Argonaute proteins of the Piwi-clade together with their bound small RNAs
(the piRNAs) comprise this pathway and target transposable elements for degradation and transcriptional
gene silencing. In animals, piRNAs are derived from discrete genomic loci called piRNA clusters. These
transposon graveyards act as a molecular memory of all elements an organism or its ancestors were exposed
to. In an effort to better understand piRNA mediated resistance against a new invader, we investigated the
molecular events that take place upon de novo insertion of any sequence into such a cluster. We sequenced
small RNA populations from flies and mice expressing ectopic piRNA clusters tagged with artificial se-
quences, as well as clusters divorced from their native genomic location. We detect artificial piRNAs

against these sequences and at least in one case demonstrate their silencing capabilities.

Because little is known about the details of how piRNAs are produced from their precursors, and how
mature piRNAs silence transposons, we decided to perform a genome-wide screen for factors involved
in these processes. We identified 87 genes that are essential for transposon silencing. Follow up in vivo
experiments showed that some of these factors are involved in piRNA biogenesis. Others, such as CG3§93
(asterix) have a strong impact on silencing histone marks over transposon loci and may therefore be part
of the Piwi-mediated transcriptional silencing complex. Detailed analysis on asterix mutants revealed that
knockdown of this gene did not change mature piRNA levels, which together with its nuclear localization

points towards an involvement in the effector step of transposon silencing.

Vi
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Chapter 1
Introduction

ver 60 years ago, Barbara McClintock discovered mobile genetic elements (McClintock, 1951).
O It has become evident that McClintock’s research was not only groundbreaking, but also that her
interpretations thereof were close to our current understanding of genome dynamics (McClintock, 1984).
Unlike early skeptics had thought, transposable elements (TEs) are present in most observed genomes,
both prokaryotic and eukaryotic. Furthermore, their genetic behavior more closely resembles that of the
very control elements McClintock initially proposed, as opposed to just being ‘junk DNA’, as they were
later referred to (McClintock, 1951; Ohno, 1972; Rebollo etal., 2012). In fact, TEs may influence every
aspect of genome evolution and gene regulation. Their presence can be a rich source of heritable variability
resulting in natural variation within species or even in new speciation events. On the other hand, when
uncontrolled, TEs can lead to insertional mutagenesis and hence may have an impact on virtually every

disease with a genetic component.

In this chapter, I will review our current understanding of transposon activity in a range of organisms,
and how this activity is controlled. I will highlight the impact that small RNA (sRNA) pathways, particu-
larly the piRNA pathway, have on transposon control. Lastly, I will outline how this thesis work aimed to

uncover a general genetic framework of transposon control in the Drosophila melanogaster germline.

TEs are ubiquitous in all observed genomes

When the human genome was published in the early 2000s, one surprising discovery was the large amount
of sequence with homology to transposable elements. More than 50% of our genome was found to be of
repetitive nature, with about 45% being recognized as transposon derived (Figure 1.1) (Lander et al.,
2001). In comparison, coding genes only comprise around 5% of the sequence information. This vast
amount of repetitive, non-coding sequence can explain in part why genome size does not necessarily cor-
relate with genic (and organismal) complexity (the C-value paradox) (Gregory and Hebert, 1999; Hartl,

2000). It seems that the most variable aspect of eukaryotic genomes is the percentage of repetitive or
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transposon-derived sequence (Figure 1.1). For example, Drosophila melanogaster has a comparably low TE
content with 4%-10% (Adams et al., 2000; Kaminker et al., 2002; Spradling and Rubin, 1981), whereas

85% of the maize genome consists of TE sequence (Schnable et al., 2009).

Drosophila melanogaster Danio rerio

|| DNA
[ Helitron

N

v, N -

< l : [ Non-transposon
Homo sapiens

« y
XY'Rattus norvegicus.. |

Arabidopsis thaliana

'Aa Huang CRL, et al. 2012.

Annu. Rev. Genet. 46:651-75
Figure I.1: Transposon compositions in different species.
In clockwise order, species shown are Homo sapiens, Mus musculus, Rattus norvegicus, Myotis lucifugus, Escherichia
coli, Arabidopsis thaliana, Oryza sativa, Zea mays, Caenorhabditis elegans, Drosophila melanogaster, and Danio rerio. The
phylogenetic tree in the center describes the evolutionary relationships among them. The pie charts illustrate

the fraction of the genome accounted for by different transposon classes (Smit et al., 2010).
Image and legend from: Huang et al. (2012).

The omnipresence and sheer number of different TEs in eukaryotic genomes calls for a clear classifi-
cation and nomenclature system. Traditionally, TEs have been separated according to their transposition
mechanisms and the underlying differences in their coding repertoire (Jurka et al., 2005; Kapitonov and

Jurka, 2008; Wicker et al., 2007).
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TEs can be classified based on transposition intermediates and mechanistic or enzymatic

criteria.

TEs can be divided into two main classes: Retrotransposons (class 1) and DNA transposons (class 2)
(Wicker et al., 2007). This division into two classes is based on whether or not an RNA intermedi-
ate is made during transposition. DNA transposons mobilize via a ‘cut-and-paste’ mechanism for which
typically only a single enzyme is needed: the transposase (Figure 1.2A) (Benjamin and Kleckner, 1989;
Kleckner, 1990; Levin and Moran, 2011). The activity of the transposase is guided by the presence of
terminal inverted repeats flanking the TE locus that are bound by it. The transposase excises the original
locus and pastes it into a new genomic location, leaving behind short target site duplications at the site of

cleavage.

Retrotransposons encode a reverse transcriptase (RT), which is critical for transposition through an
RNA intermediate (Boeke et al., 1985; Garfinkel et al., 1985). After transcription of a class 1 TE locus,
the RT uses the transposon mRNA as a template to build complementary DNA (cDNA), which is then
integrated by an integrase (the functional counterpart of a transposase) into the target locus (Figure 1.2B)
(Levin and Moran, 2011). Priming of reverse transcription can occur through different ways: One subclass
of retrotransposons encodes long terminal repeat (LTR) sequences at the 5" and 3’ ends. These LTRs not
only contain the internal promoter for transcription by RNA polymerase II (Pol 1I), but also contain binding
sites for structural RNAs (most commonly tRNAs) downstream of the 3” end of the 5 LTR (Craig et al.,
2002). Binding of the tRNA primer to these sites creates a free 3’ OH that can be used by the RT for
cDNA synthesis. In the case of non-LTR retrotransposons, RT priming occurs at the target locus (Figure
1.2C) (Levin and Moran, 2011; Luan et al., 1993). In this case, a TE-encoded endonuclease creates a

single-stranded nick in the dsDNA of the new genomic location, thereby creating a free 3’-OH.

How canTEs influence genome structure and evolution?

Given the variety of regulatory elements transposons can contain within their sequence, it is not surpris-
ing that mobilization of these elements can influence host gene regulation. For example, TEs can harbor
elements that attract transcriptional machineries such as Pol II. They can introduce enhancer sequences,
transcription factor binding sites, insulator sequences, polyadenylation signals, transcriptional termina-
tion sites and splice sites into novel genomic surroundings (Rebollo et al., 2012). It is estimated that
around 20% of gene regulatory sequences in the human genome are exapted from transposable elements
(Lindblad-Toh et al., 2011; Lowe and Haussler, 2012). Thus, the mere fact that TEs are capable of mobi-
lization implies a great potential impact on the host’s gene regulatory networks. Such changes in regulatory
networks can be of adaptive nature and create natural variation within populations (Gonzalez et al., 2008,
2009; Gonzalez and Petrov, 2009). As mentioned before, transposon activity can also alter genome size:
some hybrid sunflower species show up to 20-fold increases in retrotransposon sequences within their

genomes compared to their parental species (Ungerer et al., 2006). Another case of TE-driven genome
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evolution is the presence of host genes derived from domesticated transposable elements. For instance,
transposases serve as molecular blueprints for a range of DNA binding proteins such as transcriptional

activators and repressors (Feschotte and Pritham, 2007).

a DNA transposon b LTR retrotransposon ¢ Non-LTR retrotransposon
‘Cut and paste’ TE Replicative retrotransposition Target-site primed reverse transcription
Qag Beverse transcriptase SWTR ORfZ pgly(A)
=»| Transposase [« \ > U | ‘ > \ = ‘ | LI— \
Protease Integrase ORF1 3XUTR
Transcription
Transposase Transcription
binding
RNA
Transposase I_> RNA polymerase Il TNA

‘ el | > \ I_) RNA polymerase Il
Y
o% C}f‘ N \ =17 | = !
(ﬂ) Transposase 5@ U

l Reverse transcription
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cDNA to nucleus
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Figure 1.2: The diverse mechanisms of transposon mobilization.
a) DNA transposons. Many DNA transposons are flanked by terminal inverted repeats (TIRs; black arrows),
encode a transposase (purple circles), and mobilize by a 'cut and paste' mechanism (represented by the scissors).
The transposase binds at or near the TIRs, excises the transposon from its existing genomic location (light grey
bar) and pastes it into a new genomic location (dark grey bar). The cleavages of the two strands at the target site
are staggered, resulting in a target-site duplication (TSD) typically of 4-8 bp (short horizontal black lines flanking
the transposable element (TE)) as specified by the transposase. Retrotransposons (b and c) mobilize by replicative
mechanisms that require the reverse transcription of an RNA intermediate. b) LTR retrotransposons contain
two long terminal repeats (LTRs; black arrows) and encode Gag, protease, reverse transcriptase and integrase
activities, all of which are crucial for retrotransposition. The 5' LTR contains a promoter that is recognized by
the host RNA polymerase Il and produces the mRNA of the TE (the start-site of transcription is indicated by
the right-angled arrow). In the first step of the reaction, Gag proteins (small pink circles) assemble into virus-like
particles that contain TE mRNA (light blue), reverse transcriptase (orange shape) and integrase. The reverse
transcriptase copies the TE mRNA into a full-length dsDNA. In the second step, integrase (purple circles) inserts
the cDNA (shown by the wide, dark blue arc) into the new target site. Similarly to the transposases of DNA
transposons, retrotransposon integrases create staggered cuts at the target sites, resulting in TSDs.
Image and legend from: Levin and Moran (201 1).

(legend continued on next page)
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Lastly, a rather straightforward form of TE exaptation is the domestication of an entire element class
for host purposes in the case of telomere maintenance by HeT-A, TART and THARE (Zhang and Rong, 2012).
In most eukaryotic organisms, the enzyme telomerase prevents incomplete replication of the telomeres
by capping and elongating chromosome ends. In the telomerase deficient fruit fly Drosophila melanogaster,
HeT-A, TART and THARE take over this function by transposing specifically to or within telomeric repeat

arrays.

The negative impact of TE activity

Although TEs aid in shaping genome structure and gene regulatory networks, transposon activity can
also lead to insertional mutagenesis and double stranded DNA breaks (McClintock, 1942, 1950, 1951).
Such insertional mutagenesis can potentially contribute to any pathological phenotype or disease with a
genetic basis. For example, de novo LINEI insertions (a non-LTR retrotransposon) were shown to cause
Hemophilia A in humans (Kazazian et al., 1988). From a broader perspective, it has been shown that
the accumulation of TE sequences in Drosophila correlates with an overall decrease in fitness (Pasyukova
et al., 2004). This is not surprising, given that uncontrolled mobilization of a single TE in the Drosophila
germline can lead to sterility in a phenomenon called hybrid dysgenesis. This genetic peculiarity is a
collection of aberrant phenotypes such as an increased mutation rate and sterility in offspring of crosses
between wild-caught males and laboratory-strain females (Kidwell et al., 1977; Picard, 1976). In the
dysgenic offspring, it was shown that the uncontrolled activity of newly introduced transposon classes
such as the I and P element cause these phenotypes (Bucheton et al., 1984; Castro and Carareto, 2004;
Chambeyron and Bucheton, 2005; Kidwell, 1983; Pelisson, 1981; Rubin et al., 1982). The fact that one
population (the wild-caught flies) is adapted to the presence of the TE, while the other (the laboratory-
strain) is susceptible to it, illustrates that transposable elements can create sexual barriers ultimately leading
the way to new speciation events. Surprisingly, the genetically identical offspring of the reciprocal cross
between wild-caught females and laboratory-strain males does not exhibit these effects. This suggests that

there is a maternally transmitted factor that protects the genome of the offspring against the unknown

Figure 1.2: (Continued from page 4.) c) Non-LTR retrotransposons lack LTRs and encode either one or
two ORFs. As for LTR retrotransposons, the transcription of non-LTR retrotransposons generates a full-length
mRNA (wavy, light blue line). However, these elements mobilize by target-site-primed reverse transcription
(TPRT). In this mechanism, an element-encoded endonuclease generates a single-stranded 'nick’ in the genomic
DNA, liberating a 3'-OH that is used to prime reverse transcription of the RNA.The proteins that are encoded
by autonomous non-LTR retrotransposons can also mobilize non-autonomous retrotransposon RNAs, as well as
other cellular RNAs. The TPRT mechanism of a long interspersed element | (LI) is depicted in the figure; the new
element (dark blue rectangle) is 5' truncated and is retrotransposition-defective. Some non-LTR retrotransposons
lack poly(A) tails at their 3' ends. The integration of non-LTR retrotransposons can lead to TSDs or small deletions
at the target site in genomic DNA. For example, LIs are generally flanked by 7-20 bp TSDs.

Image and legend from: Levin and Moran (201 I).
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invader. It is now known, that this factor is related to small RNA pathways, which are further discussed

below (Brennecke et al., 2008).

Taken together, it is clear that although TEs have a considerable positive impact on genome evolution,

their activity must be tightly controlled in order to prevent the detrimental effects of transposition.

How are TEs controlled?

Besides many highly conserved, host-encoded defense pathways, transposons seem to have evolved self-
control mechanisms that constrain their own levels of transposition. For instance, the germline specificity
of the P element in Drosophila is manifested at the splicing step: this element contains two introns which
are spliced ubiquitously, while a third intron, which is necessary for a full-length transposase, is specifically
spliced in the germline (Laski etal., 1986). Thus, the P element expression pattern ensures that the TE can
be active within the only cell type that is relevant for propagation (the germ cells), while not compromising

the host’s overall fitness by causing deleterious somatic mutations.

Another system that is thought to govern TE activity are host factors such as the APOBEC family of
cytidine deaminases, which traditionally are associated with restricting exogenous virus infections (Sheehy
et al., 2002; Trono, 2004). These deaminases have also been implicated in retrotransposon control in
yeast and mammals, further highlighting the potential connections between viral defense pathways and
retrotransposon control (Chiu and Greene, 2008). However, it is unclear how widespread APOBEC-
mediated defense mechanisms are among animals, because there seems to be no clear orthologous function

in Drosophila (Conticello et al., 2005).

A further major control mechanism in many eukaryotes is the methylation of DNA at transposon loci,
which leads to transcriptional silencing (Slotkin and Martienssen, 2007). Plants deficient in DNA methy-
lation exhibit bursts of retrotransposon transcription (Tsukahara et al., 2009). This feature seems to be
conserved in mammals, as retrotransposons are reactivated in male germ cells of DNA methyltransferase
3-like (Dnmt3L) deficient mice (Bourc’his and Bestor, 2004). These TEs normally undergo de novo DNA
methylation mediated by Dnmt3L during a brief period in the development of spermatogonial precursors.
Deletion of the methyltransferase prevents the reestablishment of methylation of transposon loci and their
subsequent silencing. Interestingly, de novo DNA methylation is linked to SRNA pathways, which are fur-
ther discussed below (Aravin et al., 2008; Okano et al., 1999; Sabin et al., 2013). It should be noted that
a number of species do not encode functional de novo DNA methyltransferases (Dnmt2-only genomes)
(Raddatz et al., 2013). An interesting question is how organisms without DNA methylation pathways,
such as Drosophila, have evolved parallel strategies to establish epigenetic silencing of TE loci in a heritable

manner (Guzzardo et al., 2013).
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Small RNA pathways and TE control

One of the foremost challenges in transposon control is to distinguish TE-related targets from non-coding
or protein-coding genes (Malone and Hannon, 2009). Whether or not this differentiation and subsequent
silencing is achieved at the DNA or RNA level, all classes of transposable elements must undergo transcrip-
tion in order to mobilize (not to be confused with the reverse transcription of retrotransposons). Thus,
it is possible that the presence and recognition of TE transcripts is the single unifying factor in transposon

control pathways.

A major breakthrough related to this idea occurred when Andrew Fire, Craig Mello and colleagues
discovered in the late 1990s that the expression of endogenous mRNAs can be disrupted by introducing
exogenous double stranded RNA into worms (Fire et al., 1998). At the core of this mechanism, termed
RNA interference (RNAi), is a class of noncoding RNAs named small interfering RNAs (siRNAs) (Hamil-
ton et al., 2002; Hamilton and Baulcombe, 1999). These siRNAs are processed from double stranded
RNA precursors by the activity of a ribonuclease called Dicer (Bernstein et al., 2001; Ketting etal., 2001;
Knight and Bass, 2001; Lee et al., 2004; Liu et al., 2003). Once matured to their length of 21nt, siRNAs
can act as guides in ribonucleoprotein (RNP) complexes, based on sequence complementarity, in order to
silence target mRNAs (Elbashir et al., 2001; Hammond et al., 2000; Zamore et al., 2000). Given the abil-
ity of small RNAs to target (and thereby distinguish) any given transcript, these molecular guides are well
suited for TE silencing. Experimental evidence for this hypothesis first emerged in worms: endogenous
double stranded RNA in the C. elegans germline triggers RNAi to silence transposable elements (Ketting
et al., 1999; Sijen and Plasterk, 2003; Tabara et al., 1999). Later, this form of natural RNAi as a means
of transposon control was shown to be conserved in somatic cells of mammals and flies, and is mediated
by endogenous siRNAs (Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al.,
2008; Soifer et al., 2005; Tam et al., 2008; Yang and Kazazian, 2006).

The protein partners of small RNAs in the RNP complexes responsible for transposon recognition are
called Argonaute proteins (AGOs) (Hammond et al., 2001). In flies, siRNAs interact with Argonaute2
(AGO2) (Okamura et al., 2004; Tomari et al., 2007). Structural and biochemical analysis of orthologous
AGO2 proteins revealed that this enzyme exhibits ribonuclease activity, consistent with its proposed role
in target mRNA degradation (Liu et al., 2004; Song et al., 2004). Interestingly, Argonaute proteins are
highly conserved and can be grouped into several clades based on multiple sequence alignments (Tolia
and Joshua-Tor, 2007). AGO?2 is part of the Ago-like clade, which can be found in a diverse spectrum of
eukaryotes such as plants (Arabidopsis thaliana), fungi (Schizosaccharomyces pombe) and a wide range of ani-
mals (C. elegans, Drosophila melanogaster, mice and humans). Another prominent member of the Ago-like
clade is AGO1, which usually binds another class of Dicer-dependent sSRNAs, the microRNAs (miRNAs).
These slightly longer regulatory RNAs (22-23nt) are involved in translational repression of endogenous
protein-coding genes (Ghildiyal and Zamore, 2009). miRNA directed transposon silencing is not a gener-

ally accepted theme, but cannot be ruled out entirely. Several human mRNAs were shown to contain TE
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derived sequences that can be targeted by miRNAs (Smalheiser and Torvik, 2006). Superficially, this may
look like transposon repression through miRNAs. However, it seems more likely that these transposon de-
rived sequences have been co-opted to serve as regulatory elements, and that the targeted mRNAs are the
principal subject of miRNA control. One argument supporting this interpretation is that these TE derived
sequences were found in the 3> UTR of cellular mRNAs, the preferred seed location of miRNA targeting,
and not within intergenic regions as distinct TE copies. The question remains, however, why these TE
derived sequences show complementarity to miRNAs. Interestingly, there is evidence for TE or repeat

derived miRNAs, providing an explanation for how these two entities may be connected (Piriyapongsa

and Jordan, 2007, 2008; Piriyapongsa et al., 2006).

In regard to TE control, the most interesting clade of AGOs is the Piwi-clade. This subset of proteins
can be grouped together based on sequence homology to the Drosophila melanogaster Piwi protein (Tolia and
Joshua-Tor, 2007). Piwi is required for proper germline stem cell division and was previously implicated
in transcriptional and post-transcriptional gene silencing and transposon control (Cox et al., 1998, 2000;
Kalmykova et al., 2005; Lin and Spradling, 1997; Pal-Bhadra et al., 2002, 2004; Sarot et al., 2004). Piwi
is specifically expressed in germ cells and thus is a perfect fit for the necessity of a specialized defense
pathway against TEs in these cells. Indeed, most small RNAs that are bound to Piwi, the Piwi-interacting
RNAs (piRNAs), are homologous to repeats, making them the appropriate guides for TE targeting (Aravin
etal., 2001; Saito et al., 2006; Vagin et al., 2006).

piRNA directed post-transcriptional transposon silencing in flies

A comprehensive analysis of piRNAs bound by all three Drosophila Piwi proteins, Piwi, Aubergine (AUB)
and Argonaute3 (AGO3), revealed that the subpopulations of piRNAs specific to each protein differ in
several ways: Piwi and AUB bind piRNAs that are mainly anti-sense to TEs, whereas AGO3 binds sense
species (Brennecke et al., 2007; Gunawardane et al., 2007). This implies that each protein may have
distinct roles in TE silencing. Differential expression and localization patterns add to this hypothesis: ago3
and aub are only expressed in germ cells of the ovary, while piwi is expressed in germ cells and follicle
cells (Brennecke et al., 2007; Gunawardane et al., 2007). Furthermore, AGO3 and AUB localize to a
cytoplasmic, peri-nuclear structure called ‘nuage’, whereas Piwi exhibits a nuclear localization (Brennecke

etal., 2007; Cox etal., 2000; Findley, 2003; Lim and Kai, 2007; Mahowald, 1971a,b; Nagao etal., 2011).

Intriguingly, transposable elements reflect the divide into follicle cell and germ cell specificity in their
expression. For example, follicle cells express TEs of the gypsy family of retrotransposons (Bucheton,
1995; Pelisson et al., 1994). Piwi-bound piRNAs homologous to gypsy display a striking clustering effect
when mapped back to the genome; they originate from a discrete locus on chromosome X called flamenco
(Brennecke et al., 2007), a locus that has long been implicated in gypsy control (Bucheton, 1995; Chalvet
et al., 1999; Mével-Ninio et al., 2007; Pelisson et al., 1994; Pélisson et al., 1997; Sarot et al., 2004).

Analysis of P element insertions into the putative promoter region of this locus suggests that flamenco is
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transcribed as a single, 180kb long precursor that gives rise to the population of mature piRNAs targeting
gypsy elements. When flamenco transcription is disrupted by the insertion, these piRNAs are lost, and
gypsy mRNA is strongly upregulated (Brennecke et al., 2007). Because of the clustering effect of piRNAs

mapping to these discrete loci, they have been named piRNA clusters (Brennecke et al., 2007).

In contrast to flamenco-derived piRNAs in follicle cells, piRNAs bound to the germ cell specific Piwi
proteins AUB or AGO3 do not show homology to gypsy. Instead, they show biases towards reads sense
and anti-sense to a number of germ cell specific TEs. The presence of sense species of piRNAs, which are
preferentially loaded into AGO3, does not fit the simple model of TE targeting through complementary,
anti-sense guides. However, their existence can be explained when considered together with other molec-
ular characteristics of these piRNA populations. Species bound by Piwi and AUB tend to have a strong bias
towards a uridine at their 5’ end. In contrast, AGO3-bound piRNAs exhibit a strong preference for an
adenosine at position 10. This coincides with an unusually high number of piRNA ‘pairs’ that overlap by 10
nt. These observations led to the proposed model of secondary piRNA biogenesis termed the ping-pong
cycle (Figure 1.3) (Brennecke et al., 2007; Gunawardane et al., 2007).

In this model, AUB, loaded with a piRNA bearing a 5’ uridine, can target and nucleolytically ‘slice’
a transcript of an active transposon. This cleavage creates the new 5’ end of a secondary piRNA, which
bears an adenosine at position 10, by definition of sequence complementarity. After the secondary piRNA
is loaded into AGO3, the complex would then be able to slice transcripts of piRNA generating loci, creating
a piRNA with a 5 U bias, which can be loaded into Piwi and AUB, thereby closing the cycle. This model
not only explains the observed sequence and strand biases of mature piRNA populations in germ cells, but
also implies that active transcription of a TE leads to an amplification of the silencing response, adding an
adaptive component to small RNA-directed transposon control. The cell type specific expression patterns
of Piwi proteins suggest that the ping-pong cycle is exclusive to germ cells, possibly because these cells have
a higher burden of active transposon transcription. Taken together, these data indicate that the differential
load of TEs in different cells of the Drosophila ovary led to the evolution of two specialized piRNA pathways,
one primary pathway in germ cells and somatic follicle cells, and a more complex pathway exclusive to

germ cells (Figure 1.4A) (Li et al., 2009a; Malone et al., 2009).

Primary piRNA biogenesis in Drosophila

Unlike siRNAs and miRNAs, piRNAs are processed from precursors independently of Dicer (Houwing
et al., 2007; Vagin et al., 2006). These precursors are derived from discrete genomic loci or piRNA
clusters, which harbor an abundance of TE fragments. piRNAs originating from these clusters can be
considered a catalogue of transposons that a population has been exposed to. Insertion of a new TE into
one of these ‘transposon graveyards’ leads to de novo piRNA production and subsequent resistance to the

invader (Khurana et al., 2011).
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Data from mice and flies suggests that piRNA clusters are transcribed as a single precursor by Pol
I and exhibit a poly-adenosine (polyA) tail, like other conventional mRNAs (Brennecke et al., 2007; Li

etal., 2013). In mice, Pol II recruitment is driven by an ancient transcription factor (TF), A-MYB (Li
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Figure 1.3: The piRNA Ping-Pong Model

lllustrated is the amplification loop consisting of Piwi/Aub complexes, Ago3 complexes, piRNA cluster transcripts,
and transcripts of active transposons. Nucleotide cleavage events are shown as scissors. Potential sources of
primary piRNAs are piRNA cluster transcripts and maternally inherited piRNA complexes.

Image and legend from: Brennecke et al. (2007).
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et al., 2013). This TF also promotes expression of several key piRNA pathway components. To what

extent this factor is conserved in flies remains an open question.
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Figure 1.4: A model for piRNA biogenesis in the Drosophila ovary.
a) Two distinct piRNA pathways are active in a stage 10 egg chamber of the Drosophila ovary. The nurse cells
that provide nutrients to the oocyte and the oocyte itself make up the germ cells of the ovary, shown in blue.
The monolayer of somatic follicle cells surrounding the oocyte is shown in green. Nuclei are indicated as circles
within each cell. b) In follicle cells, primary piRNAs arise from flamenco and are processed through a cascade of
enzymatic cuts. Transcription by RNA polymerase Il (Pol Il) depends on deposition of Histone 3 Lysine 9 trimethyl
marks (H3K9me3) by Eggless (Egg). Regulatory cis-acting elements, indicated as green boxes, upstream of the
transcriptional start site could affect Pol Il recruitment and transcription. Additionally, clusters could carry cis
elements within themselves, shown in red, that affect downstream processing. After processing of the primary
cluster transcript by unknown activities, piRNA intermediates are cleaved by the nuclease, Zucchini (Zuc). After
5' end formation, transcripts with a U at the first position are preferentially loaded into Piwi. Trimming activity,
which could be carried out by redundant nucleases, shortens the transcript to its mature length. This process is
coupled to 2'-O-methylation by Henl.
Image and legend from: Guzzardo et al. (2013)

(legend continued on next page)
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Despite their conventional appearance, piRNA cluster transcripts somehow escape the fate of their
protein-coding counterparts, and instead are funneled towards the piRNA biogenesis machinery. Little is
known about other factors essential for cluster transcription, except for the requirement of heterochro-
matin formation and histone 3 lysine 9 trimethylation along these loci through Eggless (Figure 1.4B-C)
(Rangan et al., 2011). Interestingly, the heterochromatin protein Rhino (Rhi, a HP1 homolog) binds to
this repressive chromatin mark and together with Cutoff (Cuff) is required for transcription of 424B, one
of the most abundant piRNA clusters in germ cells of the Drosophila ovary (Figure 1.4C) (Chen etal., 2007,
Klattenhoff et al., 2009; Pane et al., 2011). However, it is likely that there are additional factors that re-
main unknown, since the proteins mentioned above do not have an effect on uni-directionally transcribed

piRNA clusters such as flamenco.

One protein that could potentially function at the interface of transcription of piRNA clusters and their
export to the cytoplasm is UAP56, a nuclear DEAD box RNA helicase (Figure 1.4C) (Zhang etal., 2012).
UAP56 associates with germ cell specific piRNA cluster transcripts and may be involved in a fate decision
towards the piRNA biogenesis machinery located at the nuage. To what extent UAP56 also binds to somatic
clusters remains enigmatic. After export to the cytoplasm, primary precursor transcripts are thought to
be processed by a number of nucleolytic cleavage events in order to create a mature piRNA (Figure 1.4B)
(Ishizu et al., 2012). Genetic, structural and biochemical data suggests that the RNA nuclease Zucchini is
involved in the first cut, creating a mature 5’ end (Haase et al., 2010; Ipsaro et al., 2012; Malone et al.,
2009; Nishimasu et al., 2012; Olivieri etal., 2010; Pane et al., 2007; Saito et al., 2009, 2010; Voigt et al.,
2012).

Following 5” end formation, piRNA intermediates are loaded into Piwi within cytoplasmic structures
dedicated to the piRNA biogenesis machinery. In germ cells, this occurs in the previously mentioned peri-
nuclear clouds (the nuage), whereas in follicle cells, the core components of biogenesis locate to Yb-bodies
(Siomi etal., 2011). These foci are named after their main component: FS(1)YB. Other prominent mem-
bers of the piRNA biogenesis pathway are present in Yb bodies, including Piwi itself, Armitage (ARMI,
an RNA helicase), Vreteno (VRET, a TUDOR domain protein) and Shutdown (SHU, a co-chaperone)
(Handler et al., 2011; Olivieri et al., 2012, 2010; Preall etal., 2012; Qi et al., 2011; Saito et al., 2010;
Szakmary et al., 2009).

How Piwi loading is accomplished in the nuage is less clear. VRET interacts with two Tudor domain

containing proteins, Brother of Yb and Sister of Yb, which are essential for primary piRNA biogenesis

Figure 1.4: (Continued from page 10.) c) The transcription of clusters in germ cells can occur bidirectionally. In
addition to Egg, the HP| homolog Rhino (Rhi) and Cutoff (Cuff) are essential for transcription. Subsequently, the
helicase UAP56 binds the primary transcript and escorts it to the nuclear periphery. There, it is handed over to
another RNA helicase Vasa (Vas) and arrives at its site of biogenesis, the nuage. After primary processing by similar
machinery as in a), primary piRNAs are loaded into Piwi and Aub, and potentially Ago3. These primary piRNAs
can be used to kick-start the ping-pong amplification cycle, which silences transposons post-transcriptionally.
Image and legend from: Guzzardo et al. (2013).



CHAPTER 1. INTRODUCTION 13

in germ cells and localize to the nuage (Handler et al., 2011). This could be an indication that these
proteins carry out similar functions to Yb in somatic follicle cells. Based on molecular phenotypes and
mutant analysis, many other proteins have been implicated in biogenesis of mature piRNAs; however,
their functions remain unknown (Ishizu et al., 2012). The situation is further complicated by the fact that
AUB and AGO3 locate to the nuage, suggesting that this is also the site of secondary piRNA biogenesis
through the ping-pong cycle. In any case, additional research is needed to elucidate the individual functions

of these key players in order to separate Piwi loading from piRNA processing steps.

In vitro analysis on Bombyx mori lysates has shown that, after successful loading into Piwi, the 3’ end of
piRNA intermediates is further resected through an unknown exonuclease (Figure 1.4B) (Kawaoka et al.,
2011). The trimmed RNAs are then 2’-O-methylated by HENT1 to generate mature piRNAs (Figure 1.4B)
(Horwich et al., 2007; Saito et al., 2007). The newly assembled Piwi-RISC now enters the nucleus with
the help of unknown factors. Interestingly, mutated Piwi lacking its N-terminal nuclear localization signal
can be loaded with piRNAs, but is unable to silence TEs (Klenov et al., 2011; Saito et al., 2009, 2010).
This observation strongly suggests that Piwi loading is indeed a cytoplasmic process. Moreover, the data
also imply that Piwi mediated silencing is accomplished in the nucleus independently of its catalytic slicer
domain (Saito et al., 2009, 2010). Three recent publications strengthen this hypothesis. Brennecke and
colleagues showed that Piwi, together with Maelstrom (MAEL), is required for transcriptional gene silenc-
ing (TGS) of transposon loci (Sienski etal., 2012). Depletion of Piwi leads to loss of H3K9me3 marks over
euchromatic transposon insertions, followed by recruitment of Pol Il and increased transcriptional activity
(Figure 1.5). Transcriptional activation is potentially linked to loss of HP1, which usually associates with
H3K9me3 marks and was shown to physically interact with Piwi (Brower-Toland et al., 2007; Le Thomas
etal., 2013). TGS is the major force in piRNA directed transposon silencing in follicle cells, given that
these cells only express Piwi, but not AUB or AGO3. In germ cells, both TGS and PTGS differentially act
to silence transposons (Rozhkov etal., 2013). Which classes of transposons and what mechanisms trigger

either of the two silencing pathways remains largely unclear.

What are the missing links?

Even though the main principles of piRNA directed transposon silencing have been outlined, there are still
many unanswered questions in the field. For example, the genetic identities of several key enzymes are
unknown. These missing links may be key to our understanding of the molecular details of the pathway. For
instance, it has become clear that Piwi-piRNA complexes can target transposon loci for transcriptional gene
silencing through deposition of repressive histone marks (i.e. H3K9me3). Nonetheless, since Piwi is not
a methyltransferase, there must be a cascade of proteins that act after target recognition by Piwi (guided by
its bound piRNA) to silence the locus. A recent study suggests that Su(var)3-9 is involved in the deposition
of methyl marks; however, the existing data leave space for a potential redundancy in this function, possibly

involving EGG (Huang et al., 2013). Moreover, it remains unclear whether other histone modifications,



CHAPTER 1. INTRODUCTION 14

such as H3K4 de-methylation, play a role in transposon silencing too. A combination of genetic screens,
evolutionary approaches, and structural and biochemical analyses of key components of the pathway may
further our current understanding of piRNA-mediated genome defense. Some of the important challenges

and future endeavors of the piRNA field are reviewed in Guzzardo et al. (2013).

1.1  Aims of this work

Aim 1: To understand how piRNA clusters act as a memory of transposon activity. The
first aim of my thesis was to experimentally examine the molecular events that take place after de novo
insertion of a sequence into a piRNA cluster. I investigated the following questions: Are piRNA clusters
and the biogenesis machinery able to produce artificial piRNAs from de novo insertions, and if so, do these
artificial piRNAs engage in secondary biogenesis mechanisms? What are the rules that govern piRNA
production along precursor sequences, and have these rules evolved similarly in flies and mice? Lastly, are
the triggers that determine piRNA production inherent in piRNA clusters, and is the genomic surrounding
of critical importance? [ used and developed a range of molecular techniques, transgenesis approaches and

bioinformatic tools in order to attack these problems.
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Figure 1.5: Transcriptional silencing of transposable elements by Piwi-piRNA complexes
in the soma.

The X chromosome of Drosophila melanogaster (chrX) is shown. A simplistic view of its chromatin state is indicated
in shades of gray. The transcriptionally active euchromatin in white harbors a full-length copy of the retroelement,
ZAM (indicated as a red box). An inactive remnant of the same element (in red) can be found within the flamenco
piRNA cluster in pericentromeric heterochromatin. After transcription and processing of flamenco, this fragment
gives rise to antisense piRNAs that are loaded into Piwi in the cytoplasm (indicated as red piRNA species). Upon
reimport into the nucleus, these Piwi-piRNA complexes recognize active transcription of the full-length ZAM copy
by RNA polymerase Il (Pol ) based on sequence complementarity. This recognition leads to the recruitment of
additional factors such as Maelstrom (MAEL) and unknown chromatin remodelers. Ultimately, the deposition of
H3K9me3 marks leads to loss of Pol Il occupancy and the transcriptional silencing of ZAM.

Image and legend from: Guzzardo et al. (2013).
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Aim 2: To uncover the genetic basis of transposon control in the Drosophila germline. The
second aim of my thesis was to identify a comprehensive set of genetic components of transposon control
in the Drosophila ovary. I focused on somatic follicle cells as an experimental system, in order to emphasize
factors that may be involved in the primary piRNA pathway. Such factors could be part of both biogen-
esis and effector steps. By choosing an unbiased, reverse-genetic and genome-wide screening strategy, 1
intended to discover unforeseen links between already known components, or even pathways not yet im-
plicated in transposon control. The results of this screen provide a foundation for the scientific community

to build upon and shed light on some of the remaining mysteries of TE control and the piRNA pathway.
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Results

2.1 Production of artificial piRNAs in flies and mice
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2.1.1 Overview

In animals, small RNAs are used to identify and silence transposon-derived transcripts (Malone and Han-
non, 2009). piRNAs in particular comprise a dynamic catalogue of all transposons a host population
has experienced throughout its existence. When loaded into Piwi-clade Argonaute proteins, these Piwi-
PiRNA effector complexes can recognize active transposon transcription through sequence complemen-
tarity between the piRNA and a transposon mRNA (Brennecke et al., 2007; Gunawardane et al., 2007).
Subsequently, they can trigger the destruction of the target mRNA (i.e. through PTGS) or silence the
locus of origin altogether (i.e. through TGS) (Guzzardo et al., 2013).

piRNAs are derived from long, single-stranded precursor transcripts, originating from distinct ge-
nomic loci called piRNA clusters (Aravin et al., 2006, 2007; Brennecke et al., 2007). Each precursor
transcript can give rise to thousands of individual piRNAs through a cascade of biogenesis steps (Ishizu
etal., 2012). Our hypothesis at the time of publication of this manuscript was that the invasion of a host
genome by a transposon would eventually lead to insertion of its sequence into a piRNA cluster. This
insertion event would then lead to de novo piRNA production and consequently to resistance against the

transposable element. Yet, little was known about the rules that govern the acquisition of new sequence

*These authors contributed equally to this work

16


http://dx.doi.org/doi:10.1261/rna.029769.111

CHAPTER 2. RESULTS 17

information. We sought to experimentally test our hypothesis by inserting exogenous sequences into
piRNA generating loci in mice and flies. According to our supposition, insertion should lead to de novo
piRNA production of these artificial sequences. We further tested if the piRNA generation was dependent
on the genomic context by introducing the tagged clusters into atypical (i.e. euchromatic) chromosomal

locations.

By comparing flies and mice carrying tagged clusters we showed that artificial piRNAs could be pro-
duced irrespective of the origin and sequence of the tags. In addition, we demonstrated that both signals
within clusters themselves, as well as surrounding and long-range sequence contexts influenced the gen-

eration of artificial piRNAs.

2.1.2 Results

To profile the molecular events that are triggered upon insertion of an exogenous sequence into a piRNA
cluster, we took advantage of the PIArB transgene insertion into the subtelomeric TAS repeat on the X
chromosome of Drosophila melanogaster (X-TAS) (Figure 2.1.1A) (Roche and Rio, 1998; Wilson et al.,
1989). The PIArB transgene consists of fragments coming from endogenous Drosophila melanogaster genes
(hsp70, adh and rosy), as well as a bacterial lacZ sequence. The X-TAS locus was previously shown to
produce abundant piRNAs (Brennecke et al., 2007). We sought out to test if integration of PIArB into
X-TAS led to de novo production of artificial piRNAs (apiRNAs) and if so, if these apiRNAs would exhibit
molecular characteristics of bona-fide piRNAs. To this end, we sequenced small RNAs from ovaries of
flies containing the transgene (P-1152 strain). Indeed, we saw production of small RNAs mapping to both
genomic strands of PIArB, with most sequences mapping to the sense strand (Figure 2.1.1B). This closely
resembled patterns of endogenous piRNAs mapping to the regions of X-TAS surrounding the transgene
insertion (data not shown). Most small RNAs homologous to PIArB were 23 to 27nt long, a size profile
commonly attributed to genuine piRNAs (Figure 2.1.1C). We did clone a small amount of RNAs 21nt
in length, which presumably were part of the endo-siRNA fraction, a likely product of bi-directionally
transcribed piRNA loci (Figure 2.1.1C) (Czech et al., 2008). Intriguingly, PIArB derived small RNAs
exhibited a strong bias for a uridine at their 5’ end and showed molecular signatures of secondary piRNA
biogenesis (ping-pong signature, Figure 2.1.1D-E). It was previously shown that insertion of PIArB into
X-TAS led to silencing of euchromatic lacZ transgenes (Ronsseray et al., 1991). We confirmed these
observations, therefore implying that artificial piRNAs against lacZ are functional and able to silence (see
Appendix A.2 for Supplemental Figure S1). One interesting observation we made, was that all parts of
PIArB (i.e. lacZ, adh, rosy and pBL) produced apiRNAs, and did so to a similar extent (Figure 2.1.1B). The
adh and rosy genes, which are present in wildtype Drosophila melanogaster in their native context, normally
do not produce piRNAs. Thus, we concluded that all signals that lead to apiRNA production in P-1152

flies must lie within the surrounding piRNA cluster transcript.
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Figure 2.1.1: Production of artificial piRNAs (apiRNAs) from the Drosophila X-TAS cluster.
(A) The PIArB insertion into the X-TAS cluster is shown schematically along with an illustration of trans-silencing.
(B) Below is a schematic of the P{IArB} insert with the inferred structures of the transcripts it can produce (see
text). N is an area where the sequence is unknown. Above is a plot of piRNA read frequencies along the plus
and minus strands (indicated) of the element. (C) Small RNA lengths are plotted as a fraction of reads for TAS
and for the inserted element. (D) Fractions of reads beginning with a 5' U are plotted for the P{IArB} and TAS
plus and minus strands. (E) The degree of 5' overlap for piRNAs from the plus and minus strands for P{IArB} and
TAS were quantified and plotted as relative frequencies (Z-scores). The spike at position 9 is a signature of the
ping-pong amplification cycle.

To build upon these results, we decided to tag ectopic piRNA clusters in flies and mice with a gfp trans-
gene insertion. This strategy allowed us not only to observe the production of anti-gfp artificial piRNAs,
but also to test whether the native genomic context of the tagged clusters is essential for piRNA produc-
tion. In flies, we used targeted integration to introduce a tagged version of flamenco into a euchromatic
region on chromosome 3L of Drosophila melanogaster (Figure 2.1.2A). flamenco normally resides within
pericentromeric heterochromatin of chromosome X. Because most piRNA clusters are found within such
heterochromatic regions, we wanted to test if divorcing flamenco from its typical genomic context would
interfere with production of artificial piRNAs against the tag. Small RNA sequencing from animals carry-
ing one transgenic allele of flamenco revealed apiRNAs mapping to the entirety of the cassette, indicating
that this was not the case (Figure 2.1.2C). These small RNAs further exhibited all molecular signatures
that we would expect from small RNAs produced by the piRNA biogenesis machinery: we detected a

strong bias for a 5’ uridine and the typical size profile reminiscent of genuine piRNAs bound to Piwi (Fig-
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ure 2.1.2E). It should be noted that apiRNA production from the cassette was only detected for one of the

two genomic strands, which is in concordance with the strand bias reported for the endogenous flamenco

locus (Brennecke et al., 2007).

In parallel, we tested for artificial piRNA production from the same tag in mice. We used random
integration of an ectopic, bi-directionally transcribed piRNA cluster natively found on chromosome 17,
and sequenced small RNAs from two independent transgenic lines carrying the tagged versions (Figure
2.1.2B). Similar to our findings in flies, the entirety of the cassette produced abundant small RNAs, which
as a population exhibited the same strand bias as the native cluster (Figure 2.1.2D). Furthermore, we
compared nucleotide biases of small RNAs mapping to the cassette with those mapping to a native, bi-
directionally transcribed cluster on chromosome 9, and found the same preference for a 5 uridine (Fig-
ure 2.1.2F). While the anti-gfp apiRNAs in flies were virtually indistinguishable from genuine flamenco
piRNAs, mouse apiRNAs showed slightly different length distributions compared to their endogenous
counterparts: we cloned apiRNAs in sizes characteristic for MILI and MIWI-bound fractions, however,
the ratio between the two changed drastically. RNAs with the size expected for MIWI-bound popula-
tions were much more abundant than the longer, MILI-bound species (Figure 2.1.2F). Why the artificially
derived piRNA population exhibited this bias towards one of the two potential binding partners of the

Piwi—family proteins remains an open question.

In conclusion, our data from two ectopic, tagged piRNA clusters in flies and mice demonstrate that
these loci can be detached from their native genomic environment and still produce piRNAs. It has re-
cently been shown that the heterochromatic context of piRNA clusters is indispensible for piRNA gen-
eration (Rangan et al., 2011). While our results do not contradict this finding, the signals that trigger
heterochromatin formation seem to lie within the piRNA clusters themselves, rather than being inherited

from the general genomic neighborhood.

We had sequenced small RNAs from gfp insertions in ectopic piRNA clusters in flies and mice, which
gave us the opportunity to compare the patterns of artificial piRNA production along the same tag (i.e. the
g/p coding sequence) but within different contexts. As mentioned above, artificial and genuine piRNAs
exhibit a strong preference for a uridine at their 5’ end. This already implies that piRNA production is
not uniform along a given piRNA-producing transcript. Instead, certain positions are sampled more often
than others, which is precisely what we observed for mouse and fly apiRNAs (Figure 2.1.3A). The top
1% of all possible gfp piRNAs from the ectopic flamenco insertion made up 19% of all gfp mapping reads
(Figure 2.1.3B). The top 10% accounted for 70% of all reads. Furthermore, this bias towards certain
positions was far from random: two independent lines of gfp insertions into ectopic mouse piRNA clusters
favored the exact same positions along the gfp sequence and showed a high correlation of abundance of
apiRNAs per position (R?=0.99, Figure 2.1.3C). Nevertheless, the correlation between gfp processing in
flies versus mice was far lower (RQZO.Ol , Figure 2.1.3D). Intriguingly, this argues against the possibility

that biases in our cloning procedure produced the high correlation we saw between the two mouse lines.
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Figure 2.1.2: Generation of apiRNAs from ectopic clusters in flies and mice.

(A) A schematic representation of the GFP/Neo cassette is shown along a diagram of the flamenco locus (in yellow,
piRNA densities in blue) in the BAC used for transgenesis. Below is a schematic indicating that the transgene is
inserted into chromosome 3L. (B) The GFP/neo insertion into the mouse chromosome |7 cluster is diagrammed
as in A. (C) The structure of the flamenco GFP/Neo insertion is diagrammed below a plot of piRNA frequencies
along the insert on the plus and minus strands (indicated). For reference, piRNAs are also mapped to flanking
regions, though these represent a mixture of RNAs derived from the two native and one ectopic flamenco cluster.
(D) A scheme of the GFP/Neo insert into the mouse chromosome 17 cluster is shown below piRNAs mapping
to the insert and its context as in C.Again, piRNAs that flank the insert can be derived from the two native or
inserted ectopic loci. (E) The U bias (left) and size distributions (right) of apiRNAs from the ectopic flamenco
cluster are compared with another piRNA cluster (X-upstream) that also produces piRNAs from one genomic
strand in follicle cells. (F) As in E, apiRNAs from the ectopic ch17 cluster in mice are compared with a similarly
structured cluster on chromosome 9.
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Instead, it seems that local signals exist that determine what positions of the precursor RNA is processed
preferentially, yet, the two experimental systems (i.e. the piRNA biogenesis machinery in flies and mice)

seem to interpret these signals differently.

To discriminate local from long-range signals, we inserted the gfp coding sequence into an ectopic
copy of the traffic jam 3> UTR, a locus which is expressed in follicle cells and produces abundant piRNAs
(Figure 2.1.4A) (Saito et al., 2009). As with the other ectopic clusters, we cloned apiRNAs against the
entire gfp sequence (Figure 2.1.4B), resembling the length and molecular signature of genuine piRNAs
(Figure 2.1.4C). When we compared the processing patterns of gfp within flamenco versus traffic jam, the
correlations of biogenesis patterns were considerably lower than between the two independent mouse
lines (R2:0.24, Figure 2.1.4D), implying that not only local signals play a role in creating biases towards
certain positions. Nevertheless, the correlation was substantially higher than for patterns produced in flies
vs. mice (IR2=0.01). In fact, uridine positions that produced abundant piRNAs in the flamenco transgene,
almost always produced abundant piRNAs in the traffic jam transgene as well (Figure 2.1.4E). Conversely,

positions that did not generate piRNAs from flamenco did not generate piRNAs from traffic jam either.

2.1.3 Discussion

Describing piRNAs as a catalogue of transposon sequence information is an elegant way of explaining both
the inheritability and adaptability of the system. Nonetheless, the de novo production of piRNAs upon
integration of their target into a piRNA cluster had not been vigorously tested at the time of publication
of this manuscript. In an effort to do so, we sequenced small RNA populations of flies carrying transgenes
inserted in native and ectopic piRNA producing loci. We detected de novo production of what we call
artificial piRNAs, which were derived from transgenes, yet closely resembled the appearance of their native
counterparts. In the case of lacZ-derived piRNAs, we also confirmed previous reports that these telemoric
apiRNAs are capable of silencing a euchromatic insertion of lacZ (Roche and Rio, 1998; Ronsseray et al.,
1998). One month after publication of our manuscript, Theurkauf and colleagues demonstrated that
these findings extend to how flies actually adapt to transposon invasion (Khurana et al., 2011). Ina P-MU
hybrid dysgenesis system, young flies are affected by the activity of the P element and activation of resident
transposons, yet fertility is restored as these flies age. This can be attributed to transposon insertion into

piRNA clusters, consequently de novo piRNA production and P element silencing,

While the overall biology behind the adaptation to transposon invasion seems clear given these results,
the molecular events of piRNA biogenesis from long precursor transcripts are not well understood. Our
observations of putative local and long-range signals, which inform the piRNA biogenesis machinery, point
towards two conclusions: First, while piRNA clusters depend on heterochromatin formation at least for
their transcription, they seem to have inherent signals that ensure that the proper epigenetic state is set,
even when divorced from their native context. Given that maternal deposition of piRNAs bound to Piwi

can lead to the emergence of novel piRNA producing loci (a process called paramutation), one could
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Figure 2.1.3: apiRNA production is not uniform along inserted sequences.

(A) A heatmap of piRNA abundance is displayed for all positions in the GFP insert carried in ectopic piRNA
clusters as indicated. Sequence measurements were from total RNAs except in mouse, where MIWI and MILI
immunoprecipitates (indicated) were also analyzed. The first column simply indicates U positions relative to the
heatmaps. (B) All possible positions for piRNA production from GFP sequences inserted into ectopic clusters (all
sites or only U positions, indicated) were ranked by their contribution to actual piRNA populations. The fraction
of piRNAs contributed by the top 1%, the next 9%, or the remaining 90% were measured and indicated. Native
clusters (indicated) were similarly analyzed for reference. (C) MILI-bound piRNAs were quantified by sequencing
from two independent lines carrying the ectopic ch17 cluster. Correlations between read counts for GFP-derived
piRNAs are shown. (D) A similar analysis was performed for GFP-derived piRNAs in total reads, comparing the
R13 mouse line carrying the ectopic chl7 cluster and the fly strain carrying the ectopic flamenco cluster.
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Figure 2.1.4: apiRNA production from the 3' UTR of traffic jam.

(A) A schematic of the GFP insertion into the 3' UTR of the traffic jam gene indicates the transcriptional start site
(arrow), the coding sequence (black box), and the 3' UTR (yellow box). Below, a diagram indicates site-specific
insertion into 3L. (B) piRNA read counts are plotted along the inserted GFP sequence (green inset) and the
surrounding areas of the tj 3' UTR. Note that sequences mapping outside of GFP could be produced from the
ectopic insert or the two endogenous copies of tj. (C) The U bias (left) and the size distribution of piRNAs
mapping to the GFP insert are shown with reference to piRNAs from the flamenco cluster. (D) Normalized
piRNA read counts were compared for the GFP insertions into the ectopic flamenco or tj piRNA clusters. (E)
Read counts are calculated for all possible piRNAs that start with uridine derived from the GFP insertion into
flamenco. These were divided into the top 10%, the next 90%, and the subset that contributed no reads. For
each subset, the number that were present in the top 10%, the next 90%, or the non-contributors for the GFP
insertion into tj were plotted.

speculate that these inherent signals lead to DNA binding by Piwi in an small RNA dependent manner, and

subsequently to establishment of heterochromatin (de Vanssay et al., 2012).

Secondly, the preferential processing of certain positions within a piRNA-producing transcript cannot
only be a simple reflection of loading biases of the Piwi protein (i.e. a bias towards 5’ uridine). Non-uridine
positions created abundant piRNAs from the gfp coding sequence, and these positions were identical in
two independent mouse lines carrying the same ectopic piRNA clusters in presumably different genomic

locations. This implies that the local sequence environment of each piRNA can change the accessibility of



CHAPTER 2. RESULTS 24

the piRNA biogenesis machinery. In addition, the secondary or tertiary structure of the piRNA-producing
transcript, a product of its sequence, seems to influence processing patterns as well. Until now, structural
motifs that are shared between piRNA producing loci have escaped discovery, probably because of the
difficulty of RNA structure prediction for such long transcripts. Hopefully, advances in methodologies for

determining RNA structure will aid in improving our understanding of piRNA biogenesis.

Finally, it has not escaped our attention that these observations open up the possibility of using ar-
tificial piRNAs as a tool for gene silencing in a number of in vivo and in vitro systems. Taking any given
target sequence and using ectopic drivers of piRNA production in euchromatic loci (e.g. through targeted

integration), would make it possible to silence target loci at the transcriptional level, rather than through

PTGS.
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2.2.1 Overview

Transposable elements are ubiquitous in virtually all known eukaryotic genomes. Their activity and pres-
ence can be an important source of inheritable variation, however, when unrestrained can threaten their
host’s genomic integrity. Especially within the germline genome, which gives rise to future generations,
governing transposons in order to prevent insertional mutagenesis and double stranded DNA breaks is of

paramount importance (McClintock, 1951).

In higher animals, the piRNA pathway is thought to enforce control over these elements (Malone and
Hannon, 2009). However, many of the molecular details and key players of this pathway remain undefined.
For example, what factors control the transcription of piRNA precursors and how these precursors are
directed towards piRNA processing is unknown. Work by Zamore and colleagues provided some insight
into this process when they identified an ancient transcription factor in mice, A-MYB, as the protein
responsible for the transcriptional output of pachytene piRNA precursors as well as piRNA pathway factors
themselves (Li etal., 2013). However, the orthologous function in flies remains elusive. The enzymes that
process the precursors into mature sSRNA are also unknown. A big step forward in this matter has been the
characterization of an RNA nuclease, Zucchini, as the best candidate for 5” end maturation (Ipsaro et al.,
2012; Nishimasu et al., 2012). However, what enzyme is responsible for subsequent trimming of the 3’

end and if there are additional nucleolytic cuts remains undetermined.

Transposon silencing in somatic cells of the ovary is a nuclear phenomenon and occurs through tran-
scriptional gene silencing (TGS) (Le Thomas et al., 2013; Rozhkov et al., 2013; Sienski et al., 2012).
While the principles of small RNA directed heterochromatin formation is well established in fission yeast
(Cam, 2010), proteins that are responsible for chromatin remodeling at target loci after recognition

through Piwi are yet to be identified in Drosophila melanogaster.

*These authors contributed equally to this work
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Rather than focusing on individual open questions following a hypothesis driven approach, we de-
cided to perform an unbiased, hypothesis generating genome-wide screen. We used RNAi knockdown
strategies to identify genetic factors responsible for transposon control in OSS cells in vitro, and validated
the identified hit candidates in vivo. Knockdown of 87 genes in follicle cells of the Drosophila ovary led
to derepression of transposon transcription and in many cases to sterility. We found several candidates
to be essential for biogenesis of primary piRNAs, whereas other genes did not have an effect on piRNA
populations while still exhibiting the same derepression phenotypes. One such factor was CG3893. Loss
of this gene led to decreases in H3K9me3 marks on certain transposons resulting in their mobilization and

subsequently sterility of the affected flies.

2.2.2 Results
An RNAI screen for elements of the somatic piRNA pathway

One molecular phenotype of gonads defective in the piRNA pathway is massive transcriptional activation
of transposable elements. For example, flies with mutant alleles of flamenco exhibit much higher levels of
gypsy full length mRNA (Pelisson et al., 1994). Interestingly, gypsy additionally encodes for a subgenomic
transcript, giving rise to its envelope protein. The output of this subgenomic transcript is very sensitive
to disruption of the piRNA pathway, even more so than its full-length counterpart (Pelisson et al., 1994).
With the aim of discovering novel components of the piRNA pathway and genes needed for transposon
control, our strategy was to knock down each gene in the Drosophila genome transfecting OSS cells with
long dsRNAs and subsequently test for gypsy subgenomic transcript derepression (Figure 2.2.1A). Assaying
for a transcript with a 5kB intron allowed us to use crude lysates from transfected cells as direct input into
reverse transcription, without the need for complete removal of genomic DNA. Knockdown of piwi in
this setting led to derepression of the gypsy subgenomic transcript by up to 70-fold (see Appendix A.2 for
all screen results and supplemental information). We made use of two genome-wide libraries totaling in
41,342 dsRNAs, targeting 13,914 genes with valid Flybase IDs (McQuilton et al., 2012). After analysis of
all primary qPCR results, 33,780 dsRNAs met our criteria for inclusion in further analysis. Out of these,
320 dsRNAs made the cutoff for primary hit candidate selection (Figure 2.2.1B). All genes previously

implicated in the control of gypsy were part of this list.

In vivo validation of primary hits

We attempted to validate our primary hit candidates in vivo utilizing long hpRNAs from the Vienna Drosophila
RNAi Center collection (Figure 2.2.1A) (Dietzl et al., 2007). We were able to obtain flies harboring hair-
pins against 288 of our hit candidates and crossed them to virgin females expressing a Gal4 driver under the
follicle-cell specific traffic jam promoter. Out of all tested primary hit candidates, 87 genes could be vali-

dated using this approach (Figure 2.2.2A). Knockdown of 52 genes led to severe developmental defects,
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Figure 2.2.1: A Genome-wide RNAIi Screen for piRNA Pathway Components Acting in the
Somatic Compartment of Drosophila Ovaries.

(A) A workflow of the primary RNAI screen in ovarian somatic sheet (OSS) cells and validation of primary hit
candidates in vivo is shown. Each gene in the Drosophila genome was knocked down with one or more dsRNAs. At
5 days after transfection, cells were tested for increased levels of the gypsy retrotransposon. The primers and the
hydrolysis probe used for the qPCR are shown (FP, forward primer; P, hydrolysis probe; RP, reverse primer). The
dashed line indicates the ~5 kb segment not present in the subgenomic transcript. We further tested 288 genes
in vivo using the Gal4/UAS system to drive hairpin RNAs (hpRNAs) within the traffic jam (T]) expression domain.
(B) All transfected wells were assayed for levels of gypsy and one reference gene for normalization. Levels of gypsy
expression are displayed as Z scores and fold change. The cutoffs for both Z score (<-1.9) and fold change (>3)
are indicated as red lines. The shaded area shows the selection of primary hit candidates. Three positive controls
(piwi, armi, zuc) and one negative control (white) are marked as red dots. Only wells that passed the filter for
primary data point selection are shown.

rendering in vivo validation technically infeasible. The validation categories exhibited some remarkable
properties: We saw a strong enrichment for genes preferentially expressed in ovarian tissues, both for
validated genes and for the developmental defect category (Figure 2.2.2B). Furthermore, knockdown of
many of these genes led to sterility in daughter generations: 16% of all validated strains produced no fertile

offspring (Figure 2.2.2C).

When looking at the top 20 validated hits, an expected yet remarkable observation was that all known
piRNA pathway components except for piwi (which was part of the developmental defects category) scored
strongly (Table 2.2.1). This further supports our current hypothesis that the piRNA pathway is the major

control mechanism of transposon expression in gonads (Malone and Hannon, 2009).
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(A) The number of hit candidates that validated (va) or did not validate (nv) in vivo is shown. Genes that caused
severe developmental defects upon knockdown and therefore could not be assayed are also indicated (dd). (B)
Validated hits are preferentially expressed in ovaries. The percentage of genes that are enriched in ovaries com-
pared to whole fly is shown for the three categories. These data are based on mRNA signals on Affymetrix
expression arrays available from FlyAtlas (Chintapalli et al., 2007). (C) The fraction of genes causing sterility upon
knockdown is shown. Each small box represents one gene, with blue and red indicating if flies were fertile or
sterile, respectively, upon knockdown. (D) Components of the Drosophila sumoylation pathway, the nonspecific
lethal complex, and proteins involved in nuclear export are primary hits that validate in vivo. WAH could not be
validated in vivo because no RNA: fly was available at the time of submission (red asterisk). The text coloring of
each gene indicates the result of the validation screen and is consistent with the categories in (A).

Table 2.2.1: Top 20 Validated Hits

Symbol Primary screen Validation screen Fertility Comments

fold change fold change

Gypsy ZAM Gypsy3

nxt1 2 2452 3566 41 - mRNA export from nucleus
fs(1)Yb 11 96 700 335 + piRNA pathway component
armi 48 197 846 112 + piRNA pathway component
zuc 19 809 549 9 + piRNA pathway component
vret 4 74 315 22 + piRNA pathway component
CG3893 42 80 207 10 + CHHC zinc fingers
mael 3 159 452 16 + piRNA pathway component
CG2183 4 173 158 11 + Fly homolog of GASZ
lin-52 5 153 153 8 + dREAM complex subunit
MBD-R2 16 85 48 4 + NSL complex subunit
uba2 3 84 12 8 + Sumoylation E1 ligase
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Table 2.2.1: Top 20 Validated Hits (continued)

Symbol Primary screen Validation screen Fertility Comments
fold change fold change

Gypsy ZAM Gypsy3

CG9754 2 26 61 14 + No conserved domains

wde 3 40 120 12 + Co-factor of Eggless

nup154 6 30 186 3 - nuclear pore

Su(var)2-10 2 9 20 4 - dPIAS, putative SUMO E3 ligase
dig1 2 16 2 1 + Guanylate kinase

shu 7 14 416 1 + piRNA pathway component
CG4686 4 13 1 1 + Part of ribokinase/pfkB

nup43 3 12 3 1 + WD40-repeat-containing domain
cchl 0 12 1 2 - Cytochrome C heme lyase

Another emerging pattern within the validated hits was the presence of several nuclear export factors
and nucleoporins. nxtl, nxf2, nupl54 and nup43, which all act in nuclear RNA export pathways, were
confirmed in vivo (Figure 2.2.2D) (Herold et al., 2001; Levesque et al., 2001).

Two other validated genes scoring strongly were as of yet uncharacterized: CG3893 and CG2183.
CG3893 shows sequence and structural homology to mammalian Gtsf1, a germline specific factor impli-
cated in transposon control in mice (Yoshimura et al., 2009). CG2183 is predicted to be the ortholog of
GASZ, which was previously implicated in retrotransposon repression in the male mouse germline (Ma

etal., 2009).

windei (wde), which is a cofactor of eggless (egg), was another strong hit that validated in vivo. Eggless,
a H3K9 methyltransferase, is essential for piRNA cluster transcription in the Drosophila germline (Koch
etal., 2009; Rangan et al., 2011). If wde has a function independent of egg remains to be seen, given that

egg was not a hit in the primary screen.

Zamore and colleagues recently demonstrated the involvement of A-MYB in transcriptional regulation
of both piRNA cluster transcript as well as piRNA pathway components (Li et al., 2013). Another strong
hit that validated in vivo, lin-52, is a member of the Drosophila RBF, E2F, and Myb-interacting proteins
complex (dREAM complex) and co-purifies with Drosophila Myb complex components, therefore making

it a likely candidate for an orthologous function in Drosophila (Lewis et al., 2004).

Several other genes implicated in transcriptional regulation besides lin-52 were hits. All members
of the Non-Specific Lethal complex (NSL complex) except for rcd! could be identified as outliers in the
primary screen, though only rcd5 and MBD-R2 were subsequently validated in vivo (Figure 2.2.2D) (Raja
etal., 2010).
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Characterization of newly described piRNA pathway components

To gain a deeper understanding of the mechanism by which some of the top validated hits control trans-
poson expression, we analyzed transposon mRNA levels and small RNA populations (i.e. piRNAs) on a
global scale. To this end we constructed RNA-seq and sSRNA-seq libraries from ovaries of tj-Gal4 knock-
down of five of the top 20 scoring genes (Figure 2.2.3A-D). Overall, our analysis of TE mRNA levels
strikingly resembled our previous qPCR results: knockdown of CG3893, nxt1, uba2, wde and lin-52 led to
derepression of soma specific TEs to a similar extent as knockdown of known piRNA pathway components
(armi, a biogenesis factor and mael, a gene involved in piRNA directed TGS) (Figure 2.2.3A). At the same
time, transposons that were expected to be germline dominant in their expression bias, and therefore
should not change expression levels in a follicle-cell specific knockdown of target genes, behaved similar

to a negative control knockdown (aub).

One way to place each of the above genes at a certain step within the piRNA pathway was to examine
mature piRNA populations. Knockdown of effector proteins such as mael should strongly affect transposon
mRNA levels, as shown by RNA-seq, but should not impact mature piRNA levels (Sienski et al., 2012).
Knockdown of a canonical biogenesis factor such as armi, should lead to strong effects on piRNA popula-
tions while similarly causing transposon derepression (Saito et al., 2010). Disruption of CG3893 resulted
in patterns resembling a mael knockdown (Figure 2.2.3B-D). Thus, this gene can hypothetically be placed
at the effector step of transposon silencing. nxtl, uba2 and to a lesser extent wde and lin-52 knockdowns

exhibited patterns closer to armi, and may possibly occupy biogenesis functions.

CG3839 is indispensible for transposon silencing in the germline

Because CG3893 knockdown resulted in molecular phenotypes similar to mael knockdowns, we hypoth-
esized this gene may be involved in the effector step of the pathway. CG3893, a ~20kD protein, is a
member of a protein family with unknown function (UPF0224). The only structural characteristic uni-
fying all members of this family is a set of two highly conserved zinc finger domains at the N-terminus
(Figure 2.2.4A). All members of this family show weak expression in Drosophila gonads (Figure 2.2.4B),
but only knockdown of CG3893 led to substantial gypsy derepression in OSS cells (Figure 2.2.4C).

For a more complete picture of its function, we analyzed a mutant allele of CG3893 in which a P
clement transgene is inserted in the 5" UTR disrupting CG3893 expression (CG3893*°**%l) Homozygous
females for this insertion showed severe defects in ovarian morphology, reminiscent of, albeit not as severe

as, piwi null mutant females (Figure 2.2.4D) (Lin and Spradling, 1997).

Transposon control through TGS in somatic cells of the ovary is a nuclear process (Le Thomas et al.,
2013; Rozhkov etal., 2013; Sienski etal., 2012). Intriguingly, we found CG3893 protein tagged with GFP
to localize to the nucleus when overexpressed in OSS cells (Figure 2.2.4E). Furthermore, RNA-seq and

sRNA-seq of RNA extracted from females heterozygous and homozygous for CG38 931204408] - hfirmed
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Figure 2.2.3: RNA-Seq and sRNA-seq Shows Changes in Transposon Expression and fla-
menco derived piRNAs upon Knock-down of Top Candidates In Vivo.

(A) A subset of somatically expressed transposons is derepressed in the indicated KD.The classification of trans-
posons according to Malone et al. (2009) is indicated in orange (germline dominant), gray (intermediate), blue
(soma dominant), and black (unclassified). The absolute abundance of reads in control knockdown mapping to
each transposon is shown in shades of gray. The log2 fold change of each target gene versus a negative control
(aub) is shown. Color of the bars represents the significance of these fold changes and is indicated as an adjusted
p value (FDR). Green indicates highly significant differences (p < 0.05), yellow indicates moderately significant
changes (0.05 < p < 0.1), and red indicates non-significant changes (0.1 < p < 1) based on two biological repli-
cates. Each knockdown is normalized to aub knockdown controls from their corresponding library (GD or KK).
(B) Percentages of total unique mappers (sense species, >23 nt) to flamenco in each knockdown (as indicated) in
relation to the control knockdown are shown. (C) The internal rankings for three representative piRNA clusters
based on their representation in piRNA populations are displayed. Expression bias toward either domain (soma
or germline) is indicated. Cluster definitions are in concordance with Brennecke et al. (2007). (D) The size
profiles of piRNAs mapping in sense orientation to flamenco in each knockdown (as in [B]) are plotted as total
read count per million genomic mappers.
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Figure 2.2.4: Disruption of CG3893 Function Has a Severe Impact on Transposon Silencing.

(legend continued on next page)



CHAPTER 2. RESULTS 33

our initial results from RNAi experiments: all classes of transposon colonizing the Drosophila melanogaster
genome were massively upregulated in homozygous animals when compared to their heterozygous sisters,
while mature piRNA populations remained unchanged (Figure 2.2.4F-G). Because piRNA directed TGS
is thought to act through the deposition of H3K9me3 marks over transposable element loci, we tested
genome-wide patterns of this mark in heterozygous and homozygous animals through ChIP-seq. And
indeed, we saw a substantial drop of H3K9me3 over certain classes of transposons (i.e. retroelements)
(Figure 2.2.4H). This observation was restricted to full-length insertions and both somatic and germline
dominant TE classes were equally affected. Because of its small size, yet powerful role in transposon

control, we decided to name CG3893 asterix (arx).

2.2.3 Discussion

There are several ways to tackle open questions in the piRNA field. One important route is to dissect each
step of primary piRNA biogenesis with biochemical experiments in vitro. Yet, to do so, all proteins involved
in these steps have to be known. Another way to gain insight in piRNA directed silencing mechanisms is to
screen collections of mutagenized fly strains for phenotypes indicative of a disrupted piRNA pathway (i.e.
transposon derepression, fused dorsal appendages or sterility). However, even after successfully finding
such phenotypes, one has to identify the underlying genotype using laborious recombination mapping

strategies.

Here, we took an unbiased, reverse-genetic approach to identify the genetic framework for transposon

control, pinpoint key enzymatic players and generate new and unexpected hypotheses of how Piwi-piRNAs

Figure 2.2.4: (Continued from page 32.) (A) The five members of the Drosophila uncharacterized protein
family UPF0224 and their domain structures are diagrammed. The conserved domains are highlighted as colored
boxes. (B) All five family members are weakly expressed in OSS cells. piwi and ago3 expression levels are shown
for comparison. Expression levels are based on the modENCODE cell line expression data and are displayed as
reads per kilobase per million mapped reads (rpkm). (C) CG3893, but no other members of its protein family,
has a strong impact on transposon silencing upon knockdown in OSS cells. Effects of knockdown of ago3 and
piwi are shown for comparison. Numbers represent fold changes of gypsy levels with respect to the median fold
change of the corresponding plate in the primary screen. (D) The ovarian morphology of flies heterozygous
or homozygous for a P element insertion in CG3893 is shown (204406, Kyoto DGRC). (E) Tagged CG3893
colocalizes with Piwi in the nucleus of OSS cells when overexpressed in transient transfections. Nuclear Hoechst
staining is blue, GFP-tagged CG3893 is green, and red fluorescent protein (RFP)-tagged Piwi or DNT-Piwi is
shown in red (Saito et al,, 2009). (F) Transposons are highly upregulated upon disruption of CG3893 in the P
element insertion line. A scatter plot of reads per million (rpm) is shown for RNA-seq of heterozygous versus
homozygous flies. Each dot represents one transposon consensus sequence. Only sequences mapping in the
sense orientation are taken into account. (G) piRNA levels are not affected by CG3893 disruption. The number
of piRNA reads mapped to the same transposon consensus sequences as in (F) is expressed in reads per million.
(H) Levels of H3K9me3 decrease dramatically on a subset of transposons upon depletion of CG3893. Density
plots for normalized H3K9me3 ChlP-seq reads over three transposons, gtwin, gypsy, and Het-A, are shown. Yellow
distributions correspond to levels in heterozygous flies, and blue distributions correspond to the homozygous
state. The upper box shows three distinct genomic peaks over transposon insertions; the lower box shows the
corresponding consensus sequences.
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complexes function. To make this resource accessible to the scientific community, we developed a web-
based query platform with all primary and validation data points (somatic-pirnascreen.cancan.cshl.edu).
Among the strongest hits of our RNAi screen, we find likely candidates for many of the gaps in our under-
standing of the piRNA pathway. For example, with Lin-52 and the NSL complex, we uncovered proteins
putatively affecting transcription of primary piRNA precursors as well as key pathway components (Figure
2.2.5). Nuclear export factors such as NXT1, NXF2 or the identified nucleoporins could be responsible
for subsequent export of these precursors into the cytoplasm and therefore the sites of further enzymatic
processing. We strengthen the current hypothesis that ZUC is responsible for creating the 5’ end of ma-
ture piRNAs, given that no other annotated endonucleases could be validated in vivo. With members of
the exosome (RRP6 and CSL4), we uncover two exonucleases that seem to be essential for proper trans-
poson silencing. Unfortunately, knockdown of these essential factors in vivo led to severe developmental
defects, rendering their validation technically challenging. Whether these proteins exert their function

co-transcriptionally at TE loci, or through potential involvement in piRNA 3’ end formation remains to

be seen.
transcriptional gene silencing transcriptional elongation
SPT6*
(
A transcriptional regulation
Asterix* NSL complex*

LIN-52
MI-2

@ AV Ve VaN 4
e
PiRNA cluster )—

T A,

transposon

\\ « sumo* —
impor\i/
Karybeta3

N Piwi loading |
3’end formation —— @ @ —— 5’end formation

RRP6 @
csLa @ 7

Figure 2.2.5: Potential Roles for Newly Identified piRNA Pathway Components.

Known piRNA components are shown as bubbles. The newly identified genes are shown in bold text colored
according to their validation status (color code as in figure 2; Pol2, RNA polymerase 2; red hexagons represent
H3K9me3). Red asterisks denote genes that validated in the germline screen done in parallel (Czech et al,, 2013).

PiRNA precursor
export

Regarding piRNA directed TGS, we present asterix, a gene affecting the deposition of H3K9me3
marks over full-length transposon insertion, thereby governing their transcriptional activity. Asterix is
not predicted to have histone methyltransferase activity itself, but has two highly conserved zinc finger

domains likely involved in RNA binding (Andreeva and Tidow, 2008). Where exactly Asterix is located
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within the cascade of molecular events between transposon locus transcription and the locus’ eventual

silencing will be the subject of exciting future research.



Chapter 3
Concluding Remarks

escribing mobile genetic elements as selfish parasites invading a host organism provides a concep-
D tual framework for highlighting two important aspects of TE biology. First, transposon activity
can be highly deleterious to the host when not properly controlled (Levin and Moran, 2011; Slotkin and
Martienssen, 2007). Second, in order to restrain TE activity, surveillance machineries must distinguish
between transposon transcripts and protein coding mRNAs (Malone and Hannon, 2009). The latter as-
pect is reminiscent of ‘self versus non-self” discrimination, which is common in host-parasite interactions.
With this in mind, one could state a simple hypothesis: organisms that rid themselves of these genomic
parasites altogether should have a considerable advantage in the evolutionary arms race. Nevertheless, this
is in stark contrast to what we observe in most genomes. Transposons seem to be ubiquitous within all
domains of life, and a genome without any signs of TE activity is considered a peculiarity (Huang et al.,
2012). In fact, transposons are not only omnipresent, but also seem to influence all aspects of genome
evolution and gene regulation (Levin and Moran, 2011; Rebollo et al., 2012; Slotkin and Martienssen,
2007). Several decades ago, Doolittle and Sapienza gave a possible explanation for this seeming para-
dox: If a genomic element, even without proven phenotypic function, has evolved a strategy to propagate
within a genome, then no other explanation for its presence is necessary (Doolittle and Sapienza, 1980).
They argue that transposition is such a strategy, and that the multiplicative nature of transposition alone
is enough to ensure genomic survival, because “a single copy of a DNA sequence of no phenotypic benefit
to the host risks deletion” (Doolittle and Sapienza, 1980). This argument, however, contains one flaw: it
does not account for transposition of class 2 DNA elements through a cut-and-paste mechanism, which is
conservative in copy number. According to Doolittle and Sapienza’s argument, this subclass of elements

should therefore have ceased to exist long ago, which is clearly not the case.

The idea that TEs exist as genomic parasites without any beneficial impact on the host was put into
a population genetics model by Hickey (Hickey, 1982). This model, however, was based on the same
assumption that “for simplicity, a single transposable element (...) replicates in the process of transposi-

tion.” (Hickey, 1982) Again, this may be an oversimplification as it does not account for the presence of

36
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all types of TEs. Nonetheless, Hickey’s model provides a reasonable framework for many of the observed
interactions between TEs and their hosts. Consequently, it was later put into the context of the genomics
era as more genome sequences became available (Bestor, 2003). Bestor argues that any influence of TEs on
gene regulation or genome evolution is merely a coincidence that can be attributed to their omnipresence.
If TEs were truly a source of inheritable variability, then asexual organisms that are in a greater need of
such variability in order to adapt, would be expected to display a higher percentage of active TEs, which
is not the case. However, if the opposite view of TEs as parasites were true, active transposons would be
more abundant in obligate sexual organisms. According to Bestor, this is in fact what can be observed in
nature. He uses the premise of TEs as genomic parasites to further argue that host-encoded defense mech-
anisms (such as cytosine methylation) must have evolved in response to these parasites. Yet, the question
remains why these defense mechanisms have not evolved in a way that eliminates transposable elements

from eukaryotic genomes.

Some of these considerations are based on the supposition that the activity of TEs has neutral or only
negative phenotypic outcomes. Nonetheless, there are a number of examples of TEs and their activity
having a positive effect on their host’s fitness (Brookfield, 2005; Kidwell and Lisch, 2010). For example,
P element insertion into the methuselah gene in Drosophila melanogaster led to an increase in life-span and
stress resistance (Lin et al., 1998). Thus, while the models presented above may explain the persistence
of a genomic parasite with no beneficial impact on their host, they do not account for the full complexity
of TE-host interactions. In fact, a single instance of a transposon having a positive evolutionary effect
would render the need for such an explanation obsolete. There may still be a benefit to the depiction
of TEs as cither selfish or helpful, however, only if these designations are used as a proxy for a certain
aspect of TE biology. If they are used to describe the nature of TEs as a whole, one risks promoting a
dispute over semantics instead of biology. To avoid such a discord, TEs should be considered building
blocks of genomes rather than selfish parasites or helpful elements. As such they can be expected to have
the same impact on genome evolution as any other regulatory element: sometimes beneficial, sometimes

deleterious (Feschotte, 2008; Rebollo et al., 2010).

One could argue that the impact of TE activity on the host in terms of evolutionary fitness depends en-
tirely on the genomic context in which they exist. A helpful allegory to explain this proposal is the presence
of introns in eukaryotic genes. While still subject to debate, current hypotheses state that introns likely
originated from a bacterial endosymbiont (Cavalier-Smith, 1991; Cech, 1986; Martin and Koonin, 2006).
Group Il introns exhibit properties similar to those that led Doolittle and Sapienza to propose their the-
ory on the persistence of TEs within genomes (Cousineau et al., 2000; Lambowitz and Zimmerly, 2004).
Thus, introns could be considered selfish parasites, which invaded a intronless host genome, followed
by their mutational decay (Martin and Koonin, 2006). This resulted in the emergence of spliceosome-
dependent introns, which are a hallmark of eukaryotic genes. If one would consider the presence of these

splicecosome-dependent introns while at the same time ignoring the presence of a spliccosome, they would
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have to be considered ‘junk’, disrupting most of our coding sequences, creating an incredible mutational
burden on the host. Yet, referring to introns as selfish junk DNA would be considered a great under-

appreciation of their cellular function.

The same argument can be made for TEs: Their presence and activity should always be judged in the
context of host defense pathways controlling their activity. Bestor’s reasoning that these pathways have
evolved in response to a threat imposed by genomic parasites, could consequently lead to an alternate
conclusion. The very nature of these host defense pathways illustrates that they have likely evolved in
response to the presence of TEs, which can be beneficial in times, but also deleterious when unrestrained.
Instead of using sSRNAs for targeted elimination of transposable elements (a mechanism that has evolved
in ciliates, reviewed in Sabin et al. (2013)), TE control pathways offer the appropriate tools to govern

transposon activity while simultaneously allowing them to persist in the host genome.

In the Drosophila germline, Piwi-piRNA complexes do not alter TE loci at the DNA sequence level,
but instead target them for epigenetic silencing at the chromatin level (Le Thomas et al., 2013; Rozhkov
etal., 2013; Sienski et al., 2012). This ‘gentle’ way of silencing is effective enough for transposon control
in follicle cells, which do not exhibit PTGS through the ping-pong cycle (Malone et al., 2009). Intrigu-
ingly, active transcription is required for successful Piwi-piRNA directed TGS (Sienski et al., 2012). The
superficial leakiness of this system can be interpreted as a way to allow for low-level transposition, thereby
creating genetic variance. This variance could potentially be advantageous to the host as long as transpo-
sition levels do not exceed a certain threshold. If, for any reason, transcriptional levels of TEs rise above
these low levels in germ cells, thereby threatening the integrity of the inheritable genome, the adaptive
portion of the piRNA pathway takes over; when a transposon mRNA makes its way to the cytoplasm of
a germ cell, secondary biogenesis of piRNAs is triggered and the target mRNA can be silenced through
PTGS (Brennecke et al., 2007; Gunawardane et al., 2007). The duality of this system highlights how this

pathway may have evolved in response to the dual effects of transposition.

Viewing transposons as endogenous genomic building blocks implies that the same rules that gov-
ern gene expression are also applicable to TEs. In fact, transposon control and gene regulatory networks
operate using a parallel set of core mechanisms. For example, sSRNAs bound by Argonaute proteins con-
trol gene and transposon expression in the miRNA and the piRNA pathway, respectively. It is therefore
conceivable that additional mechanisms that govern RNA expression, processing and surveillance are also
shared between these two entities. For example, transposon and piRNA cluster transcription is influenced
by the same cellular factors that are involved in epigenetic gene regulation, such as histone modification
by methyltransferases and recruitment of HP1 (Kawaoka et al., 2013; Le Thomas et al., 2013; Luteijn
and Ketting, 2013; Ritland Politz et al., 2013; Sienski et al., 2012). Similar to genes, piRNA clusters and
some transposons are transcribed by Pol Il and are likely 5’ capped and 3’ polyadenylated (Li et al., 2013;
Weiner et al., 1986). Given these similarities, it then follows that these transcripts should be governed

by the same entities that affect any other Pol II transcript. Nonetheless, downstream processing of piRNA



CHAPTER 3. CONCLUDING REMARKS 39

producing transcripts and coding mRNAs is very different. Therefore, the question arises how the fate of
these transcripts is decided. Specific DNA binding proteins could initially target these loci and induce cer-
tain modifications of histones and the overall chromatin structure (e.g. H3K9me3 by egg (Rangan et al.,
2011)). In the case of bi-directionally transcribed piRNA clusters, RNA binding through Piwi-piRNA
complexes could actually replace this DNA binding event. Given the strand bias of Piwi loaded piRNAs,
transcription of the opposite strand would be necessary for this mechanism, since Piwi is not a DNA bind-
ing protein itself (de Vanssay et al., 2012). Targeting of the locus and subsequent changes in the chromatin
state would then induce the recruitment of downstream histone binding proteins such as rhi (Klattenhoff

etal., 2009).

Based on the observation that mRNAs usually form ribonucleoprotein (RNP) complexes (Miiller-
McNicoll and Neugebauer, 2013), it seems likely that specific proteins bound to each class of transcripts
then govern their fate, rather than an intrinsic property of the transcript itself, such as secondary structure
or modifications. Transcription by Pol I might trigger the attraction of specific RNA binding proteins
that attach to the newly emerging transcript (e.g. UAP56 (Zhang et al., 2012)). If RNA binding proteins
are critical to distinguish piRNA-producing transcripts from regular mRNAs, an important question is
what other proteins may play a role in this step. Given that piRNA clusters are collections of transposon
fragments, one could imagine that a single TE locus, incapable of transposition, could have been the pre-
decessor of a piRNA cluster. If this premise were true, one could expect to find overlap between proteins
that bind piRNA cluster transcripts and those that bind to transposon transcripts or associate with their
respective RNPs. Supporting this hypothesis, a recent study on the LINE1 ORF1 interactome revealed
that the human ortholog of UAP56 co-precipitates with tagged ORF1, or more likely with the LINE1 RNP
(Goodier et al., 2013). Besides UAP56, homologs of a number of other hits of the screen described in
chapter 2.2 can be found within the LINE1 RNP interactome: Armi (a piRNA biogenesis factor), Larp (an
mRNA binding protein) and several uncharacterized proteins. PolyA binding protein (pAbp), which inter-
acts with Larp and was found within the ORF1 co-immunoprecipitate, also scored weakly in the primary
screen. If one could test binding of these proteins to piRNA clusters, new insights into piRNA cluster

biology would be within reach.

In conclusion, RNA binding proteins specific to the piRNA pathway may protect a piRNA-producing
transcript whenever it could be subject to general RNA processing, and this processing would disrupt
piRNA biogenesis. One example for this principle is co-transcriptional splicing of pre-mRNAs. The splic-
ing machinery ignored splice sites within the artificial sequences introduced into ectopic piRNA clusters
described in chapter 2.1. Suppression of processing signals such as splice sites seems critical from an evo-
lutionary perspective: de novo insertion of a transposon into a piRNA cluster will likely introduce at least a
polyadenylation signal or other regulatory elements, which would disrupt or alter the locus’ transcription
and processing. Thus, binding of proteins specific to piRNA cluster transcripts could be suppressing the

recruitment of SR proteins and the spliceosome. This could be coupled to a shuttling mechanism that en-



CHAPTER 3. CONCLUDING REMARKS 40

sures the correct localization of precursors. Compartmentalization of downstream biogenesis steps would
then ensure proper processing. Nonetheless, the suppression of general RNA processing is not always
necessary. There should be no selective pressure to evolve specialized parts of a biogenesis pathway, if

access of the general RNA processing machinery would aid in such biogenesis, rather than disrupt it.

Intriguingly, the involvement of general cellular pathways in piRNA biogenesis is reflected in the list
of genes that scored in the genome-wide screen. For example, LIN-52 and the RNA export factors NXT1
and NXF2 are likely to be involved in piRNA biogenesis. The putative ortholog of LIN-52, A-MYB, is
an ancient transcription factor involved in piRNA cluster transcription in mice and is highly conserved
(Lewis et al., 2004; Li et al., 2013). Instead of being restricted to this role, A-MYB serves as a master
regulator of transcription during the pachytene stage of meiosis (Bolcun-Filas et al., 2011; Trauth et al.,
1994). The second example, NXT1, can be considered a general RNA export factor (Herold et al.,
2001). NXF2 on the other hand, shows an expression profile restricted to the germline (Herold et al.,
2001). Assuming that NXF2’s expression implies a potential specificity to the piRNA pathway, it could
be considered the more interesting factor. Nonetheless, knockdown of NXT1 in vivo had much stronger
effects on transposon expression than knockdown of NXF2 (see chapter 2.2). Besides being the strongest
hit in the in vivo validation, knockdown of NXT1 also led to a severe drop in mature piRNA levels (see
Figure 2.2.3). A straightforward hypothesis would be that NXT1 is involved in the export of piRNA cluster
transcripts to the cytoplasm, highlighting how these transcripts can be a substrate of general RNA binding
factors. Another possibility could be that the strong transposon de-repression is a cumulative phenotype:
Knockdown of nxtI may additionally affect export of genic mRNAs, such as those of piRNA biogenesis

factors. Whether or not NXT1 acts as a dimer with NXF1 in these processes remains to be investigated.
A hypothetical model summarizing these considerations is presented in figure 3.1.

Taken together, our results indicate that the piRNA pathway and other more general RNA processing
pathways are more interconnected than initially anticipated. Understanding these connections may prove
invaluable for our understanding of transposon control. A reasonable starting point to this end may be the

many cellular pathways outside of the usual realm of a small RNA biologist that emerged from our studies.

Even almost 75 years after their discovery, transposable elements continue to excite researchers from
all fields. Given their immense impact on genome evolution and their potential implication in human
disease, this interest is likely to continue. There are many open questions remaining to be answered, par-
ticularly regarding the mechanisms that keep these elements in check. Understanding these mechanisms
may be the key to settling the dispute over whether TEs should be considered ‘junk’ or the quintessence

of genomes to which we owe our very existence.
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Figure 3.1: A hypothetical model for fate decisions in RNA processing pathways.
General RNA expression and processing factors are shown in green colors, piRNA specific factors in red col-
(1) piRNA producing loci are distinguished from regular genic loci through the action of DNA binding
proteins. These proteins are specific to each class of locus and recruit different downstream effectors. (2) Re-
cruitment of chromatin modifiers and histone binding proteins (e.g. RHI) leads to formation of higher order
chromatin structures, thereby establishing the identity of the locus. (3) Pol Il transcribes both types of loci and
is driven by the same general transcription factors (e.g. LIN-52). (4) Ribonucleoprotein complexes are formed
co-transcriptionally. The proteins involved in this process are recruited by histone bound specificity factors. In
the case of genic loci, SR proteins and subsequently splicecosomal effectors are recruited to the mRNA. In the
case of piRNA producing loci, this is suppressed by the presence of piRNA specific RNA binding proteins (e.g.
UAP56). (5) Both types of RNPs might be bound and exported through the nuclear pore complex (NPC) by
similar export factors. Their ultimate fate is decided in the cytoplasm based on proteins bound to the respective
RNA.
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Appendix

A.1 Shell and perl scripts used in this work

A.1.1 Analysis pipeline for small RNA data

In order to meet basic programming standards, each shell script was designed to have an introductory

section describing the purpose of the script. Furthermore, a help screen (option —h) explains the command

line usage and all available options. Certain variables, such as the small RNA cloning adapter, can be set at

runtime (option -a). The script operates on compressed fastq files (input), which is the standard output

of the next-generation sequencing facility at Cold Spring Harbor Laboratories. In order to account for the

immense volume of these sequencing files, all scripts are able to invoke mapping algorithms such as bowtie

using multiple processors or cores (option -p).

Listing A.l: Preamble of a basic small RNA analysis script

#!/bin/sh
##
## small RNA mapping and annotation Pipeline:
s| ## After mapping, annotate reads
##
7| ## Save all printed messages to a file, mail it to yourself
#
# Copyright (C) 2011 F. Muerdter (fmuerdte at cshl dot edu)
#
# License: Free for personal / academic / non—commercial use.
#
# See related publication:
# [ Production of artificial piRNAs in flies and mice ]
# [ Muerdter, F.*, Olovnikov, I.*, Molaro, A.*, Rozhkov, N.V.¥*,

B., Gordon, A., Hannon, G.J., Aravin, A.A. ]
[ RNA (2012) ]
[ doi: 10.1261/rna.029769.111 ]

For questions, please contact the corresponding authors:
A. A. Aravin, E—-mail aaa@caltech.edu.
G. J. Hannon, E-mail hannon@cshl.edu.

S o e e R SR S 3

When using this script (or derivatives there—of),
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please cite: [ Muerdter et al., 2012 ]

## set exit status to last command within a pipeline
set —o pipefail

## Script variables, with default options

»| VERSION=0.2 ## important to increment when fixing bugs
ADAPTER="CTGTAGGCACCATCAATC” ## miRNA cloning linker 1 [IDT]
THREADS=16 ## default number of threads for parallel mapping
5| VERBOSE=

s| SANGER=false ## are sequences stored in sanger quality scores?

## Handle optional parameters
ARGS=S$ (getopt —o ”p:a:vsh” — 7$Q@")
if

[ $? —ne 0 ]; then
echo ”Error: invalid command—line parameters.” >&2
exit 1

eval set — ”SARGS”

## Iterate all command line options
while [ $# —gt 0 ]; do

case ”S$1” in
## Show help and exit
—h)
SCRIPT=$ (basename ”$0”)
echo ”

SSCRIPT — A small RNA mapping and annotation Pipeline

version $VERSION
Copyright (C) 2011 — Felix Muerdter ( fmuerdte@cshl.edu )

Usage: SBASENAME [OPTIONS] INPUT—FILE

Options are:

—h this help screen.

—v verbose, email summary at the end of the run.

—s fastg file in Sanger quality scores (default = false)

—p N Use N threads (default = S$STHREADS).

—a X Clip 3’ cloning adapter X (default = SADAPTER).
Example:

# Use 5 threads and ACGT adapter, analyze file ’foo.txt.gz’
\S$ $SCRIPT —p 5 —a ACGT foo.txt.gz

exit

## ”"—v” doesn’t take any values — we only ”“shift” one argument.
—v) VERBOSE="yes”
shift

61




81 ## ”—s” doesn’t take any values — we only ”“shift” one argument.
82 —s) SANGER=true
83 shift

84 r

86 ## ”"—p” requires a value, we ”“shift” two arguments
57 —p) THREADS=$2

88 shift 2

89 I

90 ## "—a” requires a value, we ”“shift” two arguments
91 —a) ADAPTER=$2

9 shift 2

93 r

95 ## Last optional argument
9% ——) shift

97 break

o8 P

99 esac

0| done

Before starting to process the input files, several ’safety checks’ have to be passed. The script only

executes if the input files exist, and warns if too many or the wrong parameters were used.

Listing A.2: Safety checks

## When we get here, ”$1” is the first filename to handle
INPUT=$ (readlink —f ”S$1”)
## check for correct command line
if [ —z ”SINPUT” ]; then
echo "Error: missing file name. use —h for help.” >&2
6 exit 1
7l £1

ol ## check for existence of input file

o/if [ ! —e ”SINPUT” ]; then

1 echo ”"Error: input file ’$INPUT’ not found.” >&2
12 exit 1

sl £1

5| #% Warn if there are too many parameters

ofif [V —z ”$2” 1; then

17 echo "Error: too many file names given. Use —h for help.” >&2
18 exit 1

19 fi

At this point, the script has to make variables that were set at runtime visible to subscripts. Creating
a unique target directory, consisting of the input file name and a time stamp, ensures the safe storage of all

results.

Listing A.3: Create a unique target directory

| # make adapter sequence and number of threads visible to subscripts
»|export ADAPTER
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export THREADS
export SANGER

| # pass on input ID to subscripts

export INPUT

## create the output file name
# determine input file compression type (gz or bz2)
MIME=$ (file —bi ”S$SINPUT” | sed ’'s/;.*//') || exit 1

o|if [ ”SMIME” = "application/x—gzip” ]; then

BASENAME=S (basename ”S$SINPUT” .txt.gz)
elif [ ”$MIME” = "application/x—bzip2” 1; then
BASENAME=S (basename ”S$SINPUT” .txt.bz2)

| else

echo ”"Error: Unknown MIME type for file (SINPUT) got ’SMIME’"” >g&2
exit 1

fi

export BASENAME

| ## Add today’s date and time

DATE=$ (date ”+%Y—%m—%d SHIMSS”)

## start script

| echo ”Processing file ’S$BASENAME’, using ”S$THREADS” thread(s) and ”S$SADAPTER

”

adapter...”

## create directory with unique name
NEWDIR="S$BASENAME—SDATE"”

mkdir ”S$NEWDIR” || exit 1

cd ”SNEWDIR” || exit 1

After setting the genome variable to the appropriate value, the input fastq file is processed. The
actual code that executes the necessary external programs is stored in a subscript. This practice makes the
main script more readable and allows for easier management of subscripts shared among several analysis

pipelines.

Listing A.4: Set genome and call first subscript

# set genome to drosophila melanogaster
GENOME="dm3"”
export GENOME

s| ## fastqg preprocessing:
| # convert from fastg to fasta, clip adapter, collapse

~/bin/piRNA pipeline sub/fastq processing.sh || exit 1
echo ”...done”

Fastq processing prior to mapping requires conversion of the input file into fasta format. Most recent
mapping algorithms can process fastq files directly, however, this step allows for more control over what
exactly is being mapped. In the case of small RNA libraries, the number of sequencing cycles often exceeds

the length of the actual RNA molecule. Therefore, the end of the sequencing read might be part of the 3’
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end cloning adapter that was used. This could interfere with mapping, wherefore any part of the cloning

adapter (specified by —a) has to be removed. This process is called clipping.

The structure of a typical small RNA library is very different from other libraries with high complexity,
such as genomic DNA libraries. Single RNA reads may get sequenced multiple times. For example,
certain miRNA reads can be represented more than 100,000 times in a library. Therefore, it is reasonable
to collapse the fasta file into a non-redundant list, while preserving the read count as part of the header
line for each sequence. The read or multiplicity count can be recovered later and used for normalization
purposes. Collapsing the reads can substantially accelerate the subsequent mapping step.

All these fastq processing steps can be accomplished with a software package called FASTX Toolkit
(v0.0.13.2 by A. Gordon, gordon@cshl.edu).

piRNA_pipeline_sub/fastq_processing.sh

#!/bin/sh
set —o pipefail

echo "Converting fastg file to fasta format...”

o ## fastg to fasta, rename sequence identifiers to numbers, be verbose

# use xxcat

#xxcat — prints a (possibly compressed) file to STDOUT
#Version 0.2

#Copyright (C) 2012 A. Gordon ( gordon at cshl dot edu )

if $SANGER ; then
/home/gordon/bin/xxcat ”S$SINPUT” |
fastqg to fasta —Q 33 —r —v —o “$BASENAME”.fa \
1> genome fastg to fasta.txt || exit 1
else
/home/gordon/bin/xxcat ”S$SINPUT” |
fastq to fasta —r —v —o ”S$BASENAME”.fa \
1> genome fastqg to fasta.txt || exit 1
fi
echo "Collapse fasta file...”
# collapse

s| fastx collapser —v —i ”SBASENAME”.fa —o ”$BASENAME” collapsed.fa \

1> genome fasta collapser 1l.txt || exit 1

# remove unclipped fasta file
rm ”$BASENAME” .fa || exit 1

”

echo "Clipping adapter...

)| # Clipping illumina sequencing adapter,
;| # keep only sequences with adapter which are

# longer than 15 nt after clipping

s| fastx clipper —i ”SBASENAME” collapsed.fa —a S$ADAPTER \

—o ”SBASENAME” clipped.fa —c —v —1 15 \
1> genome fasta clipper.txt || exit 1
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w| # remove unclipped fasta file
| rm “$BASENAME” collapsed.fa || exit 1

»lecho ”“Collapse clipped fasta file...”

;| # collapse

«| fastx collapser —v —i ”S$SBASENAME” clipped.fa \
—o ”$BASENAME” collapsed.fa \

1> genome_ fasta collapser 2.txt || exit 1

s| # remove uncollapsed fasta file
w|rm “SBASENAME” clipped.fa || exit 1

In the following step, the library is mapped against the reference genome.

Listing A.5: Call genome mapping subscript

| ## genome mapping

)| # map with up to two mismatches to genome

s| ~/bin/piRNA pipeline sub/genome mapping.sh || exit 1
echo ”...done”

A number of mapping algorithms suitable for short read mapping are available and can produce dif-
ferent outcomes leading to different conclusions. Even using the same mapping algorithm with different
parameters can significantly alter the final mapping results. Therefore, one has to pay close attention as to

how the available options change the behavior of the used alignment tool.

One such option is to allow for mismatches between the sequenced RNA molecule and a putative
location of origin in the reference genome. Since the interstrain level of sequence polymorphisms may
be high in the given model organism, which is the case for Drosophila melanogaster (Begun and Aquadro,
1993; Moriyama and Powell, 1996), it might be reasonable to allow for up to 10% of a read’s nucleotides

to differ from the reference sequence in a valid alignment.

Another key aspect of the mapping step is the level of uniqueness of a mapping location. Depending
on the biological question, only reads with one unique mapping location may be considered in order to
avoid unwanted artifacts. This proved to be critical in the discovery of piRNA clusters in D. melanogaster
(Brennecke et al., 2007), but may be of lesser importance in other applications. The standard small RNA
analysis pipeline presented herein employed bowtie, a memory-efficient short read aligner (Langmead
etal., 2009), and only considered mapping events valid if the read had less than or equal to two mismatches
and one unique mapping location.

The clipped and collapsed sequence files may still contain a considerable amount of molecular contam-
ination, such as ribosomal RNA, synthetic cloning markers or viral RNA. This contamination can differ
in amounts between two given sRNA libraries making it impossible to properly normalize and compare
reads between libraries. For this reason, the mapping strategy was to map the entire library to these

contaminations and consequently only map non-mapping reads to the genome.

piRNA_pipeline_sub/genome_mapping.sh

i|#!/bin/sh
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# set temporary directory for genome mapping
DIR=$ (mktemp —d —tmpdir=. —t gen—map.XXXXXXX) || exit 1

set —o pipefail

# set index to synthetic
INDEX_ GENOME=~/genomes/synthetic

echo "Mapping with up to one mismatch to synthetic...”

)| # Map with bowtie, up to one mismatches, keep the non—mappers

# The synthetic mapping index is a collection of synthetic sequences
commonly
# used in the lab environment or during the library construction
bowtie —f —v 1 —k 1 —best —p S$THREADS ——sam —un $DIR/
synthetic non mappers vl.txt \
”SINDEX GENOME” ”$BASENAME” collapsed.fa > $DIR/synthetic output vl.sam

2> synthetic mapping results.txt || exit 1
# use AWK to filter out non—mappers (where ”“chrom” == ”*” in the SAM file)
awk ’$3 != ”*7’ $DIR/synthetic output vl.sam > synthetic output.sam

# set index to viruses

»| INDEX_GENOME=~/genomes/dm3_viruses

echo ”"Mapping with up to three mismatches to dm3 viruses...”
# Map with bowtie, up to three mismatches, keep the non—mappers
bowtie —f —v 3 —k 1 —best —p S$THREADS ——sam —un $DIR/
dm3 viruses non mappers v3.txt \
”$INDEX GENOME” $DIR/synthetic non mappers vl.txt > $DIR/

dm3 viruses output v3.sam 2> dm3 viruses mapping results.txt || exit 1
# use AWK to filter out non—mappers (where ”“chrom” == ”*” in the SAM file)
awk 7$3 = 7*7’ SDIR/dm3 viruses output v3.sam > dm3 viruses output.sam

# set index to tRNAs
INDEX GENOME=~/genomes/dmel—tRNA

slecho "Mapping with up to 2 mismatches to dmel—tRNA...”
o/ # Map with bowtie, up to two mismatches, keep the non—mappers

bowtie —f —v 2 —k 1 —best —p S$THREADS ——sam —un S$DIR/dmel—
tRNA non mappers v2.txt \
”SINDEX GENOME” $DIR/dm3 viruses non mappers v3.txt > SDIR/dmel-—

tRNA output v2.sam 2> dmel—tRNA mapping results.txt || exit 1
# use AWK to filter out non—mappers (where ”“chrom” == ”*” in the SAM file)
awk ’$3 != 7*”’ $DIR/dmel—tRNA output v2.sam > dmel—tRNA output.sam

# set index to tRNAs
INDEX GENOME=~/genomes/dmel—-miscRNA

| echo ”"Mapping with up to three mismatches to dmel-miscRNA...”
/| # Map with bowtie, up to three mismatches, keep the non—mappers
i|bowtie —f —v 3 —k 1 —best —p S$THREADS ——sam —un $DIR/dmel—

miscRNA non mappers v3.txt \
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»|echo ”"Mapping with 1 mismatch to TEs...

”SINDEX GENOME” $DIR/dmel—tRNA non mappers v2.txt > $DIR/dmel-—

miscRNA output v3.sam 2> dmel-miscRNA mapping results.txt || exit 1
# use AWK to filter out non—mappers (where ”“chrom” == ”*” in the SAM file)
»|awk 783 != 7*”’ $DIR/dmel-miscRNA output v3.sam > dmel-miscRNA output.sam

# set index to genome
INDEX GENOME=~/genomes/” SGENOME” genome/”$SGENOME” genome
echo ”"Mapping with zero mismatches to ”“$GENOME”...”
# Map with bowtie, zero mismatches, keep the non—mappers
bowtie —f —v 0 —a —m 1 —p $THREADS —sam —un S$DIR/genome non mappers v0.
txt \
”SINDEX GENOME” $DIR/dmel-miscRNA non mappers v3.txt > $DIR/
genome_output v0.sam 2> genome mapping results v0.txt || exit 1

»|if [ —e $DIR/genome non mappers vO0.txt ]; then

echo ”"Mapping with 1 mismatch to ”S$GENOME”...”
# Map with bowtie, allow one mismatch, keep the non—mappers

;5| # NOTE: we don’t need the SAM header for the second file, so use "——sam—

nohead”
bowtie —f —v 1 —a —m 1 —p S$THREADS ——sam ——sam—nohead —un $DIR/
genome non mappers vl.txt)\
”$SINDEX GENOME” S$DIR/genome non mappers v0.txt > $DIR/genome output vl.
sam 2> genome_mapping results vl.txt || exit 1
fi

if [ —e $DIR/genome non mappers vl.txt ]; then
echo ”Mapping with 2 mismatches to ”$GENOME”...”
# Map with bowtie, allow two mismatches, keep the non—mappers
# NOTE: we don’t need the SAM header for the second file, so use ”"——sam—
nohead”
bowtie —f —v 2 —a —m 1 —p S$THREADS ——sam ——sam—nohead —un $DIR/
genome non _mappers v2.txt \
”$SINDEX GENOME” S$DIR/genome non mappers vl.txt > $DIR/genome output v2.
sam 2> genome_mapping results v2.txt || exit 1
fi

# Combine the three output SAM files into one.

# Only the first file has a SAM HEADER, so put it first.

# use AWK to filter out non—mappers (where ”“chrom” == ”*” in the SAM file)

awk ’$3 != ”*”’ SDIR/genome output vO.sam $DIR/genome output vl.sam $DIR/
genome output v2Z.sam > genome output.sam

# set index to transposon

INDEX GENOME=~/genomes/dmTE942

echo "Mapping with zero mismatches to TEs...”

# Map with bowtie, zero mismatches, keep the non-mappers

i|bowtie —f —v 0 —a —m 1 —p $THREADS ——sam —un $DIR/TEs non mappers vO0.txt \

”$3INDEX GENOME” $DIR/dmel-miscRNA non mappers v3.txt > $DIR/TEs output vO0
.sam 2> TEs mapping results v0.txt || exit 1

if [ —e $DIR/TEs_non mappers vO0.txt ]; then

”
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# Map with bowtie, allow one mismatch, keep the non-—mappers
# NOTE: we don’t need the SAM header for the second file, so use "——sam—
nohead”

sibowtie —f —v 1 —a —m 1 —p $THREADS ——sam ——sam—nohead —un $DIR/

TEs _non mappers_ vl.txt)\
”SINDEX GENOME” $DIR/TEs non mappers vO0.txt > $DIR/TEs output vl.sam 2>
TEs mapping results vl.txt || exit 1
fi

if [ —e $DIR/TEs_non_mappers_vl.txt 1; then
echo "Mapping with 2 mismatches to TEs...”
# Map with bowtie, allow two mismatches, keep the non-mappers
# NOTE: we don’t need the SAM header for the second file, so use ”"——sam—
nohead”
bowtie —f —v 2 —a —m 1 —p S$THREADS ——sam ——sam—nohead ——un $DIR/
TEs non mappers v2.txt \
”SINDEX GENOME” $DIR/TEs non mappers vl.txt > $DIR/TEs output v2.sam 2>
TEs mapping results v2.txt || exit 1

s| £1

7| # Combine the three output SAM files into one.

# Only the first file has a SAM HEADER, so put it first.

# use AWK to filter out non—mappers (where ”“chrom” == ”*” in the SAM file)

awk ’$3 != ”*7’ SDIR/TEs_ output vO0.sam $DIR/TEs_ output vl.sam S$DIR/
TEs_output v2.sam > TEs_ output.sam

;| # clean up temporary directory

rm —r S$SDIR || exit 1

In order to allow for comparisons between independent sSRNA libraries, all mapping read counts were

then normalized to reads per million genomic mappers (rpm).

Listing A.6: Call read normalization subscript

## read count normalization

# normalize sam file to total number of genomic mappers
~/bin/piRNA pipeline sub/genome normalization.sh || exit 1
echo ”...done”

The normalization was done using the output of the genome mapping, a SAM file. Since all sub-
sequent steps were done using this SAM file as input, only the normalized read counts were propagated
through the pipeline. The tool used to express the normalized read counts as fractions of the total li-
brary size was Column Normalizer (Copyright ©2009 by A. Gordon, gordon@cshl.edu, available from
http://cancan.cshl.edu/labmembers/gordon/column_normalizer/). In a second step,
those fractions were then simply multiplied by 1,000,000 in order to obtain rpm values.

piRNA_pipeline_sub/genome_normalization.sh

#!/bin/sh

set —o pipefail

s| # set temporary directory for genome normalization
;| DIR=$ (mktemp —d —tmpdir=. —t gen—norm.XXXXXXX) || exit 1

68



http://cancan.cshl.edu/labmembers/gordon/column_normalizer/

”

slecho ”"Normalizing genomic read counts...

9| # remove header

sed —e ' /"@/d;s/—=/\t/’ genome output.sam > S$SDIR/tmpl || exit 1

| # normalize read counts

j|]column normalizer —o $DIR/tmp2 —v —s $DIR/tmpl 2 \
1> genome normalized reads.sum || exit 1

| # normalize to reads per million
)| tawk 7 ($2=$2*1000000) {print}’ S$DIR/tmp2 |
sed 's/\t/—/' > genome output normalized.sam || exit 1

## reconstruct normalized sam file with original header
# save header

’|grep '"~@’ genome output.sam > $DIR/sam header || exit 1
;| # concatenate header and sam file
cat $DIR/sam _header genome output normalized.sam > $DIR/tmp3 || exit 1
5| # remove header—less sam file
| rm genome output normalized.sam || exit 1
)| # put new sam file in place
s|mv $DIR/tmp3 genome output normalized.sam || exit 1

# create normalized fasta file for mappers
sed ’/”@/d’ genome output normalized.sam |
awk ’{print ”>7$1”\n”$10}’ > genome mappers.fa || exit 1

# clean up temporary directory
rm —r S$SDIR || exit 1

After read count normalization, the script then automatically creates several files for visualization of
the mapping results. The file formats (BAM, bigWig and BED) were chosen for their compatibility with
the UCSC genome browser (http://genome.ucsc.edu/). A combination of the samtools pack-
;ge(mmﬂddeﬁonlhttp://samtools.sourceforge.net/(LhﬁaL,QOO%ﬂ)andAmnn(anhn%
bedtools (available from https://code.google.com/p/bedtools/ (Quinlan and Hall, 2010)) can
handle all these file formats.

The BAM format is the compressed binary version of the SAM mapping results format. The BAI file

is the accompanying sorted index for faster access.

piRNA_pipeline_sub/bam_bai.sh

o

#!/bin/sh
set —o pipefail

# set temporary directory for genome mapping
;| DIR=$ (mktemp —d —tmpdir=. —t bam.XXXXXXX) || exit 1

echo ”“Creating BAM/BAI files...”
# Create a bam file
samtools view —S —b ”$ID” output normalized.sam > ”“S$SID” output.bam || exit
1
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)

# Sort the bam file
samtools sort ”SID” output.bam ”"SID” output.sorted || exit 1

s|# Delete the unsorted BAM file, don’t need it any more
o/ rm “SID” output.bam || exit 1
7| # Rename the sorted BAM file

mv “$ID” output.sorted.bam ”“$ID” output.bam || exit 1
# Create an index (BAI) file
samtools index ”$ID” output.bam || exit 1

# clean up temporary directory

sl rm —r $DIR || exit 1

The bigWig format displays continuous data rather than single mappers. This format is especially
helpful in displaying read ‘density’ over a given feature or chromosome. The programs necessary for the
conwxﬁonofbedgaphsU)b%VVQ;ﬁbsaN:mmﬂdﬂeﬁnnlhttp://hgdownload.Cse.ucsc.edu/
admin/exe/.

piRNA_pipeline_sub/bigwig.sh

#!/bin/sh

set —o pipefail

siecho ”"Creating Coverage (BigWig) file...”
.| CHROMSIZE=~/genomes/chrom sizes/”SGENOME” chromInfo.txt

bedtools genomecov —ibam ”$ID” output.bam —g ”SCHROMSIZE” —bg > ”$SID”

_coverage.bedgraph || exit 1

bedtools genomecov —ibam ”“$ID” output.bam —g ”SCHROMSIZE” —bg —strand + > ”
$ID” coverage sense.bedgraph || exit 1

bedtools genomecov —ibam ”$ID” output.bam —g "SCHROMSIZE” —bg —strand — > ”
$ID” coverage antisense.bedgraph || exit 1

bedGraphToBigWig ”“SID” coverage.bedgraph ”“SCHROMSIZE” ”$ID” coverage.bw ||

exit 1

bedGraphToBigWig ”“SID” coverage sense.bedgraph ”“SCHROMSIZE” "“$ID”
_coverage sense.bw || exit 1

bedGraphToBigWig ”“S$ID” coverage antisense.bedgraph ”$CHROMSIZE” ”$SID”
_coverage_antisense.bw || exit 1

The BED format is a simple list of mapping coordinates, which can be manipulated with unix text

tools or bedtools.

piRNA_pipeline_sub/bed.sh

siecho ”"Creating BED file...

#!/bin/sh

set —o pipefail

”

# Create a bed file for downstream applications

/|bedtools bamtobed —i ”$ID” output.bam > ”“$ID” output.bed || exit 1

70



 http://hgdownload.cse.ucsc.edu/admin/exe/
 http://hgdownload.cse.ucsc.edu/admin/exe/

The annotation of sequenced reads is key to understand both the overall complexity of the sSRNA
library (i.e. identify putative contaminations or irregularities), as well as to identify subpopulations for
subsequent analysis (i.e. transposon derived sequences etc.). This can be done taking several independent
routes, which are explained in the following paragraphs.

First, the appropriate subscript has to be called.

Listing A.7: Call read annotation subscript

## annotate reads
|# 1. intersect genomic coordinates with transposon locations
# 2. intersect all un—annotated reads with all other features.

# only keep annotation with highest priority
5| ~/bin/piRNA pipeline sub/annotation.sh || exit 1
lecho ”...done”

Reads can be annotated by either mapping to specific features, as previously described for the identi-
fication of rRNA or viral RNA derived sequences, or by intersecting genomic mapping coordinates with
previously annotated features. The BED or GFF files needed for the latter approach can be downloaded
from FlyBase (ftp://ftp.flybase.net/genomes/).

One obvious complication in this step is that any given SRNA can map to more than one feature (or
its mapping coordinates can intersect with more than one annotation). Therefore, multiple annotations
have to be categorized by an underlying priority list. Each read can then have multiple annotations and
additional information reflecting their priorities, or only carry along one annotation, which is naturally

the one with the highest priority.

This concept was realized in two ways. Mapping to sequences such as rRNAs or virally derived RNAs,
and consequently only mapping non-mappers to the genome, gives these contaminations the highest pri-
ority. This approach could be considered conservative but allows for a very robust normalization down-
stream. The priority list decided upon for the annotation by genomic coordinates is entirely arbitrary and

can be adjusted to the experiment’s underlying biological question.

Table A.l.1: Annotation priority list

Priority Annotation

-1 no_annotation

0 transposable_element

1 miRNA

pre_miRNA

ncRNA

rRNA
transposable_element_insertion_site

snRNA

AN 1 A~ w N
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Table A.l.I: Annotation priority list (continued)

Priority Annotation

7 snoRNA

8 tRNA

9 five_prime_UTR

10 three_prime_UTR

11 exon

12 intron

13 CDS

14 mRNA

15 gene

16 pseudogene

17 polyA_site

18 exon_junction

19 regulatory_region

20 protein_binding_site
21 DNA_motif

22 enhancer

23 orthologous_to

24 insertion_site

25 complex_substitution
26 deletion

27 point_mutation

28 rescue_fragment

29 uncharacterized_change_in_nucleotide_sequence
30 sequence_variant

31 protein

32 mature_peptide

33 BAC_cloned_genomic_insert
34 breakpoint

35 chromosome_band

piRNA_pipeline_sub/annotation.sh

1| #!/bin/sh
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set —o pipefail

s| # set temporary directory for genome mapping

DIR=$ (mktemp —d —tmpdir=. —t annotation.XXXXXXX) || exit 1

”

echo ”"Annotating mapped reads...

# identify transposon derived sequences with highest priority
bedtools intersect —bed —wao —f 1.00 —a genome output.bed \
—b ~/genomes/dm3 genome/gff—-bed/dmel-r5.43 FM TEs.bed \
> SDIR/tmpl || exit 1
# save transposons sequences

slawk 7$13>0" S$DIR/tmpl > $DIR/tmp2 || exit 1

# get all sequences not annotated as transposons
tawk ' ($13==0) {print $1,$2,$3,%4,$5,%6}’ SDIR/tmpl \
> SDIR/tmp3 || exit 1
# annotate all non transposons sequences
bedtools intersect —bed —wao —f 1.00 —s —a S$DIR/tmp3 \
—b ~/genomes/dm3 genome/gff-bed/dmel—r5.43 FM genes clean.bed \

> SDIR/tmp4d || exit 1
# combine transposons and non—transposons derived sequences
cat $DIR/tmp2 S$DIR/tmpd > S$DIR/tmp5 || exit 1

s|# only keep annotation with highest priority
|tawk ’{print $1,$2,$3,%4,%$11,$6,5$10}’ SDIR/tmp5 |

sort —k4,4 | groupBy —g 4 —c 5 —o min | sort —k1,1 > S$DIR/tmp6 || exit 1
# make joinable sam file
sed ’/"@/d’ genome output normalized.sam |

sort —kl1,1 > $DIR/tmp7 || exit 1
# keep header for later

|grep ’”@’ genome output normalized.sam > SDIR/header || exit 1

# add annotation to original sam file
join —t 7 ” $DIR/tmp7 $DIR/tmp6 | sort —k15,15 > SDIR/tmp8 || exit 1

s|# build final annotation file
s|Join —t 7 ” =1 15 =2 1 $DIR/tmp8 ~/genomes/dm3 genome/gff-bed/priority.txt

|
cut —-£2,3,4,5,6,7,8,9,10,11,12,13,14,15,16 > SDIR/tmp9 || exit 1
cat $DIR/header $DIR/tmp9 > final annotations.txt || exit 1

# print summary information for reads and sequences
sed '/7@/d;s/ "\ ([0=9]1*\)=\([0—-9]1*\)/\2/’ final annotations.txt |

sort —k15,15 | groupBy —g 15 —c 1 —o sum |

awk ' {printf ”%s\t%.1f\n”,$1,$2}’ > annotations.summary.reads || exit 1
sed " /"Q@/d;s/ "\ ([0=91*\)=\([0—=9]*\)/\2/’ final annotations.txt |

sort —k15,15 | groupBy —g 15 —c 1 —o count |

awk ' {printf ”%s\t%d\n”,$1,$2}’ > annotations.summary.seqs || exit 1

# calculate cluster counts
bedtools intersect —bed —wo —f 1.00 —a genome output.bed \
—b ~/genomes/dm3 genome/gff-bed/piRNA clusters.bed |
tawk /{print $4,510}’ | uniqg | sort —u | sed "s/"\([0—=91*\)=\([0—9]*\)

/N2/7 ]
sort —k2,2 | groupBy —g 2 —c 1 —o sum |
sort —k2,2nr > S$DIR/tmpl0 || exit 1

column normalizer —f —p 3 —a $DIR/tmpl0 2 |
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tawk ’{printf ”%s\t%d\t%.1f\n”,$1,$2,$3*100}’ > cluster counts.txt

# clean up temporary directory
rm —r S$DIR || exit 1

After annotation, a number of small tasks was executed in order to gain knowledge about specific

properties of the library. For example, the length distribution for all genomic mappers was calculated.

piRNA_pipeline_sub/length_distributions.sh

#!/bin/sh
set —o pipefail

# set temporary directory for length distributions

;| DIR=$ (mktemp —d —tmpdir=. —t lengthdist.XXXXXXX) || exit 1

”

echo "Creating length distribution for genomic mappers...:
fasta formatter —i ”$ID” mappers.fa —t | sed ’"s/"[0-9]*-//" |
tawk ' (1=length($2)) {print $1,1}" |
sort —k2,2 | groupBy —g 2 —c 1 —o sum \
> ”SID” length distribution.txt || exit 1

# separate sense and antisense

slecho —e ”length\tsense\tantisense” > ”$ID” length distribution sas.csv
s|sed " /7@/d; s/ N\ ([0=91*\)=\([0—9]1*\)/\2/’ ”SID” output normalized.sam |

tawk ' {if ($2==0) {print length($10),$1,0} else {print length($10),0,"—"
S1y} |

sort —k1,1 | groupBy —g 1 —c 2,3 —o0 sum,sum \

>> ”3ID” length distribution sas.csv || exit 1

# clean up temporary directory

lrm —r S$DIR || exit 1

Next, the fraction of reads that start with a U at their 5’ end was calculated. An unusually high
percentage of 1U reads would be a typical signature of primary piRNAs.

piRNA_pipeline_sub/1U.sh

#!/bin/sh

set —o pipefail

;5| # set temporary directory for genome normalization
;| DIR=$ (mktemp —d —tmpdir=. —t 1U.XXXXXXX) || exit 1

echo ”“Calculating percentage of Us at 5’ end of small RNA...”

# only look at piRNA reads
sed '/”@/d’ ”$ID” output normalized 23nt.sam |
awk 7 {
if ($2==0) {
NT = substr($10,0,1)
} else
if ($2==16) {
if ( ”C” == substr($10,length($10),1) ) NT = "G”;else
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if ( "G" == substr($10,length($10),1) ) NT = ”"C”;else
if ( TpT == substr($10,length($lo),1) ) NT //T//;else
if ( ”T” == substr($10,length($10),1) ) NT = "A”
}i
{print NT}}’ |

sort | groupBy —g 1 —c 1 —o count > $DIR/”$ID”.1U

s| # extract useful information (only 1U percentage)
| column normalizer S$DIR/”$SID”.1U 2 |

awk 7 ($1=="T") {printf ”“Percent 1U:\t%.1f%\n”,$2*100}" \
> ”SID” 1U.percent

Lastly, the number of small RNA ‘neighbors’ with a given overlap was calculated. This information
can be used to identify biogenesis partners such as siRNA duplexes (with a 19nt overlap) or piRNA ping-
pong partners (10nt overlap). Given that the underlying methodology was rather complex, both from a
biological and bioinformatic standpoint, the scripts for these overlap calculations are discussed in a dedi-
cated chapter (Appendix A.1.2).

The last step of the SRNA pipeline was designed to clean up all output files and produce a easy to read

report file. This report file was then emailed to the user for easier access. The report file contained basic
quality control measurements, mapping statistics and a summary of all annotations present in the analyzed
sRNA library.

piRNA_pipeline_sub/report.sh

#!/bin/sh

slecho ”“Creating report...”

##
## Create a friendly report file

o| ##

echo "Mapping Results for SINPUT” > report.txt
echo "= ==== =======" >> report.txt
echo "Results are stored in: ” >> report.txt
pwd >> report.txt
echo >> report.txt
if [ —e genome fastg to fasta.txt ]; then
echo "Fastqg to Fasta conversion:” >> report.txt
cat genome fastg to fasta.txt >> report.txt
fi

7/lecho >> report.txt

if [ —e genome fasta clipper.txt ]; then
echo ”"Fasta clipper:” >> report.txt
cat genome fasta clipper.txt >> report.txt

fi
echo >> report.txt
if [ —e genome fasta collapser 1l.txt ]; then

echo "Fasta collapser:” >> report.txt
cat genome fasta collapser 1l.txt >> report.txt

o £1

echo >> report.txt
if [ —e genome fasta collapser 2.txt ]; then
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echo "Fasta collapser of clipped fasta file:”
cat genome fasta collapser 2.txt >> report.txt
fi

>> report.txt

»lecho >> report.txt

if [ —e genome fasta collapser unclipped.txt ]; then
echo "Fasta collapser of unclipped sequences:” >> report.txt
cat genome fasta collapser unclipped.txt >> report.txt

| £1

echo >> report.txt
echo >> report.txt

if [ —e synthetic mapping results.txt ]; then
echo ”== Alignment with mismatches to synthetic:” >> report.txt
cat synthetic mapping results.txt >> report.txt

fi

echo >> report.txt
echo >> report.txt

s|if [ —e dm3 viruses mapping results.txt ]; then

echo ”== Alignment with mismatches to dm3 viruses:” >> report.txt
cat dm3 _viruses mapping results.txt >> report.txt

fi

echo >> report.txt

echo >> report.txt

if [ —e dmel-miscRNA mapping results.txt ]; then
echo ”== Alignment with mismatches to dmel-miscRNA:” >> report.txt
cat dmel-miscRNA mapping results.txt >> report.txt

fi

echo >> report.txt

echo >> report.txt

if [ —e dmel—tRNA mapping results.txt ]; then
echo ”== Alignment with mismatches to dmel—tRNA:” >> report.txt
cat dmel—tRNA mapping results.txt >> report.txt

fi

echo >> report.txt

echo >> report.txt

if [ —e genome mapping results v0.txt ]; then
echo ”== Alignment with 0 mismatches to dm3 (unique mappers) :” \
>> report.txt
cat genome mapping results v0.txt >> report.txt

fi

if [ —e genome mapping results vl.txt ]; then
echo ”== Alignment with 1 mismatch to dm3 (unique mappers):” \
>> report.txt
cat genome mapping results vl.txt >> report.txt

fi

if [ —e genome mapping results v2.txt ]; then
echo ”== Alignment with 2 mismatches to dm3 (unique mappers) :” \
>> report.txt
cat genome mapping results v2.txt >> report.txt

fi

echo >> report.txt

echo >> report.txt

if [ —e TEs mapping results v0.txt ]; then
echo ”== Alignment with 0 mismatches to TEs (multiple mappers) :” \
>> report.txt
cat TEs mapping results v0.txt >> report.txt
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so| £1

s/ 1f [ —e TEs mapping results vl.txt ]; then

86 echo ”== Alignment with 1 mismatch to TEs (multiple mappers):” \

87 >> report.txt

88 cat TEs mapping results vl.txt >> report.txt

so| £1

w|if [ —e TEs mapping results v2.txt ]; then

91 echo ”== Alignment with 2 mismatches to TEs (multiple mappers) :” \
9 >> report.txt

93 cat TEs mapping results v2.txt >> report.txt

or| £1

ss|echo >> report.txt

sl echo >> report.txt

o711f [ —e luc_mapping results v2.txt ]; then

o echo ”== Alignment with 2 mismatches to luciferase (multiple mappers):” \
99 >> report.txt

100 cat luc _mapping results v2.txt >> report.txt

101 fj_

| echo >> report.txt

3] echo >> report.txt

0| 1f [ —e genome output.sam ]; then

105 echo ”"Total number of genomic mappers:” >> report.txt

106 cat genome output.sam | sed ’/"@/d’ | cut —fl1 | sed ’"s/"[0-9]*~//" |
107 awk ' (sum+=$1) { }END{print sum}’ >> report.txt

os| £1
| echo >> report.txt
nofif [ —e dm3 viruses output.sam ]; then

’

11 echo ”"Total number of mappers to dm3 viruses:” >> report.txt
i cat dm3 viruses output.sam | sed '/"@/d’ | cut —fl | sed ’'s/"[0-91*—//" |
13 awk ' (sum+=$1) { }END{print sum}’ >> report.txt

e £1
is|lecho >> report.txt
6|1f [ —e dmel—tRNA output.sam ]; then
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17 echo "Total number of mappers to dm3 tRNAs:” >> report.txt
ns|  cat dmel—tRNA output.sam | sed ’/7@/d’ | cut —fl | sed 's/"[0=9]*=//" |
19 awk ' (sum+=$1) { }END{print sum}’ >> report.txt

o] £1
ni|echo >> report.txt
| if [ —e dmel-miscRNA output.sam ]; then

123 echo ”Total number of mappers to dm3 miscRNAs:” >> report.txt

124 cat dmel-miscRNA output.sam | sed ’/"@/d’ | cut —fl | sed 's/"[0-9]*—//'
|

125 awk ' (sum+=$1) { }JEND{print sum}’ >> report.txt

126 fl
n7lecho >> report.txt
ns|if [ —e synthetic output.sam ]; then

129 echo ”“Total number of mappers to synthetic sequences (k—mers etc):” \
130 >> report.txt

131 cat synthetic output.sam | sed '/7@/d’ | cut —f1 | sed ’s/~[0-9]1*—//" |
132 awk '’ (sum+=$1) { }JEND{print sum}’ >> report.txt

133 fi
31| echo >> report.txt
55)1f [ —e TEs_output normalized.sam ]; then

”

136 echo ”"Total number of reads mapping to TEs:” >> report.txt
137 cat TEs_output normalized.sam | sed ’/"@/d’ | awk ’'$2==16" |
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sed "s/"\([0=9]1*\)—=\([0—9]*\)/\2/" | sort —k3,3 | groupBy —g 3 —c 1 —o

sum |
awk ’{printf ”%$s\t%d\n”,$1,$2}’ > TE counts.txt
fi
echo >> report.txt

»lecho >> report.txt

if [ —e cluster counts.txt ]; then
echo ”Total number of reads mapping to 42AB and flamenco:” \
>> report.txt
echo "ID reads percent” >> report.txt
cat cluster counts.txt | grep —E ’'flam|42AB’ >> report.txt

| £1

echo >> report.txt

echo >> report.txt

if [ —e annotations.summary.reads ]; then
echo ”“Normalized read counts per annotation:
cat annotations.summary.reads >> report.txt

fi

”

>> report.txt

slecho >> report.txt

if [ —e annotations.summary.seqs ]; then
echo ”"Normalized sequence counts per annotation:’
cat annotations.summary.seqgs >> report.txt

fi

echo >> report.txt

# report ping—pong information

’

>> report.txt

o| #cat * offset sam 1UlOA >> report.txt

#echo >> report.txt

# create miRNA read counts for normalization purposes

;|bedtools intersect —bed —wo —f 1.00 —a genome output.bed \

—b /data/fmuerdte/genomes/dm3 genome/gff-bed/dmel-miRNAs.gff3 |
tawk ’{print $4,$15}’ | sed 's/"\([0=9]1*\)=\([0=91*\)/\2/" |

sort —=k2,2 | groupBy —g 2 —c 1 —o sum |
awk ’{printf ”%s\t%d\n”,$1,$2}’ > miRNA counts.txt

)| # remove report files

if [ —e genome fastg to fasta.txt ]; then
rm genome fastqg to fasta.txt
fi
if [ —e genome fasta collapser 1l.txt ]; then
rm genome fasta collapser 1.txt
fi
if [ —e genome fasta collapser 2.txt ]; then
rm genome fasta collapser 2.txt
fi
if [ —e genome fasta collapser unclipped.txt ]; then
rm genome fasta collapser unclipped.txt
fi
s|if [ —e genome fasta clipper.txt ]; then
rm genome fasta clipper.txt
| £1
if [ —e genome fasta clipper unclipped.txt ]; then
rm genome fasta clipper unclipped.txt
fi
if [ —e genome normalized reads.sum ]; then
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rm genome normalized reads.sum

o3| £1

if [ —e annotations.summary.reads ]; then
rm annotations.summary.reads

| £1
7/11f [ —e annotations.summary.seqs ]; then

rm annotations.summary.seqgs
fi
rm * mapping results*.txt

A.1.2 Molecular signatures of sRNA biogenesis pathways

The interplay between Aub and Ago3 in the biogenesis of secondary piRNAs creates an unusually high
number of so called ping-pong partners that overlap by 10nt. Plotting all possible neighbors with different
offsets within a certain window can therefore identify the presence or absence of piRNAs originating from
this biogenesis pathway. If secondary piRNAs were present within the analyzed sRNA population, one
would expect to see a peak at the 10nt overlap mark. Similarly, if the analyzed sSRNA population were
mostly composed of Dicer2 products, and both guide and passenger strands would be present, one would
expect to see such siRNA duplexes as a high number of neighbors overlapping by 19nt (Figure A.1.1).

Before plotting, the neighbors for any given offset have to be identified, which can be done in two
ways: one way is to map each sSRNA in a library onto all other sSRNAs within that library. If any given
sRNA maps onto another sRNA in antisense direction and their 5" ends are 10nt apart, this pair can be
flagged as a putative ping-pong pair and be counted. Another method is to map all sSRNAs of the population
against a target reference (i.e. transposon sequences or chromosomes). In a subsequent step, the overlaps
between neighbors can be deduced from their mapping locations within the reference sequence. The latter
is computationally preferable, since mapping to reference sequences is usually done prior to downstream
analysis already, saving the user one mapping step. Once flagged as pairs with a given offset, each sequence
of that pair contributes to the count for its offset cither by adding 1 or its read count. Both options are
available to the user and can be set at run-time. The final output of the script is a list of all identified pairs
with their respective offset and sequence or read count (for both the same and the opposite strand). Since
the previously mentioned signatures of biogenesis pathways such as the ping-pong signature only arise from

sRNA pairs on opposite strands, the same strand information can be discarded.

input/bed_calculate_offsets.pl

#!/usr/bin/env perl

| =pod

small RNA offset counter

Copyright (C) 2011 A. Gordon (gordon at cshl dot edu)
and F. Muerdter (fmuerdte at cshl dot edu)

License: Free for personal / academic / non—commercial use.
See related publication:
[ Production of artificial piRNAs in flies and mice ]

[ Muerdter, F.*, Olovnikov, I.*, Molaro, A.*, Rozhkov, N.V.*, Czech, B
., Gordon, A., Hannon, G.J., Aravin, A.A. ]
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Figure A.l.1: sSRNA biogenesis signatures can be detected in total RNA libraries. (A) The
distance of 5' ends of small RNA neighbors within a given window can be expressed as offsets. (B) Two different
sRNA biogenesis pathways create distinct signatures in SRNA populations.

For questions,
A. A. Aravin,
G.

When using this script
please cite: [ Muerdter et al.
| =cut

##

use
use
use
use

[ RNA (2012) ]
[ doi: 10.1261/rna.029769.

111 ]

please contact the corresponding authors:
E—mail aaa at caltech dot edu.

J. Hannon, E—-mail hannon at cshl dot edu.

;| ## Version 0.2
o ##

ruse

strict;
warnings;
Data: :Dumper;
Carp;
Getopt::Long;

, 2012
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s|#4F
;| ## Forward function declarations

| ##

sub parse command line();

sub show help();

sub set filter region($);

sub load external intervals();
sub get next interval();

sub interval in region($$$);
sub initialize empty windows();

s|sub calculate region coverage();
| sub scan_region windows () ;

sub sort intervals to process();

##

## Global Parameters

## Set by user on command line

my $region chrom; # Process reads from this region only, ignore all other
reads

my Sregion start;

my $region end;

my $use multiplity count; # Use multiplicity count from read name, column 4

(N—M) where M is the multiplicity count.

my Sextend upstream=10;

my Sextend downstream=10;

my S$header; # print header line

my $debug; # print a lot of debugging information to STDERR

my S$external intervals; #if set, we calculate the coverage from one BED
file, but scan the intervals from another BED file

)| ## Global variables

my $region size;
my $stats lines count=0;

simy $stats_sequences count=0;
s|my $stats reads count=0;

# Sequences = multiplitiy of 1 (one per line/interval)
# Reads = with multiplicity values

my @window positive sequences;

my @window negative_ sequences;

»lmy @window positive reads;

my @window negative reads;
my @intervals to process;

#4#
## Program start
##

parse command line();
initialize empty windows () ;
print STDERR ”Loading intervals...” if S$debug;
calculate region coverage();
if ($external intervals) {
print STDERR ”“Loading external intervals...” if $debug;
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load external intervals();
}
print STDERR ”Sorting intervals...” if S$debug;
sort intervals to process();
if (S$header) {
print join(”\t”, gw/chrom genomic start strand window position offset
seq _count same strand read count same strand seq count opposite strand
read count opposite strand/), ”“\n”;
}

scan_region windows () ;

s|1f (Sdebug) |

print STDERR ”“Read $stats lines count lines\n”;

print STDERR ”Processed S$stats sequences count intervals (
$stats reads count reads) in region $region chrom:S$region start—
$region end\n”;

##
## Program End

o #4

sub show help ()

5| {

pPrint<<EOQOF;

71 small RNA offset counter

Copyright (C) 2011 A. Gordon (gordon\@cshl.edu)
and F. Muerdter (fmuerdte\@cshl.edu)

License: Free for personal / academic / non—commercial use.

See related publication:
[ Production of artificial piRNAs in flies and mice ]
[ Muerdter, F.*, Olovnikov, I.*, Molaro, A.*, Rozhkov, N.V.*, Czech, B
., Gordon, A., Hannon, G.J., Aravin, A.A. ]
[ RNA (2012) ]
[ doi: 10.1261/rna.029769.111 ]

For questions, please contact the corresponding authors:
A. A. Aravin, E-mail aaal\@caltech.edu.
G. J. Hannon, E-mail hannon\@cshl.edu.

When using this script (or derivatives there—of),
please cite: [ Muerdter et al., 2012 ]

,|Usage: $0 [OPTIONS] INPUT.BED

Options:
—help = This help screen.

—r chrX:start—end
—region chrX:start—end = Specify region of interest. Reads outside this

region will be ignored.

—up N = Start window N upstream of the intervals 5” position.
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140

»{chrl 95 125 1-7 O
slchrl 100 150 1-13

sichrl 80 111 1-20

—down N End window N downstream of the intervals 5” position.

—m
—mult

Take multiplicity count from name column (4th column).
Multiplicity should be in ”“N-M” format, where M is the
multiplicity value.

—intervals FILE.BED = Compare the intervals in FILE.BED against the
coverage of INPUT.BED.
By default, the intervals in INPUT.BED are compared
against their own coverage.

—h

—header = Print header line.
—debug = Print debug information
Example:

\$ cat test.bed

+

+
0
chrl 100 140 1-4 0 +
0

71\$ $0 —region chrl1:0—2000 —mult —up 10 —down 10 —header test.bed

chrom genomic start strand window position offset seq count same strand
read count same strand seg count opposite strand
read count opposite strand

chrl 95 + 95 5217 00

chrl 100 + 100 =5 1 7 0 O
chrl 100 + 100 0 1 13 0 O
olchrl 100 + 100 10 0 0 1 20
slchrl 100 + 100 =5 1 7 0 0
chrl 100 + 100 01 4 0 O
slchrl 100 + 100 10 0 0 1 20
s/chrl 110 + 110 —10 0 0 2 17

EOF
exit (1) ;

)| sub parse command line ()

{

my S$region;

my $rc = GetOptions (
"help” => \&show help,
"region|r=s” => \S$region,
“mult|m” => \$use multiplity count,
"debug” => \S$debug,
"up|upstream=i” => \S$extend upstream,
"down | downstream=1i" => \$extend_downstream,
“intervals=s” => \Sexternal intervals,
"header |h” => \Sheader,
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187 die ”"Error: invalid command line options.\n” unless Src;

188 die ”"Error: missing region of interest (example: —region chrX:1000-2000)
.\n” unless S$region;

189 die "Error: external intervals file ($externaliintervals) not found\n” if
defined Sexternal intervals && ! ( —e S$external intervals ) ;

191 set filter region(Sregion);

vl sub set filter region($)

CHE

196 my (Sregion) = shift or carp;

197

198 (Sregion chrom, $region start, S$region end) = Sregion =~ /7 ([\w—1+): (\d+)
—(\d+) $/

199 or die ”Error: invalid region (Sregion), expecting ’'chrX:1000—2000".\n”
200

201 Sregion_end——; #we assume the BED END position is l-based

203 die ”"Error: invalid region ($region), start is bigger than end position.\
n” if ($region start > $region end);

204
205 die ”“Error: invalid region ($region), size (end—start) is zero.\n” if (
Sregion start == S$region end);

w/|  $region size = Sregion end — S$region start + 1;

209 print STDERR ”“Filter region: Sregion chrom:Sregion start—S$Sregion end\n”
if S$debug;

12| =pod
213 small RNA offset counter

215 Copyright (C) 2011 A. Gordon (gordon at cshl dot edu)
216 and F. Muerdter (fmuerdte at cshl dot edu)

218 License: Free for personal / academic / non—commercial use.

220 See related publication:

21 [ Production of artificial piRNAs in flies and mice ]

222 [ Muerdter, F.*, Olovnikov, I.*, Molaro, A.*, Rozhkov, N.V.*, Czech, B
., Gordon, A., Hannon, G.J., Aravin, A.A. ]

23 [ RNA (2012) ]

224 [ doi: 10.1261/rna.029769.111 ]

226 For questions, please contact the corresponding authors:
227 A. A. Aravin, E-mail aaa at caltech dot edu.
28 G. J. Hannon, E-mail hannon at cshl dot edu.

230 When using this script (or derivatives there—of),
231 please cite: [ Muerdter et al., 2012 ]
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| =cut

244

245

246

5| {

sub get next interval()
ny $line = <>;
return () unless defined $line; #End of file ?

chomp $line;

my ($Schrom, $start, S$end, S$name, S$quality, S$strand, @other) =
Sline;

# Do some input validation

split /\t/,

”

die ”Input error: not enough columns in line $. (expecting at least 6 BED
columns)\n” unless defined $strand;
die ”Input error: bad start value (S$start) on line $. (expecting a number
)\n” unless $start =~ /"\d+$/;
die ”“Input error: bad end value ($end) on line $. (expecting a number) \n
unless $end =~ /~\d+$/;
die ”Input error: bad strand value ($strand) on line $. (expecting + or
—)\n” unless S$strand eq ”“+” || $strand eq "—";

my S$multiplicity = 1 ;

#extract multiplicity value from read name
if (Suse multiplity count) {

(undef, Smultiplicity) = $name =~ /7~ (\d+)—([—+]2[0=9]1*\.?2[0—

1[=+12[0-91+)2) 3/
or die ”“Input error: invalid multiplicity value on column
on line 4. (expecting N—M)\n”;

return $chrom, $start, $end—1, S$name, $strand, S$multiplicity;

sub interval in region($$$)

{

my ($chrom, $start, $end) = @ or carp;

return undef unless S$chrom eq $region chrom;
return undef unless $start >= Sregion start;
return undef unless Send <= Sregion_ end;

return 1;

sub initialize empty windows ()

{
S#window positive sequences = S$region size;
S#window negative sequences = $region size;
$#window positive reads = S$region size;
S$#window negative reads = Sregion size;

foreach my $index ( 0 .. Sregion size ) {
Swindow positive sequences([$index] = 0 ;
Swindow negative sequences/[$index] 0 ;
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250 Swindow positive reads[$index] = 0 ;
281 Swindow negative reads[$index]

Il
o

5| sub load external intervals()
6] 1
287 open FILE,”<”,Sexternal intervals

288 or die "Error: failed to open external intervals file (

Sexternal intervals): $!\n”;

289 while ( my $line = <FILE> ) {

290 chomp $line;

91 my ($chrom, $start, $end, S$name, S$quality, S$strand, Qother) = split /\t
/, $line;

293 # Do some input validation

294 die ”“Input error: not enough columns in file S$external intervals line $
(expecting at least 6 BED columns)\n” unless defined S$strand;

295 die ”“Input error: bad start value ($start) in file Sexternal intervals

line $. (expecting a number)\n” unless $start =~ /"\d+$/;

296 die “Input error: bad end value (Send) in file Sexternal intervals line
$. (expecting a number)\n” unless S$end =~ /"\d+$/;

297 die ”“Input error: bad strand value (S$strand) in file

Sexternal intervals line $. (expecting + or —)\n” unless S$strand eq
”4+7 || Sstrand eq "—";

299 my Smultiplicity = 1 ;

301 push @intervals to process, [ S$chrom, $start, $end, Sname, $strand,
Smultiplicity 1 ;

302 }

303 close FILE;

we| sub calculate region coverage ()
s07] {
308 while (my ($chrom, $start, $end, S$name, S$strand, Smultiplicity) =
get next interval()) {

309 $stats lines count++;

310 next unless interval in region($chrom, S$start, Send);

311 $stats_sequences_count++;

312 Sstats reads count+=Smultiplicity;

314 if ( $strand egq "+” ) |

315 Swindow positive sequences([$start — $region start] += 1;

316 Swindow positive reads[$start — Sregion start] += S$multiplicity;
317 } else {

318 Swindow negative sequences[$end — Sregion start] += 1;
319 Swindow negative reads[$end — S$region start] += Smultiplicity;

322 # load the intervals from the same input file used for coverage
calculations
123 if (! defined Sexternal intervals ) {
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360

364

368

369

370

push Q@intervals to process, [ $chrom, $start, Send, $name, $strand,
Smultiplicity 1 ;

sl sub sort intervals to process()

{
## this copmlicated sort function sorts by: Strand [4], then Start[1],

then end [2]

@intervals to process = sort {
( Sa—>[4] ne Sb—>[4] ) ? ( Sa—>[4] cmp $b—>[4] )
(
( Sa—>[1] != Sb—>[1] ) ? ( Sa—>[1] <=> Sb—>[1] )

(
Sa—>[2] <=> $Sb—>[2]
)

);

} @intervals_to_process ;

il sub scan region windows ()

{
## Iterave over every nucleotide in the region
foreach my $interval ref ( Q@intervals to process ) {

my ($interval chrom, $interval start, $interval end,
$interval name, S$interval strand, $interval multiplicity ) = @{
Sinterval ref};

print STDERR “processing interval S$interval chrom:$interval start—
Sinterval end strand Sinterval strand name ’S$interval name’
multiplicity $interval multiplicity\n” if $debug;

my $nuc_position = (( $interval strand eq ”+”) ? S$interval start
$interval end ) — S$region start;

my $genomic nuc position = Sregion start + $nuc position;

##

## Calculate the window around this read (up/down stream is relative
the interval’s strand)

ik
my (Sextended start, S$extended end);
if ( $interval strand eq "+” ) {
Sextended start = Snuc position — $Sextend upstream;
Sextended end = Snuc position + Sextend downstream;
} else {
Sextended start = Snuc position — S$extend downstream;

Sextended end

}
Sextended start = 0 if Sextended start < 0 ;
Sextended end = Sregion size—1 if Sextended end > Sregion size—1;

Snuc_position + $extend upstream;

## Scan the window around (before/after) the nucleotide position
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372 foreach my $window index ( $extended start .. S$extended end ) {
373 my ($Ssequences count same, $sequences_count opposite,
374 $reads_count same, S$reads count opposite, $Soffset);

376 ##

377 ## Find the counts of reads/intervals in this window position

378 # #

379 if ( $interval strand eq "+” ) {

380 $sequences _count same = S$window positive sequences[S$Swindow_ index];
381 $reads count same = Swindow positive reads[S$Swindow index];

382 $sequences count opposite = $window negative sequences|

Swindow index];

383 $reads count opposite = Swindow negative reads[$window_ index];

385 $offset = Swindow_index — $nuc_position ;

386 } else {

387 $sequences count same = $window negative sequences[S$window index];
388 Sreads count same = Swindow negative reads[S$window index];

359 $sequences _count opposite = $Swindow positive sequences|

$window index];

390 $reads_count opposite = Swindow positive reads[$window index];

392 Soffset = Snuc position — $window index;

395 # At offset 0, subtract the current interval from the counts
396 # (only if NOT using external intervals )

397 if ( Soffset == 0 && (!defined $external intervals) ) {

398 $sequences count same —= 1 ;

399 $reads _count same —= Sinterval multiplicity;

+00 }

101

402 if ( $sequences count same != 0 || Sreads count same != 0 ||

403 $sequences count opposite != 0 || $reads count opposite != 0) {

104 print $region chrom, ”\t”,
405 $genomic nuc position, ”\t”,

406 "+, "\t",

407 $nuc_position, ”\t”,

408 Soffset, ”\t”, ## This is the window offset
409 $sequences_count same, ”“\t”,

410 $reads count same, ”“\t”,

H1 $sequences count opposite, ”\t”,
412 $reads count opposite,

413 ”\n”;

One easy way to process the output into more meaningful numbers is grouping by the offset (column

5) and summing up the read count (column 9).

Listing A.8: Process script output for plotting

w‘bed_calculate_offsets.pl —region chrl1:0—2000 —mult —up 20 \
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—down 20 —header INPUT.bed > OUTPUT.txt
sl cat OUTPUT.txt | sed 1d | sort —k5,5 | groupBy —g 5 —c 9 —o0 sum

The resulting offsets and read counts can then be plotted in a bargraph. The y-axis should either
display absolute read counts, or z-scores of offset frequency over the given window. Using z-scores allows

the user to compare offset frequency plots from libraries with different read counts.

A.1.3 Analysis pipeline for the discovery of apiRNAs

The main principles of small RNA library analysis presented in appendix A.1.1 apply equally to the dis-
covery of artificial piRNAs generated from exogenous sequences such as lacZ or GFP (see also chapter
2.1).

The major difference between the analysis of standard small RNA libraries and libraries generated
from flies or mice harboring tagged piRNA clusters, was to take all reads of the library that did not map
to any wildtype chromosome, and map those to the artificially introduced sequences. Each cassette (lacZ,
GFP, etc.) had its own dedicated mapping index (generated with bowtie-build). The standard mapping
subscript was designed in a way that the mapping index was variable, rather than being hard-coded into
the script. Instead, the index was set within the main script and the subscript was invoked repeatedly
after setting and exporting the variable defining the appropriate mapping index. This created output files

specific to each reference sequence, which were then further analyzed with the same subscripts presented

in appendix A.1.1.

Listing A.9: Repeated invocation of the same subscript with different mapping indexes

# set id to genome
2| ID="dm3 genome”
slexport ID

s| # invoke mapping subscript
~/bin/apiRNA pipeline sub/mapping.sh

s| # set id to lacZ
ol ID="1lacz”
10 export ID

| # invoke mapping subscript
5| ~/bin/apiRNA pipeline sub/mapping.sh

5| # set id to GFP
16| ID="GFP"”
7| export ID

vl # invoke mapping subscript
0| ~/bin/apiRNA pipeline sub/mapping.sh

»n|# etc.
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After setting the appropriate index, the same mapping subscript can be called repeatedly.

Listing A.10: An example mapping subscript using variable mapping indexes

#!/bin/sh

# set temporary directory for genome mapping
DIR=S$ (mktemp —d —tmpdir=. —t mapping.XXXXXXX) || exit 1

set —o pipefail
# set the proper mapping index based on the variable ID, set within the
main script

INDEX=~/genomes/"”$SID”

# Map the entire library to the genome, if the ID is set to genome,
# map only non—mapping reads otherwise

if [ $ID == ”dm3 genome” ];
then
DATA="SBASENAME” collapsed.fa
else

DATA=genome non mappers.txt
fi

”

echo ”Mapping with zero mismatches to ”$ID”...
# Map with bowtie, zero mismatches, keep the non—mappers
bowtie —f —v 0 —a —m 1 —p 16 —sam —max ”S$SID” max mappers v0.txt \
—un ”“$ID” non mappers v0.txt \
”SINDEX” "”$DATA” > ”$ID” output vO0.sam \
2> ”SID” mapping results vO0.txt

# clean up temporary directory
rm —r S$DIR || exit 1

A.1.4 Analysis pipeline for RNA-seq data

In general, the subscripts presented in appendix A.1.1 can be used to analyze RNA-seq data. However,
RNA-seq data from total RNA input differs in some ways from small RNA sequencing data. RNA-seq
libraries usually have a higher complexity (more unique sequences per read count), which made collapsing
the library before mapping unnecessary. Also, cDNA from random primed total RNA consists of longer
fragments, lowering the chance of sequencing into the 3’ ligated adapter. This makes clipping of adapter se-
quences obsolete. Depending on the underlying biological question, pair-end sequencing and accordingly
mapping of read mates may be preferable to the single-end read sequencing and mapping demonstrated
in appendix A.1.1. As mentioned previously, the sequenced read may be polymorphic to the reference
sequence, which is why up to two mismatches are commonly allowed in a typical small RNA (~20nt)
read. Given that RNA-seq reads are usually longer when sequenced on Illumina platforms (up to 100nt),

the possibility of more polymorphisms has to be taken into account. A seed and extend strategy (bowtie
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option —n) may be preferable to the mapping strategy used for small RNA reads (bowtie option —v). Also,

different mapping algorithms more sensitive for longer read may be considered (i.e. bowtie2).

After mapping, normalization of read counts is usually not necessary, since downstream applications
such as DESeq (an R package to test for differential expression at the gene level (Anders and Huber, 2010))
use raw read counts for their statistical method. Instead, calculating total read counts mapping to any
genomic feature (provided in a features file in bed or gff format) can be done using available tools such as
htseq-count (available from http://www-huber.embl.de/users/anders/HTSeq/doc/count.
html) or the bedtools package (available from https://code.google.com/p/bedtools/).
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SUMMARY

A large fraction of our genome consists of mobile ge-
netic elements. Governing transposons in germ cells
is critically important, and failure to do so compro-
mises genome integrity, leading to sterility. In ani-
mals, the piRNA pathway is the key to transposon
constraint, yet the precise molecular details of how
piRNAs are formed and how the pathway represses
mobile elements remain poorly understood. In an
effort to identify general requirements for transposon
control and components of the piRNA pathway,
we carried out a genome-wide RNAi screen in
Drosophila ovarian somatic sheet cells. We identified
and validated 87 genes necessary for transposon
silencing. Among these were several piRNA biogen-
esis factors. We also found CG3893 (asterix) to be
essential for transposon silencing, most likely by
contributing to the effector step of transcriptional
repression. Asterix loss leads to decreases in
H3K9me3 marks on certain transposons but has no
effect on piRNA levels.

INTRODUCTION

Transposable elements populate virtually every eukaryotic
genome. Although their presence can impart some benefits,
when not properly controlled, transposons can compromise
the genomic integrity of their host and its offspring. Hence, in
all higher animals there are control mechanisms in place that pre-
vent wholesale transposon mobilization (Malone and Hannon,
2009).

In Drosophila, the principal pathway that protects the inherit-
able genome is comprised of a catalog of small RNAs that
interact with an animal-specific clade of Argonaute family pro-
teins: the Piwi proteins (Ishizu et al., 2012). This pool of Piwi-in-

teracting RNAs (piRNAs), which contains millions of distinct
sequences bearing homology to transposable elements, func-
tions as a molecular memory of transposon identity (Brennecke
et al., 2007). Using their bound piRNAs as a guide, Piwi proteins
(Piwi, Aubergine, and Argonaute 3) recognize and silence their
targets. Failure of this pathway leads to defects in germline
development and to sterility (Khurana and Theurkauf, 2010).

Genetic studies have uncovered a number of loci that are
essential for the proper function of the piRNA pathway. Besides
the core proteins of the Piwi clade, flamenco has long been impli-
cated in transposon control. This discrete locus on the X chro-
mosome of Drosophila was found to be a major determinant
for silencing of the retroelement gypsy almost two decades
ago, though its underlying molecular nature remained myste-
rious (Bucheton, 1995). Sequencing small RNAs bound to Piwi
proteins and mapping these sequenced reads back to the
genome revealed the true nature of the flamenco locus. Rather
than being a protein coding gene, the flamenco transcript is
the precursor to the majority of piRNAs expressed in the follicle
cells of the ovary (Brennecke et al., 2007). This and other sites of
abundant piRNA generation were termed piRNA clusters. What
mechanisms mark flamenco and other cluster transcripts for
processing into piRNAs remains largely unclear. Several studies
have shed some light on this topic by identifying some of the pro-
tein factors that play a role in piRNA cluster transcription and
transport. Rhino and Cutoff, as well as histone methylation
marks deposited by Eggless (EGG), are necessary for cluster
transcription (Klattenhoff et al., 2009; Pane et al., 2011; Rangan
et al., 2011). In addition, UAP56, a helicase implicated in splicing
and RNA export, was found to bind a germline piRNA cluster
RNA and may escort the transcript from the nucleus to the nuage
for processing (Zhang et al., 2012). Intriguingly, Rhino, Cutoff,
and UAP56 all were reported to be specific to germline piRNA
clusters, leaving factors involved in somatic cluster determina-
tion a mystery.

Mutagenesis screens for sterility phenotypes in Drosophila
also highlighted factors that later were found to be elements of
the piRNA pathway (Schiipbach and Wieschaus, 1989, 1991).
Molecular analyses have begun to place these factors at specific
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steps of the pathway, such as being required during the initiation
and biogenesis phase or during the effector phase and silencing
of transposons. However, very little is known about specific
biochemical functions or enzymatic activities of the proteins
that act at each step. One major insight came from the discovery
of a trimming activity in insect cell lysates that shortens the 3’ end
of putative piRNA precursors to their mature length (Kawaoka
et al., 2011). However, the protein responsible for this activity re-
mains unknown. Biochemical and structural studies of Zucchini
(ZUC), which was previously implicated in the piRNA pathway,
suggest it as a promising candidate for the nuclease that creates
the 5’ ends of primary piRNAs (Ipsaro et al., 2012; Nishimasu
et al., 2012). Whether Zucchini and a trimming enzyme together
comprise the complete primary biogenesis machinery or other
endo- or exonucleolytic cleavage events create intermediates
that are further matured remains unknown.

Another enigmatic aspect of the pathway is precisely how
Piwi-piRNA complexes silence their targets. In the case of so-
matic cells of the ovary, it has become clear that control of trans-
posons occurs at the transcriptional level through Piwi-directed
deposition of epigenetic marks. Recently, three conclusive
studies showed that, upon Piwi depletion, transposons engage
in active transcription and show a depletion of H3K9 trimethyl
(H3K9me3) (Le Thomas et al., 2013; Rozhkov et al., 2013; Sienski
etal., 2012). In one of these studies, the authors place Maelstrom
(MAEL) at the effector step of transcriptional repression (Sienski
et al., 2012). Interestingly, loss of mael derepresses transposons
without preventing H3K9me3 deposition, indicating that this
modification may not be the definitive silencing mark. What the
final silencing mark may be, and which proteins are responsible
for establishing repressive chromatin marks over transposons,
has yet to be determined.

Much of what has been learned of the piRNA pathway that
operates in follicle cells relied on the use of a cultured ovarian
somatic sheet (OSS) cell line (Niki et al., 2006). This cell
line expresses microRNAs (miRNAs), endogenous small inter-
fering RNAs (endo-siRNAs), and piRNAs (Lau et al., 2009; Saito
et al., 2009). With an active siRNA and primary piRNA pathway
in place, genetic requirements for primary piRNA biogenesis
and transposon silencing can be investigated.

Here, we describe a genome-wide screen that builds a foun-
dation for addressing many open questions relevant to piRNA
biogenesis and effector functions. By individually assaying
more than 41,000 long, double-stranded RNAs (dsRNAs), target-
ing every annotated gene in the Drosophila genome, and exam-
ining their effect on transposon expression levels, we describe a
comprehensive genetic framework for transposon control. We
reveal piRNA biogenesis factors and place proteins, which to
our knowledge have not been implicated in the piRNA pathway,
at the effector step.

RESULTS

An RNAi Screen for Elements of the Somatic piRNA
Pathway

In order to assay transposon derepression upon knockdown (KD)
of any given target gene, we established a sensitive assay for
gypsy messenger RNA (mRNA) levels. Based on quantitative
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PCR (gPCR) with hydrolysis probes (TagMan), this assay specif-
ically detects the spliced subgenomic transcript of the retrotrans-
poson (Figure 1A). The expression of this transcript is known to
be highly sensitive to disruption of the piRNA pathway, even
more so than its unspliced counterpart (Pélisson et al., 1994).

Knockdown of target genes was accomplished by transfecting
dsRNAs from two independent genome-wide libraries with a
total of 41,342 dsRNAs. The average count of dsRNAs per
gene was 2.28, targeting 13,914 genes with valid IDs in FlyBase
(McQuilton et al., 2012). Additionally, the two libraries contained
1,045 negative controls, 2,097 dsRNAs without an annotated
target, and 2,301 dsRNAs targeting the Heidelberg collection
of predicted genes.

We transfected OSS cells with individual dsRNAs in 48-well
plates, lysed the cells 5 days later, and used the lysate for reverse
transcription (Figure 1A). The gPCR results were normalized to
their respective plate using Z scores (Ramadan et al., 2007). As
a secondary metric, we calculated the fold change in relation to
the median. The knockdown of piwi in this setting led to a gypsy
mRNA signal that was detectable by gPCR much earlier than the
average of the plate. In four biological replicates of piwi knock-
down, the average normalized signal for gypsy was almost
5 SDs away from the median of its plate (Figure S1A). Hence,
our assay for transposon derepression is both sensitive and
robust, at least given that the RNA interference (RNAI) trigger is
of good quality. When comparing several independent dsRNAs,
we saw that there was considerable variance in this respect.
dsRNAs against known components of the pathway, such as ar-
mitage (armi), led to consistent derepression of gypsy; however,
levels varied from 25- to 70-fold (Figure S1B). Since we assayed
several dsRNAs against each annotated gene, we felt confident
that the majority of pathway components could be identified.

Out of 41,342 tested dsRNAs, 33,780 met our criteria for inclu-
sion in our analysis; of these, 320 dsRNAs met the criteria for pri-
mary hit selection (Figure 1B and Table S1). Included in this list
were 18 dsRNAs without annotated targets, which were disre-
garded. All genes that were previously implicated in gypsy con-
trol were outliers in the primary screen (Figure S1B). Knockdown
of pathway components such as capsuleen, heni, egg, or
squash was not expected to cause strong gypsy derepression
based on existing literature and indeed did not cause derepres-
sion of gypsy in our assay (Olivieri et al., 2010; Rangan et al.,
2011). After choosing Z score and fold change cutoffs for hit se-
lection based on 217 green fluorescent protein (GFP) negative
controls, only 3 out of 645 (0.5%) additional negative controls
scored as weak hits (Figure S1C).

To ask whether genes that affect transposon control show
preference toward specific annotation groups, we performed
functional enrichment analysis on our primary data set. After mul-
tiple testing correction, 215 functions were associated with trans-
poson silencing (corrected p < 0.05), many with strong potential
relevance and very significant enrichment (the top 20 functions
have a corrected p < 1 x 10~%; Table S2). Among the most signif-
icant, we find expected cellular components like the Yb body, but
also more surprising functions like regulation of growth of symbi-
ont in host. While genes implicated in the piRNA pathway drive
several of these enrichments, all scoring highly in the primary
screen, our candidate hits intersect with these in some of the
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A Figure 1. A Genome-wide RNAi Screen for
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enriched functions. For example, under dorsal appendage for-
mation, smt3 (SUMO) joins armi and zuc (Nie et al., 2009). Further
work will be necessary to determine to what extent these unex-
pected intersections relate to biologically relevant connections.

Next, we compared protein interaction data to the full-ranked
fold change list. For every gene in the genome, the degree to
which that gene’s interaction partners scored highly in the fold
change list was measured (as receiver operating characteristics
[ROC]). Of the top 20 genes with interaction partners significantly
elevated in the fold change list, 18 are annotated as belonging to
the proteasomal complex (which had 65 genes in total). This
observation was remarkably significant (p < 1 x 1074 after
multiple testing correction), which may be due partially to the
correlated interaction profiles of the proteasome complex. The
two remaining genes not belonging to the proteasomal complex
were bx42, a homolog of mammalian Skip (SKl-interacting pro-
tein), a protein implicated in splicing, and calypso, a histone 2A
deubiquitinase (Makarov et al., 2002; Scheuermann et al.,
2010). Both genes are highly expressed in ovaries, according
to the modENCODE tissue expression data. Whether their inter-
action with particularly high scoring genes is indicative of any
regulatory function remains to be tested.

In Vivo Validation of Primary Hits
We obtained 328 fly lines from the Vienna Drosophila RNAi Cen-
ter (VDRC) containing inducible hairpin RNAs (hpRNAs) against

288 of our primary hit candidates (DietzI

etal., 2007). When crossed to females ex-

pressing a follicle cell-specific Gal4 driver
(traffic jam), these hpRNAs can effectively knock down any given
target gene within the same expression domain (Tanentzapf
et al., 2007). Using hpRNAs against aub as a negative control,
we observed highly significant changes in gypsy expression by
gPCR when knocking down armi (Figure S2A). We confirmed
the effect on the piRNA pathway by measuring two additional
transposons, ZAM and gypsy3. All known pathway components
that were identified as primary hits were validated using this
approach except for Piwi, which showed developmental defects
upon knockdown (Figure S2B). Harnessing this in vivo system,
we validated 87 out of the 288 primary hit candidates (Figure 2A
and Table S3). In order to be considered as validated, knock-
down of the target gene had to result in upregulation of gypsy
or ZAM by at least 2-fold. For crosses with male flies originating
from the GD library (first generation) from VDRC, we used ZAM
as a metric; for the KK library (second generation) we measured
gypsy levels. This decision was based on the finding that nega-
tive controls from the GD library already showed higher basal
levels of gypsy subgenomic transcript when compared to the
KK library negative controls (Figures S3A-S3C).

Out of the 288 candidate hits, knockdown of 52 genes,
including Piwi, led to such severe developmental defects that
dissection of ovaries and confirmation of the initial screen result
was not possible. However, several arguments can be made that
this category harbors a substantial number of true hits. First, the
genes in this category had an average gypsy fold change of 5.8 in
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the primary data set, as compared to 3.3 for the primary hits that
failed secondary validation. This average fold change was even
higher than the validated subset (5.1-fold). Since primary fold
changes as well as Z scores are a function of precision (the likeli-
hood of a primary hit to be validated), this is indicative of the bio-
logical relevance of these hits (Figure S2C). Second, while the
nonvalidated genes had a representation count in the dsRNA
libraries of 2.84, the developmental defect set had a count of
2.42, which is significantly different for the two sets (p
0.0035, Wilcoxon test). Thus, the genes of the developmental
defect category were disadvantaged according to their annota-
tion class with respect to their possibility to be a primary hit by
chance in comparison to the candidates that failed validation,
yet they had a much higher average fold change.

Both the validated and developmental defect sets were signif-
icantly enriched for genes with higher expression levels in
ovaries as compared to whole fly (Figure 2B). While knockdown
of genes within the nonvalidated category only led to sterility of
9% of the crosses, the fraction was 16% for the validated and
94% for the developmental defect set (Figure 2C). The extreme
phenotypes we observe in the developmental set could imply
more generic functions for these genes than simply action in
the piRNA pathway. Indeed, around 90% have an average of
17 physical interactors, which is significantly higher than the
other categories (Figure 2D).

When ranked by their fold changes in the validation screen, the
majority of the somatic piRNA pathway components were
among the strongest hits (Table 1). However, genes that, to our
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Figure 2. Primary Candidates Were Vali-
dated In Vivo

(A) The number of hit candidates that validated (va)
or did not validate (nv) in vivo is shown. Genes that
caused severe developmental defects upon
knockdown and therefore could not be assayed
are also indicated (dd). A full list of validated fly
lines and corresponding transposon derepression
information is available in Table S3.

(B) Validated hits are preferentially expressed in
ovaries. The percentage of genes that are enriched
in ovaries compared to whole fly is shown for the
three categories. These data are based on mMRNA
signals on Affymetrix expression arrays available
from FlyAtlas (Chintapalli et al., 2007).

(C) The fraction of genes causing sterility upon
knockdown is shown. Each small box represents
one gene, with blue and red indicating if flies were
fertile or sterile, respectively, upon knockdown.
(D) The degree to which a gene may represent a
node in a network in each of the classifications was
measured by the number of physical interactors.
Interaction data from BioGRID was used for this
analysis (Breitkreutz et al. 2008).

(E) Components of the Drosophila sumoylation
pathway, the nonspecific lethal complex, and
proteins involved in nuclear export are primary hits
that validate in vivo. WAH could not be validated
in vivo because no RNAI fly was available at the
time of submission (red asterisk). The text coloring
of each gene indicates the result of the validation
screen and is consistent with the categories in (A).
See also Figure S2.
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knowledge, have not been implicated in the pathway, scored
highly as well. nxt1, a nuclear export factor, ranks first with gypsy
levels almost 2,500-fold higher than the negative control (Fig-
ure 2E) (Herold et al., 2001). In addition, depletion of NXT1 also
led to sterility. Knockdown of the RNA helicase uap56, which
acts in the same export pathway (Herold et al., 2003), showed
derepression of gypsy of up to 8-fold in the primary screen. First
implicated in splicing, uap56 was recently shown to be involved
in transport of the primary piRNA transcript of dual-stranded
clusters to the nuclear pore (Zhang et al., 2012). The knockdown
of uap56 in follicle cells affected germline development to such
an extent that in vivo verification of the primary screen results
was not possible. We were able to validate another mMRNA export
factor, nxf2, which interacts with nxt7 (Table S3) (Herold et al.,
2001).

NXT1 was previously reported to affect interactions with the
nuclear pore complex as well (Lévesque et al., 2001). Hence,
the presence of several nuclear pore components within the
top 20 hits is not surprising: both nup154 and nup43 knock-
downs caused similar derepression of gypsy (Table 1). Addition-
ally, NUP154-deficient flies were sterile in our assay.

Another two genes ranking among the top 10 are uncharacter-
ized as of yet: CG3893 and CG2183. CG3893 shows homology
to mammalian GTSF1. Even though no direct link to the piRNA
pathway has been shown, this germline-specific factor also
seems to be indispensible for transposon control in mice (Yosh-
imura et al., 2009). CG2183 is predicted to be a homolog of
GASZ. This protein was previously implicated in the piRNA
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Table 1. Top 20 Validated Hits

Primary Screen  Validation Screen Fold

Average Fold Change
FlyBase ID Symbol Change Gypsy Zam  Gypsy3 Fertility Comments
FBgn0028411  nxt1 2 2452 3566 41 - Involved in mRNA export from nucleus
FBgn0000928 fs(1)Yb 11 96 700 335 + pPiIRNA pathway component
FBgn0041164  armi 48 197 846 112 + PiIRNA pathway component
FBgn0261266 zuc 19 809 549 9 + pPiRNA pathway component
FBgn0263143  vret 4 74 315 22 + piRNA pathway component
FBgn0036826 CG3893 (asterix) 42 80 207 10 + Contains two CHHC zinc fingers
FBgn0016034 mael 3 159 452 16 + pPiIRNA pathway component
FBgn0033273 CG2183 4 173 158 11 + Fly homolog of GASZ
FBgn0029800 /in-52 5 153 153 8 + dREAM complex subunit
FBgn0038016 MBD-R2 16 85 48 4 + NSL complex subunit
FBgn0029113  uba2 3 84 12 8 + Sumoylation E1 ligase
FBgn0034617 CG9754 2 26 61 14 + No conserved domains
FBgn0027499 wde 3 40 120 12 + Cofactor of Eggless
FBgn0021761 nup154 6 30 186 3 - Structural constituent of nuclear pore
FBgn0003612  Su(var)2-10 2 9 20 4 - dPIAS, putative SUMO E3 ligase
FBgn0001624  dig1 2 16 2 1 + Guanylate kinase
FBgn0003401 shu 7 14 416 1 + piRNA pathway component
FBgn0038739 CG4686 4 13 1 + Part of ribokinase/pfkB and DUF423 superfamilies
FBgn0038609 nup43 3 12 3 1 + WDA40-repeat-containing domain
FBgn0038925 cchl 0 12 2 - Cytochrome ¢ heme lyase

pathway in mice (Ma et al., 2009) and has now been validated as
a piRNA pathway component in flies (Czech et al., 2013).

smt3 (SUMO), which was one of the highest scoring genes in
the primary screen, could not be validated in vivo because of
developmental defects that occured upon knockdown (Talamillo
et al., 2008). However, the depletion of its E1 activating enzymes
AOS1 and UBA2 caused consistent transposon derepression in
the validation screen (Table 1 and Figure 2E). Knockdown of the
E2 conjugating enzyme lesswright also caused developmental
defects and could not be validated.

Another notable validated hit is windei (wde), which was previ-
ously reported as a cofactor of EGG in H3K9 trimethylation (Koch
etal., 2009). While EGG depletion had no effect on gypsy expres-
sion in our assay, knockdown of wde caused derepression of
gypsy, although to a lower extend than ZAM (Table S3).

Additionally, two genes involved in transcriptional regulation
were identified. MBD-R2 is part of the nonspecific lethal complex
(Figure 2E) (Raja et al., 2010). All members of this complex
except for rcd1 scored in the primary screen. lin-52, which is
part of the dREAM transcriptional regulator complex, also
scored highly with gypsy and ZAM (Lewis et al., 2004).

Characterization of Newly Described piRNA Pathway
Components

In order to place some of the validated hits at particular steps
within the piRNA pathway, we constructed RNA sequencing
(RNA-seq) libraries from ovaries of biological replicates of
tj-Gal4-driven hpRNA crosses. Mapping RNA-seq reads to
transposon consensus sequences revealed the same levels of

gypsy and ZAM derepression observed by gPCR (Figure 3A).
When analyzed on a global scale, mainly transposons dominant
within the somatic compartment of the ovary reacted signifi-
cantly to the respective knockdown of the target gene in a
tj-Gal4-dependent manner (false discovery rate [FDR] < 0.05)
(Malone et al., 2009). Transposons like HeT-A, roo, or Rtib,
which were previously shown to be germline dominant, did not
change expression levels (Figure 3A) (Malone et al., 2009). The
patterns of derepression that we observed in knockdowns of
known components of the pathway (armi and mael) remarkably
resembled those observed in CG3893 and wde knockdown.
We observed a similar behavior of CG3893 and known piRNA
pathway components in their impacts on the expression of pro-
tein coding genes. While proteins like NXT1 or UBA2, with poten-
tially more general functions beyond the piRNA pathway,
impacted the expression of hundreds to thousands of genes,
this was not the case for ARMI, MAEL, or CG3893, which
show effects that are much more restricted to transposon tran-
scripts (Figure 3B). We interpreted these results as an indication
that CG3893 might act specifically within the piRNA pathway.
We further annotated validated hits based upon their impacts
on piRNA levels. Interestingly, we saw a substantive drop in the
abundance of piRNAs uniquely mapping to the soma-dominant
flamenco piRNA cluster in the nxt1, uba2, and wde knockdowns
(Figure 4A). To avoid skewing this result based on normalization
to a piRNA-producing locus, which theoretically should not
change in soma-specific knockdowns (i.e., cluster 1/42AB), we
examined the rankings within each library of piRNA clusters
based on the overall abundance of corresponding piRNAs. Given
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that we only knock down each gene in the somatic compartment,
only clusters within that expression domain (i.e., flamenco)
should change their ranking. Validating this approach, we
observed that in the armi knockdown, flamenco was the tenth
most abundant cluster while it was the third most abundant in to-
tal RNA libraries from negative-control ovaries. Conversely, 42AB
and X-upstream (cluster 20A) remained at the top of the list in all
tested knockdowns (Figure 4B). The two genes that mirrored armi
are nxt1 and uba2. wde and lin-52 showed changes in flamenco
piRNAs that altered its ranking, but not to the same extent. In
none of the knockdowns did the length profiles of the remaining
piRNAs from flamenco change (Figure 4C). When compared to
their negative controls, piRNA levels did not change in the mael
and CG3893 knockdown. The same conclusions could be drawn
when mapping to transposons consensus sequences: antisense
populations of piRNAs with homology to soma-dominant trans-
posons showed severe reductions in the nxt1, uba2, and wde
knockdowns, which resembled patterns seen for the biogenesis
factor armi (Figure 4D). Depletion of mael, lin-52, or CG3893 did
not show the same effect. Intriguingly, in the case of lin-52 this
did not coincide with the effects seen for flamenco mappers.
None of the assayed knockdowns showed any changes in
mature miRNA levels, indicating that the observed effects were
specific to the piRNA pathway and not a general trend of all small
RNA populations (Figure S4).

CG3893 Is Indispensible for Transposon Silencing in the
Germline

piwi and mael have recently been shown to silence transposons
in the somatic compartment of the ovary through effects on
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Figure 3. RNA-Seq Shows Changes in Gene
and Transposon Expression upon Knock-
down of Top Candidates In Vivo

(A) A subset of somatically expressed transposons
is derepressed in the indicated KD. The classifi-
cation of transposons according to Malone et al.
(2009) is indicated in orange (germline dominant),
gray (intermediate), blue (soma dominant), and
black (unclassified). The absolute abundance of
reads in control knockdown mapping to each
transposon is shown in shades of gray. The log2
fold change of each target gene versus a negative
control (aub) is shown. Color of the bars represents
the significance of these fold changes and is indi-
cated as an adjusted p value (FDR). Green in-
dicates highly significant differences (p < 0.05),
yellow indicates moderately significant changes
(0.05 < p < 0.1), and red indicates nonsignificant
changes (0.1 < p < 1) based on two biological
replicates. Each knockdown is normalized to aub
knockdown controls from their corresponding li-
brary (GD or KK). For differences in transposon
abundance levels between both aub controls see
Figure S3.

(B) The number of genes differentially expressed
(adjusted p < 0.05) in each knockdown with
respect to the control is shown. Green bars indi-
cate the number of genes that have higher
expression levels in the knockdown fly line, while
red bars designate the number of genes with
higher levels in the aub negative control.
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transposon transcription (transcriptional gene silencing or TGS)
(Le Thomas et al., 2013; Rozhkov et al., 2013; Sienski et al.,
2012). CG3893, displaying patterns in global transposon dere-
pression similar to mael and unaffected mature piRNA popula-
tions, appeared to be a promising candidate for a pathway
component acting at the TGS effector step.

CG3893, a ~20 kDa protein, is a member of a family of proteins
with unknown function (UPF0224), characterized by the pres-
ence of highly conserved zinc finger domains (Figure 5A). All
five proteins of this family are weakly expressed in OSS cells
and show germline-specific moderate to high expression in the
ovary (Figure 5B, modENCODE tissue expression data [Graveley
et al., 2011]). Out of all five members of the family, only CG3893
showed strong effects on transposon mRNA abundance when
knocked down in OSS cells (Figure 5C).

In order to obtain an additional model for a loss of function of
CG3893, we searched for available transposon insertion lines.
We investigated two available lines (204406, Kyoto Drosophila
Genetic Resource Center [DGRC]; 22464, Bloomington
Drosophila Stock Center at Indiana University). Line 204406
has a P element insertion into the first exon of CG3893, disrupt-
ing its N-terminal CHHC zinc finger domain (Figure S5A).
Consistent with the insertion site, we identified truncated
CG3893 mRNAs by RNA-seq in libraries from homozygous an-
imals. The levels of CG3893 mRNA expression were also
reduced in animals homozygous for this mutation when
compared to heterozygous siblings. The results obtained by
RNA-seq were confirmed by gPCR (Figure S5B). The second
line (22462) has a P element insertion upstream of the first
exon in either the promoter or the 5 untranslated region



Please cite this article in press as: Muerdter et al., A Genome-wide RNAi Screen Draws a Genetic Framework for Transposon Control and Primary
pPIRNA Biogenesis in Drosophila, Molecular Cell (2013), http://dx.doi.org/10.1016/j.molcel.2013.04.006

Molecular Cell
A Genome-wide Screen for piRNA Pathway Components

A B
flamenco mappers Rankings by abundance
O,
KD/control [%] germline soma
0 50 100
-KD: 42AB X-up  flamenco
control ] 1 2 3
armi | 1 2 10
mael | 1 2 3
CG3893 | 1 2 4
nxt1 | 1 2 10
uba2 . 1 2 10
wde I 1 2 6
lin-562 | 1 2 9
D
Aub (KK) armi mael CG3893 nxt1 uba2 wde
I 0 o I ! !
N - ! I u O o
L] 1 o I m o i
gosy I W I [ i 1 I
gpsys ] = I I [ E
HMS-Beagle2 [ | H | | | 1 |
[ ! I I \ I
Re2-element [______| 1 1 | | | |
] = I \ I o i
Tabor [ | ® | | | | -
ZAM [ ] . | I | | |
abundance log2
in control KD  KD/control
[—

0 >10k -2 2

(UTR) of CG3893. Our RNA-seq data in control flies indicated a
slightly extended CG3893 transcript when compared to the
gene model presented in FlyBase. Even though this insertion
is not in any coding sequence, the observed phenotypes
were severe: homozygous females were completely sterile
and characterized by a complete absence of ovarian struc-
tures. This correlated with undetectable levels of CG3893 tran-
script when assayed by gqPCR, indicating a complete loss of
function (Figure S5B). The phenotypes observed in females ho-
mozygous for the first insertion (204406) were milder, with
ovaries developing to a rudimentary stage (Figure 5D). Never-
theless, this potentially hypomorphic mutation caused females
to be sterile, demonstrating the negative impact of the insertion
on CG3893 function.

According to our current model of transposon silencing as a
nuclear phenomenon, effectors at this step are expected to be
nuclear as well. The mouse homolog of CG3893, Gtsf1, is re-

1500
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(A) Percentages of total unique mappers (sense
species, >23 nt) to flamenco in each knockdown
(as indicated) in relation to the control knockdown
are shown.
(B) The internal rankings for three representative
pPiRNA clusters based on their representation in
piRNA populations are displayed. Expression bias
toward either domain (soma or germline) is indi-
cated. Cluster definitions are in concordance with
Brennecke et al. (2007).
(C) The size profiles of piRNAs mapping in sense
orientation to flamenco in each knockdown (as in
[A]) are plotted as total read count per million
genomic mappers. As a control, we show that
levels of microRNAs do not change in knockdowns
versus negative control (Figure S4).
(D) piRNAs mapping to a subset of somatically
expressed transposons are reduced when gene
expression of a subset of top hits is disrupted. The
classification of transposons according to Malone
et al. (2009) is indicated in orange (germline
dominant), gray (intermediate), blue (soma domi-
nant), and black (unclassified). The absolute
abundance of antisense piRNAs in an aub control
) mapping to each transposon is shown in shades of
lin-52 gray. The log2 fold change of each target gene
| versus a negative control is shown. See also
Figure S4.

et
et

reads per million genomic mappers

T TN
T T
T TP
ewennttllee

ported to be mainly cytoplasmic in adult
testes (Yoshimura et al., 2007). However,
when overexpressed in OSS cells, GFP
fusion proteins of CG3893 colocalized
with Piwi in the nucleus (Figure 5E).

Our results to this point demonstrated
the involvement of CG3893 in the somatic
compartment of the ovary. In order to
investigate its role in all tissues of the
female germline, we generated RNA-seq
and small RNA libraries from females heterozygous and homozy-
gous for the exonic P element insertion. RNA-seq revealed a
remarkable change in global transposon expression. Almost all
classes of annotated transposons populating the Drosophila
genome, except for the P element itself, showed upregulation
in homozygous females when compared to their heterozygous
sisters (Figure 5F). This derepression effect was equally strong
for germline- and soma-dominant transposon classes. Yet,
when mapping antisense piRNA reads to transposon consensus
sequences, we see no change in the homozygous animals
(Figure 5G).

Three recent publications demonstrate not only that piRNA-
mediated transposon silencing is a nuclear phenomenon
occurring through TGS, but also that it acts through deposition
of silencing H3K9 trimethyl marks on active copies of
transposons (Le Thomas et al., 2013; Rozhkov et al., 2013;
Sienski et al., 2012). Given its potential involvement in this
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Figure 5. Disruption of CG3893 Function Has a Severe Impact on Transposon Silencing
(A) The five members of the Drosophila uncharacterized protein family UPF0224 and their domain structures are diagrammed. The conserved domains are
highlighted as colored boxes.
(B) All five family members are weakly expressed in OSS cells. piwi and ago3 expression levels are shown for comparison. Expression levels are based on the
modENCODE cell line expression data and are displayed as reads per kilobase per million mapped reads (rpkm).
(C) CG3893, but no other members of its protein family, has a strong impact on transposon silencing upon knockdown in OSS cells. Effects of knockdown of ago3
and piwi are shown for comparison. Numbers represent fold changes of gypsy levels with respect to the median fold change of the corresponding plate in the
primary screen.
(D) The ovarian morphology of flies heterozygous or homozygous for a P element insertion in CG3893 is shown (204406, Kyoto DGRC). For a more detailed view of
the insertion and expression levels see Figure S5.

(legend continued on next page)
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step, we investigated the effects of CG3893 disruption on
this histone mark by performing chromatin immunoprecipita-
tion sequencing (ChlP-seq) analysis for H3K9me3 in ovaries
from heterozygous and homozygous females. Strikingly,
homozygous females showed a marked reduction of
H3K9me3 levels over a subset of peaks identified in hetero-
zygous animals. These differential peaks overlapped with full-
length insertions of both germline- and soma-dominant trans-
posons while neighboring peaks over transposon fragments
did not change (Figure 5H; fragments correspond to accord?2
and diver, center panel). We also observed the same changes
when we mapped to consensus sequences of the correspond-
ing transposon families, thereby aggregating signal from all
genomic insertions (Figure 5H). We found that 75% of all
peaks showed lower levels of H3K9me3 deposition in
homozygous flies, with 28 peaks exhibiting a reduction to
less than 50% of the read density compared to heterozygous
siblings (Figure S5C). These peaks corresponded mostly to
retrotransposons (LTR, LINE), while none of the peaks over
DNA elements were affected. However, the loss of H3K9me3
in homozygous mutant animals was not exclusive to transpos-

ure S5D). Our RNA-seq data were in
accordance with this finding: the
C@G8964 transcript was increased ~26-
fold in homozygote versus heterozygote
flies. Whether this effect is due to effects
on a transposon insertion within its
genomic locus or within another gene
that controls CG8964 expression, or
whether this represents a piRNA-inde-
pendent function of CG3893, remains
to be seen. Because of its small size,
yet powerful role in transposon silencing, we name CG3893
asterix (arx).

DISCUSSION

We are just beginning to understand the precise molecular steps
necessary for piRNA biogenesis and successful silencing of
transposons. In an effort to shed light on all aspects of the
pathway, from piRNA biogenesis to the effector mechanisms
of transposon control, we performed an unbiased, genome-
wide RNAi screen in cultured ovarian somatic cells. The primary
in vitro screen proved to be a robust and specific assay for trans-
poson derepression, with all expected piRNA components
scoring strongly. To assess the validity of the primary data set,
we tested our top candidate hits for effects in vivo. In order to
make this resource more accessible to the scientific community,
we created a web resource with all primary and validation data
points (http://somatic-pirnascreen.cancan.cshl.edu/).

Within our list of 87 validated genes, we have promising can-
didates for filling almost every gap in our current understanding
of the piRNA pathway (Figure 6). For example, the identified RNA

(E) Tagged CG3893 colocalizes with Piwi in the nucleus of OSS cells when overexpressed in transient transfections. Nuclear Hoechst staining is blue, GFP-tagged
CG3893 is green, and red fluorescent protein (RFP)-tagged Piwi or ANT-Piwi is shown in red (Saito et al., 2009).

(F) Transposons are highly upregulated upon disruption of CG3893 in the P element insertion line. A scatter plot of reads per million (rpm) is shown for RNA-seq of
heterozygous versus homozygous flies. Each dot represents one transposon consensus sequence. Only sequences mapping in the sense orientation are taken

into account.

(G) piRNA levels are not affected by CG3893 disruption. The number of piRNA reads mapped to the same transposon consensus sequences as in (F) is expressed

in reads per million.

(H) Levels of H3K9me3 decrease dramatically on a subset of transposons upon depletion of CG3893. Density plots for normalized H3K9me3 ChlIP-seq reads over
three transposons, gtwin, gypsy, and Het-A, are shown. Yellow distributions correspond to levels in heterozygous flies, and blue distributions correspond to the
homozygous state. The upper box shows three distinct genomic peaks over transposon insertions; the lower box shows the corresponding consensus
sequences. For all identified H3K9me3 peaks and their read densities see Figure S5C.
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export factors and nucleoporins could act in the export of pri-
mary cluster transcripts to the cytoplasm. We also identify genes
that are likely to affect transcription of these piRNA precursors.
WDE was shown to be a cofactor of eggless, a gene required
for transcription of clusters (Koch et al., 2009; Rangan et al.,
2011). While depletion of EGG did not result in mobilization of
gypsy (as previously shown), wde knockdown led to high levels
of gypsy expression, hinting toward a role for WDE independent
of EGG. lin-52 was previously described as a transcriptional acti-
vator of Piwi (Georlette et al., 2007). However, Li et al. (2013)
recently showed that A-MYB, which provides activity ortholo-
gous to the dREAM complex in mice, controls the expression
of key pathway components as well as piRNA precursor
transcripts.

Following nuclear export, piRNA precursors have to be further
processed by an endonuclease to create the 5’ end of the mature
piRNA. ZUC, which was recently shown to be a cytoplasmic, sin-
gle-stranded RNA-specific endonuclease, is the most likely
candidate for this function (Ipsaro et al., 2012; Nishimasu et al.,
2012). The fact that we do not identify any other annotated endo-
nuclease with comparable derepression phenotypes in our
screen supports the role for ZUC in this step. Ribonuclease
(RNase) P and RNase Z, both endonucleases implicated in trans-
fer RNA (tRNA) processing, did score in the primary screen but
could not be validated in vivo because of their severe develop-
mental defects (Dubrovsky et al., 2004; Frank and Pace, 1998).
After 5 end formation and loading into Piwi, each piRNA is
proposed to be further trimmed to its mature length. The only
genes exhibiting exonuclease activity and scoring highly in our
screen were csl4 and rrp6, both components of the exosome
(Andrulis et al., 2002). However, neither of the two genes could
be validated in vivo due to arrested gonadal development in
knockdowns.

Transcriptional silencing of transposons through Piwi is a
nuclear process, and previous data have demonstrated that
unloaded Piwi remains in the cytoplasm (Saito et al., 2010).
One protein possibly involved in reimportation of loaded Piwi is
Karybeta3, a homolog of Importin 5 (Mosammaparast and Pem-
berton, 2004), which emerged as a hit from our screen.

Upon reentry into the nucleus, Piwi is able to recognize tran-
scription of active transposons through its bound piRNA and
consequently silence them (Le Thomas et al., 2013; Rozhkov
et al., 2013; Sienski et al., 2012). So far, only Piwi itself and
MAEL have been implicated in this step. With Asterix, we present
a component of the nuclear piRNA silencing machinery that is
indispensible for transcriptional repression. However, even
though we see lower levels of H3K9me3 in mutant animals
compared to heterozygous siblings, Asterix most likely is not
directly responsible for depositing these marks. The only
conserved domains within the protein are predicted to be RNA
binding (Andreeva and Tidow, 2008). This still leaves a need for
identifying chromatin remodelers and histone methyltrans-
ferases (HMTs) that act as piRNA effectors in TGS. No
annotated HMTs were hit in the screen; specifically, disruption
of Su(var)3-9, which was recently implicated in epigenetic pro-
gramming directed by piRNAs, did not lead to any significant
transposon derepression, suggesting a possible redundancy in
proteins that act in histone methylation (Huang et al., 2013).
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Elongation factors also have been shown to play a role in chro-
matin modification. The elongation factor SPT6, which interacts
with the nuclear exosome, emerged as another validated hit of
the screen (Andrulis et al., 2002). Indeed, data from fission yeast
implicated Spt6 in the silencing of heterochromatic repeats
(Kiely et al., 2011). In the spt6 mutants, decreased recruitment
of the CLRC complex led to loss of H3K9me3 and, as a conse-
quence, lower occupancy of the HP1 homolog Swi6. Cul-4, a ho-
molog of a CLRC member in yeast that is involved in histone
methylation in Drosophila, was a primary hit in the screen but
led to developmental defects during validation (Higa et al.,
2006; Hong et al., 2005).

Another validated hit involved in chromatin remodeling was
mi-2, yet its knockdown only led to modest effects on trans-
poson derepression (Brehm et al., 2000). Heterochromatin pro-
tein 1 (HP1), which interacts with Piwi, could not be validated
due to developmental defects (Brower-Toland et al., 2007).
Intriguingly, MI-2 and HP1 are both sumoylation substrates,
implying a function for SUMO beyond the one in piRNA biogen-
esis demonstrated here (Nie et al., 2009).

In summary, our unbiased, genome-wide approach was suc-
cessful in identifying likely candidates to fill in many of the gaps
in our understanding of the molecular mechanisms of trans-
poson control in Drosophila. Together with the findings of a
transcriptome-wide screen for germline piRNA pathway compo-
nents done in parallel (Czech et al.,, 2013), which showed
substantial overlap with the top hits of our screen, we are confi-
dent to have identified a comprehensive set of pathway compo-
nents, which to our knowledge have not been implicated in the
piRNA pathway. Our data support the current view that the
piRNA pathway is the major pathway exerting transposon con-
trol, given that both the primary and validation screens were
dominated by known components of the piRNA machinery.
Our meta-analysis on the primary data set as a whole, as well
as the list of validated genes, will provide a resource for the field
in efforts toward a greater depth of understanding of piRNA
production and the mechanisms by which piRNAs silence
transposons.

EXPERIMENTAL PROCEDURES

Cell Culture

OSS cells were cultured as previously described and transfected using Xfect
Transfection Reagent according to manufacturer’s guidelines (Clontech
631317) (Niki et al., 2006).

DNA Plasmids
Expression vectors of CG3893:GFP, RFP:Piwi, and RFP:ANTPiwi were made
using the Drosophila Gateway Collection.

Imaging of Fluorescent Fusion Proteins in 0SS

OSS cells were cotransfected with plasmids expressing the indicated fusion
proteins using Cell Line Nucleofector Kit V (Amaxa Biosystems; program
T-029). Fixed cells were stained with Hoechst 33342 (Invitrogen, R37601).

RNA. Libraries

Two Drosophila dsRNA libraries were used in this study: the Open Biosystems
Drosophila RNAi Collection and the Drosophila RNAi Screening Center
Genome-wide RNAi library (DRSC 2.0).
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RNAi Screening

A detailed description of the primary screen can be found in the Supplemental
Experimental Procedures. A basic workflow is shown in Figure 1A. All primers
used are listed in Table S4.

Drosophila Stocks and Husbandry

Fly stocks are listed in the Supplemental Experimental Procedures. A descrip-
tion of husbandry and validation screen procedures can be found in the
Supplemental Experimental Procedures.

RNA Isolation and qPCR Assays

Total RNA from ten ovaries was extracted with Trizol and purified by organic
extraction followed by isopropanol precipitation. After DNase treatment, com-
plementary DNA (cDNA) was synthesized from 800 ng RNA using oligo dT
primers and SuperScript Il Reverse Transcriptase (Life Technologies). gPCR
was performed to assay levels of gypsy, ZAM, gypsy3, and rp49. Fold changes
for transposons were calculated using the delta Ct method (Livak and Schmitt-
gen, 2001). All primers used are listed in Table S4.

RNA-Seq and Analysis

For RNA-seq libraries, 2.5-5 pug of total RNA was depleted of ribosomal RNA
using the Epicentre Ribo-Zero rRNA Removal Kits (Human/Mouse/Rat)
following the manufacturer’s directions. Libraries were prepared using the
lllumina ScriptSeq v2 RNA-Seq Library Preparation Kit and were sequenced
on an lllumina HiSeq platform. Details on analysis can be found in the Supple-
mental Experimental Procedures.

Small RNA Cloning and Analysis

For small RNA libraries, total RNA was depleted of 2S rRNA, and libraries were
constructed using the lllumina TruSeq small RNA Sample Preparation Kit
following the manufacturer’s protocol. Details on analysis can be found in
the Supplemental Experimental Procedures.

ChiIP-Seq

ChlP from 50 ovaries was done as described in Ram et al. (2011) and Garber
etal. (2012), with some modifications. Details on the methodology and analysis
can be found in the Supplemental Experimental Procedures.

Statistical Procedures
Details on enrichment analysis and statistical procedures can be found in the
Supplemental Experimental Procedures.

ACCESSION NUMBERS

RNA-seq, ChIP-seq, and small RNA data have been deposited in the Gene
Expression Omnibus database under accession number GSE46009.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, four tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.molcel.2013.04.006.
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Figure S1. Performance and Controls for the Primary Screen, Related to Figure 1

A) For 48 genes, including the positive control piwi, dsRNAs were transfected in four
independent biological replicates. The upper graph shows the means and 95% confidence
intervals of gypsy levels relative to a reference gene. The lower graph shows the individual z-
scores as box plots for all 48 wells after normalization to the median of the plate. Piwi is a clear
outlier in all four independent experiments.

B) The primary screen results in significant fold changes for all known somatic piRNA pathway
components. Ago3d is shown as a negative control. The number of independent dsRNAs against
each gene is indicated on top of the graph. The threshold for primary hit selection (3 fold up-
regulation of gypsy) is marked in blue.

C) z-scores for 862 negative controls in the primary screen are shown as boxplots. Outliers are
indicated as red crosses. The number of independent transfections of each dsRNA is indicated

above.
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Figure S2. Performance and Controls for the Validation Screen, Related to Figure 2

A) Knockdown of armi leads to highly significant differences in transposon expression when
compared to a negative control (Aub). Shown are mean delta Ct values and 95% confidence
intervals for three transposons assayed by gqPCR. The number of biological replicates is
indicates in brackets. The results of a t-test for significance are indicated as p-values for each
transposon.

B) Knockdown of each component of the somatic piRNA pathway, which scored in the primary
screen, has strong effects on the expression levels of three transposons in vivo. The fold
change for each transposon upon knockdown is displayed on a log scale.

C) Z-scores and fold changes are a function of precision. Precision is the fraction of validated
hits out of the total number of hits (validated and non-validated). The number of validated hits is
shown on the x-axis. All dsRNAs for validated genes were used to cover the depicted range.
Thus, if genes had dsRNAs producing z-scores or fold changes outside the range needed for
primary hit selection, the genes’ final annotation as validated or non-validated was assigned to

those dsRNAs.
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Figure S3. Two Negative Control Lines from Two Available VDRC Fly Libraries Show
Different Transposon Expression Levels for Gypsy and Tirant, Related to Figure 3

A) Scatter plots of normalized reads mapping to TE consensus from RNA-seq data are shown.
The squared correlation coefficient for two technical replicates of the KK line is indicated. The
red line indicates where data points would show equal numbers in both samples.

B) The results for two biological replicates of aub flies from the GD library are shown.

C) Two Aub hpRNA lines from the KK and the GD library are compared. Data points for three
transposons are highlighted: gypsy and Tirant as significantly differentially expressed and ZAM

as the transposon used for hit calling in the validation screen.
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There are no significant changes in microRNA levels upon knock down of a number of validated
hits. Scatter plots for mature microRNA in reads per million genomic mappers are shown for all
follow-up genes compared to the Aub negative control. Pearson correlation coefficients are

shown for each population.
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Figure S5. Two P Element Insertions Disrupt CG3893 Function, Related to Figure 5

A) Density plots of reads mapping to CG3893 from RNA-seq libraries corresponding to the
heterozygous and homozygous CG3893?%*4%! insertion line are shown. 1 and 2 shown in red
designate the insertion points of P-elements in CG3893%%*%! and CG3893%?**%? respectively.
Beneath, the FlyBase gene model for CG3893 is shown with green boxes designating Met
translation start sites and in red boxes are positions of Cys and His amino acids that make up
the CHHC zinc fingers. Under the gene model, conservation is shown.

B) Both CG3893 P-element insertion lines disrupt expression of its mRNA transcript but to
different extents. gPCR for levels of CG3893 transcript in heterozygous and homozygous flies
are shown. Each homozygous fly is normalized to its corresponding heterozygous sibling. 1
corresponds to CG3893%%*4%! and 2 to CG3893124%2,

C) Read densities over a subset of H3K9me3 peaks identified in CG3893%%*4%! heterozygous
flies are lower in homozygous siblings. The read densities are expressed as reads per million
genomic mappers. All peaks are annotated and divided into four annotation categories:
transposable elements (LTR, LINE and DNA elements) and ‘other (intra- and intergenic
annotations). The three highlighted transposon peaks correspond to the plots shown in Figure
5H. A detailed view of the genic peak is shown in Figure S5D).

D) H3K9me3 peaks over genic regions are affected in CG3893%°**% homozygous flies. Read

densities are expressed as reads per million genomic mappers (rpm).
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Table S2. Top Enriched GO Terms in the Primary Screen, Related to Figure 1

GO term p-value GO ID

Yb body 0 G0:0070725
negative regulation of growth of symbiont in host 0 G0:0044130
stem cell development 0 G0:0048864
negative regulation of multi-organism process 0 G0:0043901
positive regulation of Ras protein signal transduction | 0 G0:0046579
dorsal appendage formation 0 G0:0046843
germ-line stem cell maintenance 8.E-10 G0:0030718
regulation of MRNA 3’ end processing 6.E-09 G0:0031440
male germ-line stem cell division 6.E-09 G0:0048133
gene silencing by RNA 2.E-08 G0:0031047
negative regulation of transposition 2.E-07 G0:0010529
imaginal disc-derived wing expansion 3.E-07 G0:0048526

'after multiple test correction

Table S4. Primers and Probes Used in this Study, Related to Supplemental Experimental

Procedures

Target Sequence (5’-3) Primer:Probe
Primary Screen

gypsy fwd. CCAACAATCTGAACCCACCAATCTA

gypsy rev AGTACCCGCCACAACCTTTAAG

gypsy probe CAAACAGGGTAGTTAAGTTAG 4.5:1
cib fwd. GCCAGCATCCCAGCTTAGTAGT

cib rev GCTGGGGCGGCCATCTT

cib probe CGCTTCGCCAATCCA 1.5:1
Validation Screen

gypsy fwd. CAGGCGACAAACAGGGTAG

gypsy rev GTTCAAACACCAGCACATCC

gypsy probe AC ACAGGAATGTAGTTGGCATGCGA 4:1
gypsy3 fwd. GACATACTGAAGGGCGAGAAC

gypsy3 rev TCAGGGTATCTAAGGGTGACG

gypsy3 probe CAAGGTAGAATTTTCCGAAGCGCAGC 4:1
ZAM fwd. GGTATGGAAGATGTGGGTGTC

ZAM rev TCCTCTTCACCGTATCCCTAG

ZAM probe TCGCCGTAATACTCACCTGGACACT 4:1
rp49 fwd. GTCGGATCGATATGCTAAGCTG

rp49 rev CAGATACTGTCCCTTGAAGCG

rp49 probe TTGTCGATACCCTTGGGCTTGCG 1:1
General gPCR primers and probes

CG3893 fwd. TCGTCATCCCAGTTCTCCT

CG3893 rev CATTTGATACCAGAGCCCCAG

CG3893 probe

CGAAGACACCAGACACGCGAAGAT

1:1

2s-rRNA depletion antisense oligo

2s-rRNA

AGTCTTACAACCCTCAACCA
TATGTAGTCCAAGCAGCACT

11




Supplemental Experimental Procedures

Cell Culture

OSS cell were cultured in Shields and Sang M3 Insect media (Sigma) supplemented with 10%
FBS, 5% fly extract, 0.6mg/ml glutathione and 10mg/ml insulin as previously described (Niki et
al., 2006). Cells were transfected using Xfect transfection reagent according to manufacturer’s
guidelines (Clontech, #631317).

DNA Plasmids

Expression vectors of CG3893:GFP, RFP:Piwi and RFP:ANTPiwi driven by an ubiquitin
promoter were made using the Drosophila Gateway Collection (Terence Murphy, Carnegie
Institute of Washington, Baltimore, MD). To construct expression clones, coding sequences of
CG3893, Piwi and ANTPiwi (excluding the first 72 aa) were PCR-amplified from ovarian cDNA
and cloned into pENTR/ D-TOPO, and then recombined with either destination vector pURW
(DGRC1282), for Piwi and ANTPiwi or pUWG (DGRC 1284), for CG3893.

Imaging of Fluorescent Fusion Proteins in OSS

OSS cells were co-transfected with plasmids expressing the indicated fusion proteins using Cell
Line Nucleofector kit V (Amaxa Biosystems; program T-029). 48 hours after transfection, cells
were plated on glass coverslips. 24 hours later, cells were stained with Hoechst 33342 (NucBlue
live cell stain; Invitrogen, R37601) and immediately fixed in 2% formaldehyde/PBS at room
temperature for 5min. After three 10min PBS washes, coverslips were mounted in proLong
antifade (Invitrogen, P7481) and examined under a fluorescent microscope (Nikon Eclipse Ti).
Z-stack images were taken with 40X magnification and the final images were de-convoluted
under the default manufacturer settings.

RNA: Libraries

Two Drosophila dsRNA libraries were used in this study, the Open Biosystems (how Thermo
Scientific) Drosophila RNAi Collection version 1.0/2.0 and the Drosophila RNAi Screening

Center Genome-wide RNAi library (DRSC 2.0).
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RNAI Screening

OSS cells were plated in 48-well dishes (79,000 cells/well). The following day cells were
transfected with 500ng of dsRNA, 0.3ul Xfect reagent and 9.7ul Xfect Buffer. To do this
procedure in a robust way the Epmotion robot (Eppendorf) was used to prepare the transfection
mixture in a 96-well plate and to pipette the mixture onto the cells. Approximately 12 hours post
transfection, cells were washed with PBS and media was replaced. An additional media change
was done on day 3 post-transfection to avoid drying of wells. On day 5 post-transfection cells
were lysed with 150ul of Lysis Buffer (10mM KCI, 10mM Tris pH8, 1.5mM MgClI2, 0.5% NP-40,
60 units RNasin) per well and shaken for 5min at 300 rpm. For the DRSC library, instead of the
Lysis Buffer, Ambion Cells-to-Ct Lysis Reagent (Life Technologies cat 4391848M) was used to
lyse cells. Following the 5 minutes of shaking, 15ul of Stop Solution (Life Technologies cat
4402960) was added to stop the lysis reaction, mixed by pipetting, and left for 2 minutes at room
temperature. Lysates were transferred to a 96-well PCR plate. 22.5ul of the lysate was used as
input for a 50yl reverse transcription (RT) reaction and then incubated at 37°C for 1 hour and
95°C for 5 min. The RT master mix and enzyme used were those provided in the TagMan Gene
expression Cells-to-CT kit (4399002). Both the transfer of the lysate to 96-well plates, as well as
the RT reaction set-up was done using the Epmotion. After cDNA synthesis, 2ul of the cDNA
was used as input in a gPCR reaction to assay levels of gypsy and cib in a multiplexed reaction,
using TagMan Fast Advanced Master Mix (Life Technologies cat 4444965) on an Eppendorf
MasterCycler EP realplex machine. Levels of gypsy subgenomic transcript and the reference
gene ciboulot were assayed using hydrolysis probes spanning splice junctions and the resulting
Ct values were expressed as delta-Ct z-scores (distance in standard deviations from the plate
median) and fold change (in relation to the plate median). For further analysis, we ignored
extreme outliers for the reference gene and wells in which gypsy could not be detected after 38
cycles of gPCR. Targets were called a primary hit if the gypsy delta-Ct z-score was lower than

or equal to -1.9 and the gypsy fold change higher than or equal to 3. We called an additional 22
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genes a primary hit based on b-score normalization (Ramadan et al., 2007). After calling
primary hits Primers and probes are listed in Table S4.

Drosophila Stocks and Husbandry

For crosses in the validation round we used fj-GAL4 (DGRC stock 10455); GS12962 (DGRC
stock 204406) and EY21234 (Bloomington stock 22462) are P-element insertions into the
CG3893 locus. The 328 fly stocks corresponding to the candidate hits were ordered from
Vienna Drosophila Resource Center (VDRC) and the Drosophila RNAi Resource center. The
trans-IDs used by VDRC are listed in Supplementary Table S3. Lines from the DGRC are
indicated with the prefix TRIP. For all crosses performed during the validation screen, five tj-
GAL4 females and three VDRC hpRNA males were crossed and left in vials for five days, when
parental flies were removed from the vial. Eight days after, ten female and three male F1 flies
were put into new vials with yeast. After two days, ovaries from female flies were dissected.
Eight days later, we checked the vials for the presence of larvae to test for fertility.

RNA Isolation and gPCR Assays

Ovaries from 10 F1 flies were dissected for each cross. Ovaries were washed once with cold
PBS and homogenized in 1 ml of Trizol reagent. Total RNA was purified by phenol chloroform
extraction followed by isopropanol precipitation according to the Trizol protocol. RNA was then
subjected to DNase treatment using Ambion Turbo DNA-free kit at 37°C for 30 minutes
according to the manufacturer’s protocol (Life Technologies). cDNA was synthesized with 800ng
RNA as input using oligo dT primers (dT20) and Superscript 1ll Reverse Transcriptase (Life
Technologies) at 50°C for 50 minutes, followed by 15 minutes at 70°C. Next, gPCR was
performed to assay levels of gypsy, ZAM, gypsy3 and rp49. Using hydrolysis probes with FAM
and HEX fluorescent reporters, we multiplexed the gPCR for the transposon and rp49. Primers
and probes are listed in Table S4. Fold changes for transposons were calculated using the delta
Ct method (Livak and Schmittgen, 2001). In the case of the GD library we compared each

knockdown to an average of 5 biological replicates of White negative controls, for the KK library
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we used 5 biological replicates of Aub negative controls. All primers were tested for efficiency in
single and multiplexed reactions. Only primers for which efficiency was not impaired in the
multiplexed reactions were used.

RNA-Seq and Analysis

For RNA-seq libraries, 2.5-5ug of total RNA was depleted of ribosomal RNA using the Epicenter
Ribo-Zero rRNA Removal Kits (Human/Mouse/Rat), following the manufacturer’s directions.
Libraries were prepared using the lllumina Script Seq v2 RNA-Seq library preparation kit and
were sequenced on an lllumina HiSeq platform for 36 cycles in a single end run. After collapsing
all reads into a non-redundant list (cloning counts were preserved), they were mapped to
Drosophila viral, tRNA and miscRNA (rRNA, snoRNA etc) sequences using the short read
aligner Bowtie (Langmead et al., 2009). Only sequences in each library that did not map to
either of these contaminants were then mapped to the Drosophila genome with up to two
mismatches. Additionally, only uniquely mapping sequences were considered for further
analysis. The same reads were mapped to a custom index of transposon consensus sequences
with up to 2 mismatches (Kaminker et al., 2002). Reads mapping to up to 2 locations were
considered for further analysis. For differential expression analysis of transposons we
aggregated read counts mapping to these consensus sequences in sense orientation. For
differential expression analysis of genes, we used htseq-counts (Part of the 'HTSeq' framework,
version 0.5.3p3) to assess read counts per gene. In both cases we used the R package DESeq
to call differential expression at a FDR cutoff of 0.05 based on two biological replicates (Anders
and Huber, 2010).

Small RNA Cloning and Analysis

For small RNA libraries, 2.5 pg of total RNA was depleted of the 2S rRNA by annealing an
antisense primer (Table S4, 95°C to 25°C in ~1h) followed by RNase H digestion at 37°C for 30
minutes in 5X FS buffer (from Superscript 1ll Reverse Transcriptase Kit, Life Technologies;

RNase H was from NEB, M0297S). The remaining RNA was used as input. Libraries were
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constructed using the lllumina TruSeq small RNA sample Prep kit following the manufacturer’s
protocol. For analysis of SRNA populations of CG3893 heterozygous and mutant animals, we
used 50 ng of size selected RNA (19-28nt) as input. After sequencing on a lllumina HiSeq
single-end 36 run, the TruSeq adapter (TGGAATTCTCGGGTGCCAAGGAACTCCAGTCAC)
was clipped from the 3’ end of the read and sequences shorter than 15 nt were discarded from
further analysis. The remaining sequences were collapsed into a non-redundant list and
mapped to Drosophila viral, tRNA and miscRNA (rRNA, snoRNA etc) sequences using the short
read aligner Bowtie (Langmead et al., 2009). Only non-mapping reads were consequently
mapped to the D. melanogaster genome (D. melanogaster Apr. 2006 [BDGP R5/dm3]). Up to
two mismatches were allowed. Read counts of uniquely mapping reads were normalized to
reads per million genomic mappers and compared to a negative control: in the case of
knockdowns using long hpRNAs from the VDRC KK libraries we used Aub (106999%%), in the
case of GD libraries we used White (30033°P). The same reads were mapped to a custom index
of transposon consensus sequences with up to 2 mismatches (Kaminker et al., 2002). Reads
mapping uniquely were considered for further analysis. The percentages of flamenco mappers
displayed in Figure 4A are based on read counts normalized to 42AB. The rankings displayed in
Figure 4B are calculated based on aggregated read counts of unique mappers to piRNA
clusters defined in Brennecke et al. (2007). For size profiles, we used the same negative control
libraries for comparison, which were normalized to the same scale in order to accurately
compare across knockdowns. For analysis of transposons we aggregated read counts mapping
to consensus sequences in sense orientation and normalized to the counts of three germline
dominant transposons (roo, Rt1b and Het-A).

ChIP-Seq

ChIP was done as described in Ram et al. (2011) and Garber et al. (2012), with some
modifications. Approximately fifty ovaries were dissected from heterozygous or homozygous

flies into cold PBS and washed once with PBS. Ovaries were then fixed in 1.8% formaldehyde
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for 10 minutes, then quenched by adding glycine to 0.125M and immediately placed on ice.
Tissue was then homogenized by douncing five times with pestle A (Kontes). Washed once with
PBS supplemented with protease inhibitors (Roche) and pellet was flash frozen in liquid
nitrogen. Pellets were then thawed on ice and resuspended in 1mL Lysis Buffer (1% SDS,
10mM EDTA, 50mM Tris-HCI, pH 8.1) and lysed for 10 minutes in ice. Chromatin was sheared
to 200-800bp using a Branson sonifier (model S-450D). After clearing lysate by centrifugation,
9mLs of Dilution Buffer (0.01% SDS, 1.1%Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCI, pH
8.1, 167mM NaCl) were added to the lysate and 5mLs of the lysate were incubated with a 50ul
of an equal mixture of conjuagted protein A and G Dynabeads (Invitrogen). To conjugate beads,
they first had been washed once in Blocking Buffer (1X PBS, 0.5% TWEEN 20, 0.5% BSA),
then coupled for 1 hour at 4°C with 5ug of H3K9me3 antibody (Abcam 8898) and finally washed
twice with Blocking Buffer to remove excess antibody. Lysate and conjugated magnetic beads
were rotated at 4°C overnight. Beads were then resuspended in 200ul cold RIPA buffer (10 mM
Tris-HCI pH 8.0, 1 mM EDTA pH 8.0, 14 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.1% DOC)
and transfer to a 96-well plate. All further separation steps were performed in the 96-well plate
magnet. Beads were washed five times with 200ul cold RIPA, two times with RIPA buffer
supplemented with 500 mM NaCl, two times with LiCl buffer (10 mM TE, 250mM LiCl, 0.5% NP-
40, 0.5% DOC), and once with TE (10Mm Tris-HCI pH 8.0, 1TmM EDTA). Samples were eluted
in 50 pl of 0.5% SDS, 300 mM NaCl, 5 mM EDTA, 10 mM Tris HCI pH 8.0. The eluate was
reverse cross-linked at 65°C for 4 hours and then treated with 2ul of RNaseA (Roche,
11119915001) for 30 min followed by 2.5 pl of Proteinase K (NEB, P8102S) for two hours.
Library preparation was done as indicated in Garber et al. (2012), but without automation. In
brief, to purify DNA 120ul of Ampure XP beads (Agencourt) were added to the reverse cross-
linked samples, mixed by pipetting and incubated for 2 minutes. Samples were then placed on
the magnetic stand for 4 minutes to separate beads, followed by 2 washes with 70% ethanol

and air dried for 4 minutes and eluted in 10mM Tris-HCI pH 8.0. Library was constructed by
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performing DNA end-repair, A-base addition, adaptor ligation and enrichment PCR. After each
step DNA was purified by adding 20% PEG and 2.5 M NaCl to the reaction, to allow DNA to
bind to Ampure XP beads already in the tube. Samples were not moved form their original well
position, until after PCR enrichment. The libraries were sequenced on the lllumina HiSeq
platform for 76 cycles in a pair-end run. The resulting reads were mapped with Bowtie 2 with the
preset option --sensitive (Langmead and Salzberg, 2012). Only read pairs mapping
concordantly were used for further analysis. For calling H3K9me3 peaks, annotation of called
peaks and visualization, we used the HOMER software package (Heinz et al., 2010).
Enrichments of H3K9me3 signal were calculated using input libraries as a control signal. All
peaks within 8kb distance from each other were merged into regions. We used annotatePeaks
from Homer to then calculate the tag counts in heterozygous and homozygous libraries over
those regions, normalizing each tag to reads per million genomic mappers.

Statistical Procedures

Enrichment analysis was conducted using 2714 gene sets from the gene ontology (Ashburner et
al., 2000; Barrell et al., 2009). This constituted the complete complement of gene sets in GO
with between five and 100 Drosophila genes annotated to them in either the cellular component
or biological process branch of GO. Molecular function substantially overlapped with biological
process in many top functions and was excluded to diminish redundancy. Significance was
calculated using an adaptation of the ROC-based approach described in (Gillis et al., 2010) and
elsewhere. To obtain a ranking for the genes, dsRNA z-scores and fold changes were
independently averaged for each gene. These scores were then converted into ranks and
averaged (effectively weighting them equally). Based on the ROCs, approach first described in
(Gribskov and Robinson, 1996), all scores outside of the top 50 were regarded as tied.
Statistical enrichment of the GO functions was then calculated (Mann-Whitney U test) with

multiple test correction (Benjamini, 1995).
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The piRNA pathway

Germ cells are the only cell type of an organism that
contribute genetic material to future progeny. It is there-
fore essential that the integrity of this genome is preserved
to protect reproductive success. One threat placed on germ
cells is the movement of mobile genetic elements, or
transposons, which correspond to a large fraction of the
eukaryotic genome. Although transposons provide some
benefits in driving evolution, their uncontrolled expression
can lead to loss of genome integrity [1]. One of the major
ways in which transposable elements (T'Es) are kept under
control is via Piwi-interacting RNAs (piRNAs) [2,3]. piR-
NAs are a class of small RNAs bound by the Piwi clade of
Argonaute (Ago) proteins. As with all members of the Ago
family, Piwi clade proteins rely on sequence complemen-
tarity to identify their targets, which for piRNAs are most
commonly transposable elements. The importance of this
pathway is evident; Piwi proteins are highly conserved
throughout evolution, and their loss of function leads to
gross defects in gametogenesis and to sterility.

With many aspects of this pathway being studied in a
range of organisms, it is impossible to summarize all

recent insights. Therefore, we will focus specifically on
the piRNA pathway in the ovary of Drosophila melanoga-
ster, which has been one of the main model organisms in
the study of this pathway and which has helped establish
the framework for how it functions.

An intriguing aspect of piRNA biology in Drosophila
ovaries is that there are two distinct iterations of the
pathway active in this tissue: one in the germ cells and
one in the follicle cells, cells of somatic origin that
surround and support the developing germ cells [4,5]
(Figure 1a). Controlling TEs in both of these cell types
is important, since active transposons found within
follicle cells, such as those from the gypsy family of
retrovirus-like transposons, can form viral particles and
infect the oocyte [6]. The somatic and germline piRNA
pathways are distinct mainly because of the different
expression patterns of the three fly Piwi proteins. While
Aubergine (Aub) and Argonaute (Ago3) are exclusively
found in the nuage of germ cells, Piwi is found in the
nuclei of both germ cells and follicle cells [7-10]. There-
fore, the somatic pathway acts only through piRNAs
generated by primary biogenesis, while in germ cells,
in addition to primary biogenesis, a more complex piRNA
amplification loop exists that depends on the slicer
activity of Aub and Ago3 [9,10]. Understanding the less
complex primary piRNA pathway acting in somatic cells
has provided a basic mechanistic framework of piRNA
biogenesis that is likely shared between both somatic and
germline piRNAs.

Taking advantage of the ease with which genetic manip-
ulations can be done in Drosophila, studies of the small
RNA populations in different piRNA mutants, together
with other general molecular and cell biological analyses,
such as localization studies and measurements of protein-
protein interactions, have provided the main bulk of
experimental data in the piRNA field [11]. The avail-
ability of cell lines derived from follicle cells (OSS/OSC)
has also aided the study of the piRNA pathway [12-14].
T'o date, there are more than two-dozen proteins impli-
cated in the piRNA pathway. However, many of the
specific molecular steps that occur to generate a piRNA
and that enable a piRNA to silence transposons remain
unclear. In this review we will provide a brief summary of
what is known about the piRNA pathway as well as
discuss the open questions in the field.

How are piRNAs made?

The majority of piRNAs arise from specific genomic loci,
known as piRNA clusters, which are found in pericen-
tromeric heterochromatin [9]. Other sources of piRNAs
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Figure 1
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A model for piRNA biogenesis in the Drosophila ovary. (a) Two distinct piRNA pathways are active in a stage 10 egg chamber of the Drosophila ovary.
The nurse cells that provide nutrients to the oocyte and the oocyte itself make up the germ cells of the ovary, shown in blue. The monolayer of somatic
follicle cells surrounding the oocyte is shown in green. Nuclei are indicated as circles within each cell. (b) In follicle cells, primary piRNAs arise from
flamenco and are processed through a cascade of enzymatic cuts. Transcription by RNA polymerase Il (Pol2) depends on deposition of Histone 3
Lysine 9 trimethyl marks (H3K9me3) by Eggless (Egg). Regulatory cis-acting elements, indicated as green boxes, upstream of the transcriptional start
site could affect Pol2 recruitment and transcription. Additionally, clusters could carry cis elements within themselves, shown in red, that affect
downstream processing. After processing of the primary cluster transcript by unknown activities, piRNA intermediates are cleaved by the nuclease,
Zucchini (Zuc). After 5’ end formation, transcripts with a U at the first position are preferentially loaded into Piwi. Trimming activity, which could be
carried out by redundant nucleases, shortens the transcript to its mature length. This process is coupled to 2'-O-methylation by Hen1. (c) The
transcription of clusters in germ cells can occur bidirectionally. In addition to Egg, the HP1 homolog Rhino (Rhi) and Cutoff (Cuff) are essential for
transcription. Subsequently, the helicase UAP56 binds the primary transcript and escorts it to the nuclear periphery. There, it is handed over to another
RNA helicase Vasa (Vas) and arrives at its site of biogenesis, the nuage. After primary processing by similar machinery as in (a), primary piRNAs are
loaded into Piwi and Aub, and potentially Ago3. These primary piRNAs can be used to kick-start the ping-pong amplification cycle, which silences
transposons post-transcriptionally.
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do exist, such as the 3’'UTRs of protein coding genes and
dispersed euchromatic copies of TEs [9,14,15]. piRNA
clusters contain remnants of transposons and serve as a
catalog of sequences previously defined as targets for
silencing. Exposure to a new transposon can lead to
the expansion of this catalog and control of the TE, while
omission from the catalog can mean that the element
escapes repression [16°]. Brennecke e7 a/. defined over
140 such clusters in Drosophila and saw that these clusters
could be uni-directionally or bidirectionally transcribed
[9]. Most of these clusters are active specifically in germ
cells, while only a single major cluster ( flamenco) drives
transposon silencing in the soma. In general, germline
clusters have two promoters, one on either side of the
cluster (e.g. cluster 42AB), and are transcribed bidirection-
ally, while flamenco is uni-directionally transcribed.

Little is understood about what defines a piRNA cluster,
how clusters are transcribed, and how this process is
regulated. To date, we have no knowledge of transcrip-
tion factors that regulate cluster expression. Clusters
seem to be expressed in a cell-type specific manner, so
there must be cell-type specific transcription factors
enforcing this pattern. The promoters of clusters and
their regulatory elements have not been defined, but in
the case of flamenco, existing evidence suggests a single,
discrete promoter, since a P-e/lement insertion at the begin-
ning of the cluster abolishes piRNA production, even
~200 kb away from the insertion point [9,17].

Some studies suggest a role for chromatin context in
regulating cluster transcription. Deposition of Histone
3 Lysine 9 trimethyl marks (H3K9me3) was proposed
to be necessary for cluster transcription, since mutations
in Eggless (Egg, dSE'TDB1), a histone methyltransferase,
lead to decreases in H3K9me3 deposition, and in the
levels of cluster transcripts within both germ cells and
somatic cells [18] (Figure 1b and c). As expected, these
decreases in cluster transcription led to a reduction of
mature piRNAs and upregulation of TEs. Rhino, a Het-
erochromatin Protein 1 homolog, and Cutoff (Cuff), a
yeast Rail-like nuclease, physically interact, and together
bind specifically to bidirectionally transcribed clusters in
the germline to promote their transcription [19,20]. Both
proteins are found in nuclear foci in germ cells and
depend on each other for their nuclear localization.
How these factors promote cluster transcription remains
unclear. Although Rhino and Cutoff are predominantly
nuclear, their depletion is sufficient to disrupt Aub and
Ago3 localization in nuage [19,20].

In another study addressing the role of chromatin context
in cluster identity, Muerdter and colleagues found that
when a cluster was taken out of its normal heterochro-
matic genomic context and placed in a euchromatic locus,
it is still able to produce piRNAs [21]. This implies that
clusters themselves contain sufficient information,
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possibly through cis-elements or secondary structure, to
trigger piRNA production. However, it is also possible
that information in the modified cluster is capable of
recreating the chromatin context necessary for its expres-
sion, since the authors did not verify the euchromatic
status of the cluster after insertion. In summary, more
research is needed to understand the determinants of
cluster identity; whether it be the chromatin context of
the cluster, sequences in or surrounding the cluster that
are important for transcription, or if it is sequences
recognized within the transcript after transcription that
then mark it as a piRNA producing transcript.

Following cluster transcription, the current model states
that the primary transcript is exported to the cytoplasm,
where it is processed into primary piRNAs that are loaded
into Piwi or Aub. A recent study by Zhang ¢ a/. shed some
light on how cluster transcripts are escorted from the
transcription site to the nuage where processing is
thought to occur [22]. The study shows that UAP56, a
putative helicase, co-localizes with Rhino in nuclear foci.
Mutation of UAP56 leads to germline transposon upre-
gulation, decrease of piRNAs mapping to germline clus-
ters, and disruption of Aub, Ago3, and Vasa from nuage.
Based on how the Rhino-UAP56 foci are positioned next
to the nuclear pore, and the finding that UAP56 and Vasa
bind germline cluster transcripts, the authors proposed a
model in which UAP56 escorts the primary transcript
through the nuclear pore to nuage, where the transcript
is handed over to Vasa and funneled into the biogenesis
machinery. Since UAP56 is believed to be germ cell
specific, factors that mediate export in the follicle cells
remain a mystery. Whether the cluster transcript is
exported as one long RNA or if some processing occurs
in the nucleus to generate smaller piIRNA intermediates
to be exported, remains unknown.

After the cluster transcript is exported, it must be pro-
cessed into piRNAs. Since Piwi-bound piRNAs have a
strong preference for a uridine at the 5’ end (1 U) [9], this
suggests a model of primary piRNA biogenesis wherein
the 5" end of the piRNA is generated first, followed by
preferential loading of piRNA intermediates with a 5 U
into Piwi, followed by 3’ trimming. The variable lengths
of primary piRNAs (23-29nt) could result from a footprint
specific to the Piwi protein into which the intermediate is
loaded, since the size of the RNA binding pocket prob-
ably varies slightly between each protein, and Aub, Ago3
and Piwi associated piRNAs are of slightly different
lengths.

The factors responsible for 5’ and 3’ end formation have
yet to be uncovered. However, recent advancements
were made in our understanding of one piRNA protein
that may be involved with end formation. Nishimasu ez a/.
and Ipsaro ez al. both revealed the crystal structure of the
piRNA pathway protein Zucchini (Zuc) [23°°,24°°].
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Based on its structure, Zuc shows a preference for binding
specifically single stranded RNA. /7 vitro studies demon-
strated that both the mouse and Drosophila Zuc protein
had endoribonuclease activity [23°°,24°°], contradictory
to previous reports implicating Zuc as a phospholipase
[25,26]. The cleaved RNA product bore a 5'-monophos-
phate group, a characteristic of mature piRNAs. These
data make Zuc the principal candidate for 5" end for-
mation. Both studies failed to show association of Zuc
with piRNA precursors, which would have made the
argument for its role as the 5 nuclease much stronger,
given that it shows no sequence preferences. Unlike most
other piRNA factors, Zuc localizes to the mitochondrial
membrane, and loss of this nuclease in either the germ-
line, or the soma, results in a dramatic reduction of
piRNAs [4,25-28]. The role that mitochondria could play
in the piRNA pathway remains enigmatic, though its
ancient connections to antiviral responses, for example
it serving as the location at which the RIG-I pathway
operates, is provocative [29]. In flies and mice, Piwi
proteins are localized to discrete cytoplasmic structures
associated with mitochondria [3], but whether this is
purely to allow compartmentalization of the pathway,
or whether it implies a further role of mitochondrial
activity in the piRNA pathway is unclear.

The precise biochemical mechanism of piRNA 3’ end
formation remains a mystery. Recent work in a cell line
derived from silkworm ovaries, BmN4, has brought the
field closer to identifying the 3’ generating enzyme [30°°].
Kawaoka and colleagues established an iz vitro 3' trim-
ming assay using BmN4 cell extracts. The authors found
that Siwi (silkworm Piwi) binds transcripts with a bias
toward 1 U, and that extended precursor transcripts could
be trimmed in extracts, in a Mg 2+ dependent manner, to
mature piRNA length. It had been determined previously
that piRNAs are 2’-O-methylated at their 3’ termini by
Henl, and the addition of this modification was observed
to be coupled with the trimming activity [31,32]. The
importance of the 3’ terminal modification remains uncer-
tain, because mutants of Henl have no detectable phe-
notype [31,32]. These findings are in accordance with the
model that piRNA precursors bind to Piwi in the cyto-
plasm, and then are trimmed and methylated at the 3
terminus. Unfortunately, the molecular nature of the
trimming activity remains enigmatic; ‘trimmer’ could
not be purified due to its insoluble nature. Moreover,
no exonuclease has yet emerged as a candidate trimmer
from genetic screen, which could indicate that multiple
redundant trimmers exist or that trimmer has essential
functions that mask an ability to isolate it as a piIRNA
pathway mutant.

Our current model follows the idea that Piwi must be
loaded with a mature piRNA in order to be imported into
the nucleus. Successful loading of Piwi-family proteins
with primary piRNAs requires several other players.

Although there are some distinguishing factors between
the loading process in somatic and germ cells, many
proteins are shared between the two pathways. The
common proteins involved in biogenesis are Armitage
(Armi), an RNA helicase, Shutdown (Shu), a cochaper-
one, and Vreteno (Vret) a TUDOR domain containing
protein [27,28,33-37]. Although we understand little of
the precise role of any of these proteins, mutation of any
one disrupts localization of Piwi, and levels of associated
piRNAs decrease dramatically [4,28,34-36]. It is import-
ant to note that mutations in Shu and Vret lead to
delocalization of all three Piwi proteins in the germline,
while Zuc and Armi mutants delocalize Piwi, but not Aub
and Ago3. This could mean that Shu and Vret play a more
general role in primary biogenesis involving Piwi and
Aub, while Armi only aids Piwi in the piRNA loading
process.

In the soma, Yb, a TUDOR-domain protein that also
contains an RNA helicase motif, is an important
additional factor for primary biogenesis. This protein
localizes to foci in the cytoplasm, together with all other
known loading components [27,33,38]. Zuc, the putative
5’ nuclease, localizes to mitochondria, many of which are
adjacent to Yb bodies, supporting the role of these struc-
tures in Piwi RISC assembly. In Zuc mutants, Vret, Armi,
Shu, and Yb all accumulate in enlarged Yb bodies with
Piwi, suggesting that when the 5 end of the piRNA
cannot be generated, the loading machinery accumulates
in the foci in response to a stall in biogenesis
[27,28,33,35]. In the germline, there are no Yb bodies,
and Yb is not expressed. Current evidence suggests that
two Yb-related proteins, Brother of Yb and Sister of Yb,
might serve the role played by Yb in the cytoplasm [28].

In germ cells, the loading process seems to occur in the
nuage, where Aub and Ago3 localize. The function of the
nuage is unknown, but many piRNA factors are found
there, suggesting an important role in the piRNA path-
way. One important difference between germ cells and
the soma is that in germ cells, Aub and Ago3 engage in an
adaptive, slicer-dependent loop termed the ping-pong
cycle, which specifically amplifies the piRNA response
against active elements [9,10]. In this model, Aub, bound
to cluster-derived piRNAs, recognizes an active transpo-
son transcript and cleaves it, generating the 5’ end of a
new sense piRNA, which associates with Ago3. Sub-
sequently, sense strand piRNA-loaded Ago3 can recog-
nize complementary sequences in cluster transcripts, and
through its slicer activity can generate a new antisense
Aub bound piRNA, completing the cycle. According to
the ping-pong model of piRNA amplification, Aub and
Ago3 must be catalytically active in order to cleave new
piRNAs from expressed transposons or piRNA cluster
transcripts. However, the phenotypes of catalytically
inactive mutants have never been described. While
Aub and Ago3 seem to be responsible for generating
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the 5’ end of each piRNA amplified through ping-pong,
how the 3’ end is generated remains unknown, though it
may proceed through the action of the same trimmer that
is used for primary biogenesis.

In order to initiate the ping-pong cycle, piRNAs loaded
into Aub are required. These come from two sources. One
is primary biogenesis. The second is maternally deposited
Aub, as the protein is loaded into developing oocytes
along with associated piRNAs [8,39,40]. The importance
of maternally deposited piRNAs is evident from analyses
of hybrid dysgenesis models. In these cases, maternal
deposition of piRNAs, produced by ping-pong and cor-
responding to the [-element or P-element, correlates with
initiation of ping-pong in progeny and with effective
element silencing [40]. For the [-element, as mothers
age, their progeny have a reduced probability of being
sterile even in the absence of the ability of the mother to
use active [-elements as ping-pong substrates [16°41]. For
P-elements, even the dysgenic progeny can regain some
fertility as the animals age. This suggests that perhaps
primary piRNAs corresponding to those elements
accumulate with age in the mother or offspring to a level
sufficient to confer resistance.

How do piRNAs silence transposons?

It seems evident that in germ cells Aub and Ago3 silence
transposons through post-transcriptional gene silencing
(P'T'GS). These two proteins posses slicer activity and
cleave active 'TE transcripts during the ping-pong ampli-
fication cycle. By using the cleavage products to make
more piRNAs, this cycle is able to amplify its response to
actively transcribed elements [9,10].

The mechanism by which Piwi silences transposons
proved much more difficult to dissect. It had long been
suspected that Piwi mediates transcriptional gene silen-
cing (T'GS) of TEs through impacts on chromatin, due
mainly to several provocative clues. First, Piwi is a nuclear
protein, and this localization is essential to its silencing
capability. A mutant Piwi lacking its nuclear localization
signal is found in the cytoplasm and is incapable of
silencing TEs but binds piRNAs to wildtype levels
[14,27,42]. In addition, Piwi’s slicer activity is not necess-
ary for silencing, as a catalytically dead Piwi mutant
rescues the null mutant phenotype [14,27].

Many studies have suggested that Piwi could silence
transposons at a transcriptional level by inducing changes
in histone marks, much like the mechanism by which
small RNAs induce heterochromatin formation in yeast
[43]. In fact, the murine piRNA pathway silences trans-
posable elements by inducing chromatin changes, ulti-
mately resulting in DNA methylation [44,45]. In
Drosophila, several studies support a role for Piwi in acting
through TGS in the ovary; multiple groups have reported
changes in histone marks on a handful of transposons
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upon disruption of the piRNA pathway [42,46,47], and
a study by Shpiz ez a/. detected an increase in several
nascent TE transcripts upon Piwi knockdown (KD)
[48]. However, it was the recent study by Sienski
and colleagues that definitively demonstrated that Piwi
silences transposons at the transcriptional level, trigger-
ing changes in chromatin state genome wide (Figure 2).
The authors took advantage of the OSS/OSC cell line
and did side-by-side comparisons of RNA Polymerase
IT (Pol2) occupancy, trimethylation of H3K9 (a common
mark of heterochromatin), nascently transcribed RNA,
and steady state RNAs at a global level in Piwi KD
versus control cells [49°°]. They observed that in the
absence of Piwi, Pol2 occupancy on transposons
increased, along with an increase of nascent TE tran-
scripts and steady state RNA levels. Furthermore,
levels of H3K9me3 marks on transposons dropped in
the Piwi KD as compared to controls. Interestingly, the
authors also observed that many TE sequences dis-
persed in euchromatin trigger the formation of an
H3K9me3 island that is dependent on Piwi and on
transcription of the locus. This strongly implicates an
RNA-recognition mode for Piwi-dependent silencing.
The study also identified Maelstrom (Mael), a protein
previously implicated in the germline piRNA pathway,
as playing a role in transcriptional silencing of transpo-
sons [50,51]. Upon Mael KD, there was no change in
levels of mature piRNAs, but there were increases in
Pol2 occupancy on TEs and nascent transcripts. Inter-
estingly, levels of H3K9me3 did not decrease when
Mael was depleted; rather, H3K9 methylation appeared
to spread downstream of the TE insertion, in some
cases for up to 30 kb. This places Mael downstream of
Piwi in silencing of TEs. The precise mechanism by
which Piwi influences chromatin state remains elusive.
Other than Mael, no other effector protein has been
identified. One likely candidate to play a role in this
process is Heterochromatin Protein 1a (HP1a), which is
believed to bind H3K9 methyl groups [52,53]. HP1a
has been shown to interact with Piwi, and its depletion
leads to TE derepression [47,54]. The current model of
piRNA-mediated TGS proposes that Piwi RISC recog-
nizes nascent transposon transcripts by sequence com-
plementarity and then, with the help of Mael, recruits
silencing machinery to trigger histone modifications at
the site of transcription (Figure 2). The association of
Piwi with chromatin seems to be unstable, as the
authors were unable to map it to TE loci using chro-
matin immunoprecipitation. It is clear that other silen-
cing effectors in addition to H3K9 are necessary
because Mael mutants do not lose H3K9me3, but have
upregulation of TE transcripts. Further experiments
are needed to fully understand this process. Even
though it seems likely that TGS is the main silencing
mode for Piwi, there remains a possibility that it is also
acting through PTGS at some level. This study did not
address the role of Piwi in the germline nucleus but it
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Transcriptional silencing of transposable elements by Piwi-piRNA complexes in the soma. The X chromosome of Drosophila melanogaster (chrX) is
shown. A simplistic view of its chromatin state is indicated in shades of gray. The transcriptionally active euchromatin in white harbors a full-length
copy of the retroelement, ZAM (indicated as a red box). An inactive remnant of the same element (in red) can be found within the flamenco piRNA
cluster in pericentromeric heterochromatin. After transcription and processing of flamenco, this fragment gives rise to antisense piRNAs that are

loaded into Piwi in the cytoplasm (indicated as red piRNA species). Upon reimport into the nucleus, these Piwi-piRNA complexes recognize active
transcription of the full-length ZAM copy by RNA polymerase Il (Pol2) based on sequence complementarity. This recognition leads to the recruitment of
additional factors such as Maelstrom (Mael) and unknown chromatin remodelers. Ultimately, the deposition of H3K9me3 marks leads to loss of Pol2

occupancy and the transcriptional silencing of ZAM.

seems likely that it will also silence TEs by 'T'GS in that
setting.

Germ cells might prove to be more complex because of
the presence of Aub and Ago3. Although these two
proteins are engaged in the ping-pong cycle in the nuage,
spatially separated from Piwi in the nucleus, there seems
to be a more intimate connection between these proteins
than has been generally appreciated. A strong indication
of this connection is that in Aub and Ago3 mutants, levels
of Piwi protein decrease [5]. Furthermore, in an Ago3
mutant, the levels of Piwi-bound piRNAs decrease and
there is a shift in their sense versus antisense bias [5].
Considered together, these data indicate that there is
significant crosstalk between Piwi and the ping-pong
cycle. One point to remember is that, although ping-pong
is thought to occur mainly between Aub and Ago3, there
are a significant number of Piwi:Ago3 ping-pong pairs
detected in ovaries [9]. Further studies will be critical in
understanding the relationship between Piwi and ping-
pong, and which mechanisms are employed to silence
TEs in the germline.

What is the function of maternally deposited
Piwi RISC complexes?

Piwi and Aubergine, together with their bound piRNAs,
are maternally deposited in the embryo and accumulate
in the pole plasm, which gives rise to the future germline

[8,39,40]. These maternally contributed complexes are
thought to be essential in priming the piRNA pathway to
be able to successfully silence elements. Previous studies
have revealed that hybrid dysgenesis is caused by the
failure to maternally deposit piRNAs corresponding to a
paternally contributed transposon [40]. These maternally
contributed Piwi and Aub RISCs may serve to jump-start
the silencing pathway to target elements even before
zygotic transcription has begun. Therefore, maternally
deposited complexes could be one of the triggers to
initiate the ping-pong cycle, which will continue through-
out the life of the organism.

A recent study offers another important role for these
inherited complexes. de Vanssay ¢ a/. found that mater-
nally deposited piRNAs could be involved in the speci-
fication of a piRNA cluster [55°]. In a previous study, the
group characterized a phenomenon known as trans-silen-
cing effect (T'SE) in which P-element derived transgenes
inserted in a heterochromatic region can silence a distinct
P-element derived transgene inserted at a euchromatic
locus. Using this system the authors found that a trans-
gene cluster that induces strong silencing can convert a
separate, homologous locus that is normally incapable of
trans-silencing, into a strong silencer, in a heritable man-
ner. This effect is dependent on maternally deposited
piRNA complexes. This implies that the inherited
piRNA complexes are needed to reestablish piRNA
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cluster definitions in the progeny. Consequently, the
piRNA pathway may completely reset and cluster iden-
tity be re-acquired between each generation. This con-
cept is analogous to piRNA-driven transposon silencing in
mammals; during primordial germ cell development, the
germline is stripped of all DNA methylation, which is
then reacquired on TEs through the action of piRNA-
driven de novo methylation [45]. Since Drosophila lacks
the ability to methylate DNA, maternally deposited
piRNA complexes may serve a similar role in identifying
TEs in the developing progeny. However, further work is
necessary to evaluate this hypothesis. For instance, it
would be interesting to specifically eliminate the mater-
nally inherited pool of Piwi RISCs to observe if cluster
definitions are lost.

In embryos, although maternally deposited Piwi and Aub
are both localized to pole plasm in early embryogenesis,
their localization patterns rapidly change during the cel-
lularization of the embryo. While Aub continues to reside
exclusively in pole cells, Piwi localizes to the nuclei of
every cell of the embryo, and continues to do so until ~12
hours after egg laying [40,54]. What role might Piwi play
in somatic nuclei during embryogenesis? One interesting
possibility, especially considering the recent findings
implicating Piwi in 'T'GS, is that the protein is establishing
silencing marks on transposons throughout the somatic
compartment. In fact, many studies have implicated Piwi
in positional effect variegation (PEV), a clearly somatic
effect, and have observed Piwi binding on polytene
chromosomes [54,56,57]. Perhaps the suppression of
transgenes observed during PEV is mediated by Piwi-
induced chromatin silencing in early embryogenesis, and
is maintained throughout development. Extensive
additional work will be necessary to fully understand
the role of maternally deposited Piwi and Aub, but there
is no doubt that there are many fascinating discoveries to
be made in this area.

Conclusions

It has been almost a decade since the discovery of
piRNAs, and many advances have been made toward
understanding the general function of the pathway. How-
ever, surprisingly little is known about several key aspects
of piRNA biology, such as the mechanistic details of
piRNA biogenesis and how the downstream targets of
the pathway are silenced. This is because many of the
important players in the pathway still remain unknown. A
genome-wide screen for piRNA pathway factors would
aid in identifying all proteins involved, so that a full
genetic framework could finally and conclusively be
established. There is also an overwhelming need to
develop biochemical assays that recapitulate several
aspects of the piRNA pathway iz vitro. These could
bring much needed mechanistic insights into precisely
how the pathway operates. Some progress has been made
in this direction with the development of the silkworm
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trimming assay [30°°]. Following the introduction of the
Drosophila OSS/OSC cell lines by Niki ¢z a/., both gen-
ome wide screens and 7z vitro assays have become feasible
[12]. Given these tools and recent advances described
here, it is easy to imagine that we will see many more
exciting discoveries and insights into how small RNAs
provide an immune defense against mobile elements.
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ABSTRACT

In animals a discrete class of small RNAs, the piwi-interacting RNAs (piRNAs), guard germ cell genomes against the activity of
mobile genetic elements. piRNAs are generated, via an unknown mechanism, from apparently single-stranded precursors that
arise from discrete genomic loci, termed piRNA clusters. Presently, little is known about the signals that distinguish a locus as
a source of piRNAs. It is also unknown how individual piRNAs are selected from long precursor transcripts. To address these
questions, we inserted new artificial sequence information into piRNA clusters and introduced these marked clusters as
transgenes into heterologous genomic positions in mice and flies. Profiling of piRNA from transgenic animals demonstrated that
artificial sequences were incorporated into the piRNA repertoire. Transgenic piRNA clusters are functional in non-native
genomic contexts in both mice and flies, indicating that the signals that define piRNA generative loci must lie within the clusters
themselves rather than being implicit in their genomic position. Comparison of transgenic animals that carry insertions of the
same artificial sequence into different ectopic piRNA-generating loci showed that both local and long-range sequence

environments inform the generation of individual piRNAs from precursor transcripts.

Keywords: piwi; noncoding RNA; piRNA

INTRODUCTION

In several animals, including Drosophila and mammals,
piRNAs have been shown to form the core of a small RNA-
based innate immune system that recognizes and represses
mobile elements (Saito et al. 2006; Vagin et al. 2006; Aravin
et al. 2007a; Brennecke et al. 2007; Gunawardane et al.
2007; Malone and Hannon 2009; Siomi et al. 2011). This
function is essential for proper germ-line development, and
mutations in the piRNA pathway lead to male and/or female
sterility (Cox et al. 2000; Harris and Macdonald 2001; Li
et al. 2009; Malone and Hannon 2009). In essence, piRNAs
play a major role in defining genomic content as being
transposon related; piRNAs comprise a catalog of trans-
poson sequences that an organism has defined as targets for
repression (Brennecke et al. 2007). Omission from that
catalog can mean that an element escapes repression. In
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the case of flies, the lack of an effective piRNA-based def-
inition for the I- or P-element in some strains means that
introduction of even this single transposon can lead to
highly penetrant sterility (Pelisson 1981; Rubin et al. 1982;
Brennecke et al. 2008).

Sequencing of piRNA populations has revealed their
extreme diversity; literally, millions of distinct piRNA se-
quences can be identified in a single individual (Aravin
et al. 2006, 2007b; Girard et al. 2006; Brennecke et al. 2007;
Houwing et al. 2007; Lau et al. 2009). Genomic mapping
indicates that piRNAs arise from three different types of
loci. First, the dominant source of piRNAs can be found
in so-called piRNA clusters (Aravin et al. 2006, 2007b;
Brennecke et al. 2007). These loci range from a few
kilobases to >200 kb in size. They are often strongly en-
riched in transposon sequences, in accord with a function
of the piRNA pathway in transposon control (Vagin et al.
2006; Brennecke et al. 2007; Gunawardane et al. 2007). In
the majority of cases, clusters generate a mixture of small
RNAs, with some sense and some antisense to each targeted
transposon. Second, piRNAs can be derived from protein-
coding genes, with these almost invariably being sense
species from 3’ UTRs (Aravin et al. 2008; Robine et al.
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2009; Saito et al. 2009). It is as yet unclear whether a single
transcript isoform can be either translated into protein or
processed into small RNAs or whether a specific transcript
variant serves as a piRNA precursor. Only a few genes give
rise to piRNAs, and these do not show uniformly high
expression, suggesting that some specific determinant or
motif, rather than a high-transcript abundance marks spe-
cific genes for processing. Third, piRNAs can arise from dis-
persed, euchromatic transposon copies (Brennecke et al.
2007, 2008; Aravin et al. 2008). These are often full length
and close to consensus, representing the potentially active
representatives of each transposon family.

The three types of piRNA generative loci produce small
RNAs through two different mechanisms. piRNA clusters
and genic loci generate “primary” piRNAs, which appear to
be sampled from long, single-stranded transcripts through
the action of an unknown nucleolytic machinery (Aravin
et al. 2006, 2007b; Brennecke et al. 2007; Malone et al.
2009). Abundant primary piRNAs share no apparent
sequence or structural motifs except for the presence of
a 5’ terminal U residue (1U), which may reflect a binding
preference of some Piwi family proteins. Secondary piRNAs
are produced through a slicer-dependent mechanism,
termed the ping-pong cycle and have a characteristic bias
for an A at position 10 (paired with the 1U in the primary
piRNA) (Brennecke et al. 2007; Gunawardane et al. 2007).

Combined analysis of piRNA sequences and animals
bearing mutations in piRNA pathway components has led
to a model for the role of these small RNAs (Malone and
Hannon 2009; Saito and Siomi 2010; Senti and Brennecke
2010; Siomi et al. 2011). piRNA clusters produce a multi-
tude of individual piRNAs, and the sequence content of
piRNA cluster defines sequences of mature piRNAs gener-
ated from it. With the notable exception of pachytene
piRNAs that are expressed during male meiosis in mouse,
piRNA clusters in both flies and mice are highly enriched in
transposable element sequences. The sequence content of
the piRNA clusters determines the capacity of the system to
respond to a given element, in essence comprising an
organisms’ evolving molecular definition of transposons.
Inherent in this scenario is the ability of the system to adapt
to colonization by new elements by incorporating their se-
quence into a piRNA cluster. A clear example can be found
in the P-element, which swept through global Drosophila
melanogaster populations after the sequestration of com-
mon laboratory strains (Rubin et al. 1982). Laboratory
strains have no ability to repress the P-element. In retro-
spect, studies of strains with natural or acquired P-element
resistance suggested that integration of the element into
a piRNA cluster was key to its control (Ronsseray et al. 1991,
1996, 2003).

Here, we sought to test whether the ability to translate
new genomic content into small RNAs was a general
characteristic of piRNA loci in flies and mice. We find that
clusters can be programmed to produce artificial piRNAs
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(apiRNAs). Furthermore, we were able to separate func-
tional piRNA clusters from their native genomic locations,
indicating that the clusters themselves contain sufficient
information to funnel their RNA products into the piRNA
biogenesis pathway. We made use of marked transgenic
clusters that carry insertions of the same sequence into
different contexts to evaluate the features that lead to the
production of individual piRNA species. We find that critical
determinants lie both in the local and long-range sequence
environments of the piRNA cluster.

RESULTS AND DISCUSSION

The current model for acquiring piRNA-dependent resis-
tance against new transposon invasion implies that insertion
of active transposons into an existing piRNA cluster leads to
the generation of new piRNA species and enables element
repression. This model suggests that any sequence, if inserted
into a piRNA cluster, will lead to the generation of new
piRNAs. Though attractive, this model has not been rigor-
ously tested. Acquisition of natural resistance against trans-
posable elements by transposition into piRNA clusters is
difficult to study in an experimental setting. However, this
scenario can be modeled using transgenes carrying new
sequence information within a piRNA-generating locus.
Over the years, large collections of Drosophila stocks have
been produced that carry transgenes integrated randomly
throughout the genome. We took advantage of these tools
by searching for integration events in native piRNA clus-
ters. The line P{IArB}A171.1F1 (also known as P-1152) has
a 18.3-kb construct P{lArB} integrated into a telomeric
PiRNA cluster on the X-chromosome (chromosomal loca-
tion 1A) (Wilson et al. 1989; Roche and Rio 1998). The
P{lArB} transgene contains sequences derived from the
hsp70, Adh, and rosy genes of D. melanogaster and a bacte-
rial lacZ gene. Unlike P{IArB} insertions in other genomic
sites, P-1152 has unusual properties. It is able to suppress
the expression of other lacZ transgenes in germ cells,
a phenomenon termed trans-silencing (Fig. 1A; Sup-
plemental Fig. S1; Ronsseray et al. 1991). The P{lArB}
insertion in P-1152 is mapped to the Telomere Associated
Sequence (TAS) repeats that produce abundant piRNAs
from both genomic strands. These piRNAs are loaded into
Piwi, Aub, and Ago3 in the germ cells of D. melanogaster
ovaries (Brennecke et al. 2007). Aub and Ago3-loaded
piRNAs derived from TAS repeats display the characteristic
features of the ping-pong amplification cycle, including
a prevalent 10-nt 5" overlap of sense and antisense species
and an enrichment for an A at position 10 of secondary
piRNAs. The trans-silencing properties of P-1152 transgene
and the association of these properties with its localization
in the piRNA cluster suggested that insertion of lacZ
into an existing piRNA cluster led to the generation of
new anti-lacZ piRNAs that are able to suppress cognate
transcripts in germ cells. Indeed, the presence of small
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RNAs complementary to lacZ was recently demonstrated
using RNAse-protection assay in ovaries of the P-1152 line
(Todeschini et al. 2010).

To analyze more deeply any artificial piRNAs derived
from the P{IArB} transgene, we sequenced small RNAs
from ovaries of the P-1152 line, examining a size range
from 18 to 29 nt. This includes piRNAs, siRNAs, and
miRNAs. P{IArB} generated abundant small RNA species
that mapped to both genomic strands (Fig. 1B). Their size
profile indicated that the majority were likely piRNAs,
ranging from 23 to 27 nt, while a minor fraction corre-
sponded to 21-nt endo-siRNAs that are also a product of
bidirectionally transcribed piRNA loci (Fig. 1C; Czech et al.
2008; Lau et al. 2009). Further analysis confirmed that the
23- to 27-nt RNAs were genuine piRNAs that could be
separated into primary (1U-biased) and secondary (10A-
biased) populations (Fig. 1D; data not shown). Transgene
piRNAs mapping to opposite genomic strands tended
to have a 10-nt overlap between their 5' ends that is a
characteristic feature of the ping-pong cycle (Fig. 1E).
Notably, P{IArB} contains the only lacZ sequence informa-
tion in the P-1152 strain. Since signatures of the ping-pong
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shown). Therefore, it is unlikely that any specific signals
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genes. Moreover, bacterial sequences are unlikely to have
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lacZ expression from separate, euchromatic locations (Sup-
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share sequence content in trans.
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with similar efficiency (Fig. 1B). Throughout the construct
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FIGURE 1. Production of artificial piRNAs (apiRNAs) from the Drosophila X-TAS cluster.
(A) The P{lArB} insertion into the X-TAS cluster is shown schematically along with an
illustration of trans-silencing. (B) Below is a schematic of the P{IArB} insert with the inferred
structures of the transcripts it can produce (see text). N is an area where the sequence is
unknown. Above is a plot of piRNA read frequencies along the plus and minus strands
(indicated) of the element. (C) Small RNA lengths are plotted as a fraction of reads for TAS
and for the inserted element. (D) Fractions of reads beginning with a 5’ U are plotted for the
P{IArB} and TAS plus and minus strands. (E) The degree of 5" overlap for piRNAs from the
plus and minus strands for P{IArB} and TAS were quantified and plotted as relative frequencies
(Z-scores). The spike at position 9 is a signature of the ping-pong amplification cycle.
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strand RNAs, which are processed to
piRNAs, initiates outside of the trans-
genic construct, likely within adjacent
TAS sequences.

Mapping of piRNAs to P{lArB} re-
vealed that intronic sequences present
within Adh and rosy gave rise to piRNA
from both genomic strands. Even when
present in the sense orientation, where
the intron could have been removed
by the splicing apparatus, piRNA lev-
els remained comparable in adjacent
intronic and exonic regions. The gener-
ation of piRNA from intronic sequence
is unexpected, as primary piRNA bio-
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genesis is thought to occur in the cytoplasm and has been
linked to specific cytoplasmic bodies, e.g., nuage and Yb
bodies, which concentrate components such as zucchini
and armitage, which are implicated in piRNA processing
(Tomari et al. 2004; Lim and Kai 2007; Pane et al. 2007;
Malone et al. 2009; Haase et al. 2010; Olivieri et al. 2010;
Saito et al. 2010; Qi et al. 2011). Furthermore, genic
piRNAs that are processed from mRNA of protein-coding
genes in Drosophila and mice are mapped almost exclu-
sively to exonic sequences (Aravin et al. 2008; Robine et al.
2009; Gan et al. 2011). To reconcile these disparities, we
searched explicitly for piRNAs that crossed predicted exon—
exon junctions, since these must arise from spliced mRNAs.
We did detect a few such small RNAs for rosy and Adh,
coming only from the genomic strand with the intron in
the appropriate orientation for splicing to occur. Consid-
ered together, these data suggest a model in which piRNA
biogenesis normally occurs following intron removal, but
that recognition of some RNA processing signals might be
suppressed when they are present within a piRNA cluster.
In this regard, strand-specific RT-PCR indicated that more
than half of sense-oriented rosy transcripts are not spliced
in P-1152 ovaries (Supplemental Fig. S2). Suppression of
conventional RNA processing signals within piRNA clus-
ters would make sense in many ways, since the insertion of
a new element would often bring at least a polyadenylation
signal, which under normal circumstances could negate the
production of piRNAs downstream from that site by
terminating transcription or preventing the export of
piRNA precursors.

Generation of artificial piRNAs by insertion of a new
sequence into a piRNA cluster provides a molecular tag
that allows the monitoring of cluster function even if the
native, nontagged cluster is present in the same genome.
We exploited this fact to test whether the presence of
piRNA clusters at precise genomic positions was important
to their function.

In flies, piRNA clusters occur mainly at the boundaries
between heterochromatin and euchromatin, particularly
in pericentromeric regions (Brennecke et al. 2007). In
mammals, piRNA clusters that are expressed in meiotic
cells occur in strictly syntenic positions, even though the
sequence content of these loci is not conserved (Aravin
et al. 2006; Girard et al. 2006; Lau et al. 2006). These
observations have strongly suggested that the genomic
context of piRNA clusters might be key to their function.
Precedent can be drawn from plants and fission yeast,
where small RNAs are generated from loci whose function
relies upon the presence of normally repressive chromatin
marks (Huisinga and Elgin 2009; Lahmy et al. 2010). In
turn, the repressive chromatin marks themselves are main-
tained by small RNA-directed complexes, closing the cycle.
To determine whether specific chromatin environments,
which are a property of the genomic context of piRNA
clusters, are essential for piRNA production, we created
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ectopic insertions of tagged piRNA clusters in non-native
sites.

As one test of the aforementioned hypothesis, we
examined the position dependence of the flamenco cluster
in Drosophila (Fig. 2A). Flamenco is present at the bound-
ary between euchromatin and pericentromeric heterochro-
matin on the Drosophila X chromosome, and its position
proximal to the DIPI gene is conserved through at least
12 M years of Drosophila evolution (Sarot et al. 2004;
Brennecke et al. 2007; Malone et al. 2009). It produces
piRNAs from only one genomic strand and is exclusively
expressed in the somatic follicle cells of the ovary. We
selected a P[acman] BAC clone that extended from a
position ~30 kb upstream of the first annotated piRNA
~86 kb toward the X chromosome centromere (Venken
et al. 2009). This encompassed ~30% of the flamenco
cluster. To distinguish any ectopic copies of flamenco from
the native locus, we marked the BAC by recombineering,
inserting a cassette comprising a nonfunctional GFP se-
quence and a bacterial neomycin resistance gene (Copeland
et al. 2001; Venken et al. 2006; Sharan et al. 2009). Marker
sequences were inserted ~4 kb downstream from the first
annotated piRNA in a site, which we had previously shown
to produce abundant small RNAs.

For mice, we chose to modify a piRNA cluster on mouse
chromosome 17 that is a major contributor to piRNA
populations in developing male germ cells from the
pachytene stage through the end of meiosis (Fig. 2B; Aravin
et al. 2006; Girard et al. 2006). This cluster occurs in syntenic
locations in rat and in human, indicating conservation
through at least 80 M vyears of evolution. Like flamenco,
each region of the ch17 cluster produces piRNAs from only
one genomic strand. A mouse BAC clone comprising ~187
kb of chromosome 17 carried the complete ch17 cluster and
extended 60 kb upstream of and 30 kb downstream from the
locus. It was similarly marked by recombineering to insert
a modified GFP/neo cassette.

In flies, we took advantage of a phiC-31 attachment site
in the P[acman]-BAC to insert the modified flamenco
cluster into a known genomic locus (Venken et al. 2006,
2009). Given that flamenco is normally present in a location
annotated as heterochromatic (X chromosome, band 20A),
we chose a gene-rich, euchromatic site to insert the trans-
gene. Specifically, we created lines with one additional copy
of flamenco on chromosome 3L at band 62E1 (landing pad
31) (Venken et al. 2006). For mice, we used standard pro-
nuclear injection to create two independent founder lines
(R13 and R37) with chl7 transgene insertions in presum-
ably distinct random locations.

Small RNA cloning and Illumina sequencing revealed
that abundant piRNAs derived from GFP were produced
from ectopic clusters in both flies and mice (Fig. 2C,D).
Like the native loci, these produced small RNAs from only
one genomic strand. Unlike X-TAS, neither flamenco nor
the chl7 cluster normally participate in the ping-pong
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FIGURE 2. Generation of apiRNAs from ectopic clusters in flies and mice. (A) A schematic
representation of the GFP/Neo cassette is shown along a diagram of the flamenco locus (in
yellow, piRNA densities in blue) in the BAC used for transgenesis. Below is a schematic
indicating that the transgene is inserted into chromosome 3L. (B) The GFP/neo insertion into
the mouse chromosome 17 cluster is diagrammed as in A. (C) The structure of the flamenco
GFP/Neo insertion is diagrammed below a plot of piRNA frequencies along the insert on the
plus and minus strands (indicated). For reference, piRNAs are also mapped to flanking
regions, though these represent a mixture of RNAs derived from the two native and one
ectopic flamenco clusters. (D) A scheme of the GFP/Neo insert into the mouse chromosome 17
cluster is shown below piRNAs mapping to the insert and its context as in C. Again, piRNAs
that flank the insert can be derived from the two native or inserted ectopic loci. (E) The 1U
bias (left) and size distributions (right) of apiRNAs from the ectopic flamenco cluster are
compared with another piRNA cluster (X-upstream) that also produces piRNAs from one
genomic strand in follicle cells. (F) As in E, apiRNAs from the ectopic ch17 cluster in mice are
compared with a similarly structured cluster on chromosome 9.

copies were equally active. Indeed, we
noted a 1.3-fold increase in piRNAs,
which are derived from the portion of
the flamenco cluster present in transgene.
Similarly, the levels of MILI and MIWI
piRNAs derived from the chrl7 cluster
in mouse increased by between 1.2- and
1.5-fold relative to a nonmodified cluster
on ch9 in two independent transgenic
lines. The profiles of piRNA mapped to
the flamenco and chl7 clusters are very
similar in wild-type and transgenic flies
and mice (Supplemental Fig. S4). There-
fore, the heterologous insertion of a
marker gene does not appear to exert
a strong influence on the processing of
piRNAs from transgenic loci. Overall,
our data indicate that transgenic piRNA
clusters have similar activity to their
endogenous counterparts, despite being
present at non-native genomic positions.

Flamenco-derived piRNAs associate
exclusively with Piwi, the only family
member that is expressed in follicle
cells (Sarot et al. 2004; Brennecke et al.
2007). Thus, they have a characteristic
size profile, peaking at around 25 nt.
piRNAs from the ectopic flamenco in-
sertion shared this size distribution (Fig.
2E). piRNAs from the ch17 cluster (and
other murine clusters expressed during
meiosis) normally associate with both
MILI and MIWI (Supplemental Fig.
S3B). These complexes have distinct
small RNA size profiles, with MILI to
associate with a ~26-nt and MIWI
harboring a ~30-nt species (Fig. 2F;
Aravin et al. 2006; Girard et al. 2006).
Overall, MIWI-bound species are sub-
stantially more abundant than MILI
bound species (Aravin et al. 2006; Girard

amplification loop, and the ectopic insertions also lacked
signatures of the cycle, namely, small RNAs with a 10A bias
and sense/antisense pairs that overlap by 10 nt. Small RNAs
from the ectopic clusters did show the strong 1U bias that is
a signature of primary piRNA populations (Fig. 2E,F;
Supplemental Fig. S3A).

It seemed likely that the transgenic clusters would
generate piRNAs both from the inserted marker gene and
from sequences that represent their native content; how-
ever, it is impossible to distinguish the latter from piRNAs
derived from endogenous loci. The ectopic cluster is pre-
sent as a single copy in the genome, as compared with two
endogenous copies. We might therefore expect piRNA levels
coming from shared regions to increase by 1.5-fold if all

et al. 2006). While the ectopic ch17 cluster produced small
RNAs with sizes characteristic of MILI and MIWI com-
plexes, their ratio was very different than expected based
upon the behavior of the native cluster (Fig. 2F; Supple-
mental Fig. S3B). RNAs with the size of MILI partners
greatly outnumbered those with the size of MIWI-bound
species. Thus, the ectopic cluster appeared to have a strong
preference for one of its two potential Piwi-family partners
(Fig. 2F; Supplemental Fig. S5).

Overall, our data indicate that piRNA clusters can
function even when divorced from their normal genomic
locale. With flamenco, the ectopic insertion behaved in-
distinguishably from the native locus, even though it had
been substantially truncated on the centromere-proximal
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side. For the chl17 cluster, piRNAs were still produced in
abundance from the ectopic insertions, but the behavior of
the small RNAs shifted toward preferential MILI associa-
tion. This could indicate that some element of chromo-
somal context was important for signaling an ultimate
association with MIWTI or perhaps that critical signals that
mark the cluster as a source of MIWI piRNAs were missing
from our BAC clone, despite its extending well beyond the
two ends of the cluster. Our results by no means rule out
chromatin structure as a contributory element in defining
piRNA clusters. However, if specific chromatin structures
are important, the signals for their formation must be
tightly linked to the piRNA loci themselves.

The inclusion of the same artificial sequence in piRNA
clusters in multiple locations and in distinct organisms
afforded the opportunity to probe the determinants of
piRNA selection. In contrast to miRNAs and siRNAs,
whose processing from longer precursors is informed by
their specific secondary structure and is well understood,
no rules that explain the selection of individual piRNAs
have been defined. The only bioinformatic study that
addressed this question came to the conclusion that the
processing of individual piRNA from precursors is quasi-
random, with only weak influences of local sequence
(positions —1 to +4 relative to the 5’ end of the piRNA)
(Betel et al. 2007). However, sequencing efforts from our
and other groups showed that individual piRNAs are not
produced uniformly along clusters. Instead, certain small
RNAs appear substantially more abundant (Aravin et al.
2006, 2008; Girard et al. 2006; Brennecke et al. 2007).
Characteristics underlying these inequalities could be in-
trinsic to the local sequence environment of each individual
piRNA or could be conferred by long-distance interactions
and formation of secondary structures within the precursor
molecule. Alternatively, patterns could be essentially ran-
dom, with the abundance of each species being determined
stochastically.

As with native piRNAs, read distributions along the
marker cassettes in the ectopic clusters were very uneven
(Fig. 3A; Supplemental Fig. S5). Focusing on the GFP
coding sequence, 1% of nucleotide residues contribute 19%
of all 5" ends of GFP-mapping piRNA reads in flies, while
10% of positions account for 70% of reads (Fig. 3B). In
mouse, the distribution was even more skewed with 1% of
GFP residues contributing 42% of piRNA reads (Fig. 3B).
To probe the causes leading to these skewed distributions,
we compared GFP-derived piRNAs in the two independent
mouse transgenic lines. The correlation in the abundance of
individual small RNAs was remarkable (R*> = 0.99) (Fig.
3C), ruling out the notion that the patterns that we observe
are random within each sample. Procedures for preparing
small RNA libraries include steps with well-established
sequence-based biases, namely, RNA adapter ligations and
PCRs (Linsen et al. 2009). We therefore considered the
possibility that those biases dominated apparent sequence

6  RNA, Vol. 18, No. 1

preferences in apiRNA generation. However, very little
correlation was seen between GFP piRNAs in flies and
mice (R* = 0.01) (Fig. 3D), contrary to what one would
expect if the patterns that we observed were strongly
influenced by the biases of library preparation methods.

Considered as a whole, our data strongly support the
existence of signals that determine the efficiency of pro-
duction of individual piRNAs and raise several possibilities
as to the nature of those signals. First, the biased distribu-
tion of piRNAs could be an exclusive consequence of their
context within the cluster. This would imply that large-
scale features, such as the structure of the transcript or
preferential entry sites for the primary processing machin-
ery determine differential piRNA production, akin to the
generation of phased siRNAs from long dsRNAs in plants
and animals (Zamore et al. 2000; Howell et al. 2007).
Alternatively, determinants of efficient piRNA biogenesis
could still be defined by the local sequence environment of
each individual piRNA, with sequence determinants being
interpreted differently in our two experimental models. To
begin to discriminate between these possibilities, it was
necessary to insert the same sequence (GFP) into different
PiRNA precursors that are expressed and processed in the
same cell type.

The traffic jam (tj) gene encodes a basic leucine zipper
transcription factor and is expressed in the follicle cells of
the Drosophila ovary, just as is flamenco (Li et al. 2003; Saito
et al. 2009). Importantly, #j generates piRNAs from a dis-
crete segment of its 3'-UTR region (Saito et al. 2009). We
created a marked, ectopic copy of # by inserting a GFP
coding sequence in the antisense orientation into its piRNA-
producing domain and integrated this into a euchromatic
site on chromosome 3L (Fig. 4A).

Sequencing of small RNAs (Fig. 4B) yielded abundant
piRNAs from the inserted GFP sequence. These had the same
characteristics as native tj-derived piRNAs, including being
produced from the sense strand of the locus, having a size
distribution characteristic of Piwi-associated species, and a
strong bias for a 5" terminal U residue (Fig. 4C,D). Position-
dependent differences in piRNA abundance were also appar-
ent, with the most abundant 10% of possible GFP piRNAs
contributing 81% of all GFP-mapping reads (Fig. 3B).

To discriminate local- from long-distance sequence
effects, we compared the abundance of individual piRNAs
from the #j and flamenco transgenes. As compared with the
patterns derived from independent insertions of the same
transgenes in mice (R? = 0.99) (Fig. 3C), patterns of GFP
piRNAs from #j and flamenco appeared quite different (R
= 0.24) (Fig. 4D). However, they were much more similar
than patterns produced in mouse versus fly (R* = 0.01)
(Fig. 3D). At the extremes, uridine positions in GFP that
generate abundant piRNAs from the flamenco transgene
tended also to generate abundant piRNAs from ¢ (Fig. 4E).
Conversely, those that did not generate piRNAs from
flamenco did not generate piRNAs from .
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FIGURE 3. apiRNA production is not uniform along inserted sequences. (A) A heatmap of
piRNA abundance is displayed for all positions in the GFP insert carried in ectopic piRNA
clusters as indicated. Sequence measurements were from total RNAs except in mouse, where
MIWI and MILI immunoprecipitates (indicated) were also analyzed. The first column simply
indicates U positions relative to the heatmaps. (B) All possible positions for piRNA production
from GFP sequences inserted into ectopic clusters (all sites or only U positions, indicated) were
ranked by their contribution to actual piRNA populations. The fraction of piRNAs contributed
by the top 1%, the next 9%, or the remaining 90% were measured and indicated. Native
clusters (indicated) were similarly analyzed for reference. (C) MILI-bound piRNAs were
quantified by sequencing from two independent lines carrying the ectopic chl7 cluster.
Correlations between read counts for GFP-derived piRNAs are shown. Libraries were
normalized as described in the Materials and Methods. (D) A similar analysis was performed
for GFP-derived piRNAs in total reads, comparing the R13 mouse line carrying the ectopic
ch17 cluster and the fly strain carrying the ectopic flamenco cluster.

precise nature of such context-depen-
dent effects is unclear, but could depend
upon the overall secondary or tertiary
structures of piRNA precursors.

Our data are consistent with the
model in which new insertions of trans-
posable elements become incorporated
into the piRNA repertoire as a mech-
anism of acquiring resistance. Indeed,
our data indicate that any sequence will
probably produce piRNAs immediately
upon its incorporation into a functional
piRNA cluster. Furthermore, our data
demonstrate that the position of the
cluster in the genome is not important,
and, therefore, transgenic piRNA clusters
can be created in heterologous genomic
locations.

Previous bioinformatic analyses de-
scribed the generation of individual
piRNAs from long precursor molecules
as a pseudo-random process with a weak
influence of the local sequence environ-
ment of individual piRNA species (Betel
et al. 2007). However, the distribution
of individual piRNAs within the pre-
cursor is far from being random; differ-
ent Us have drastically different pro-
pensities to generate piRNAs, and some
non-U positions produce substantially
more piRNAs than nonprocessed U
positions. Here, we showed that pat-
terns of individual piRNAs within the
precursors are highly reproducible if the
sequence is present within the same
context. Patterns become less reproduc-
ible if the local sequence is embedded in
a different context, indicating that both
local and long-range sequence environ-
ments impact processing efficiency. This
result explains a failure in the identifica-
tion of simple rules that would explain
the production of abundant piRNAs
from a given precursor molecule.

Considered together, these results indicate effects of both
local and long-range sequence environment on piRNA
biogenesis. Small RNAs generated from GFP embedded in
different piRNA precursor transcripts in the same species
were more similar than expected by chance. Influences of
sequence, however, seem species or cell-type specific, since
these same biases did not extend from fly to mouse. Strong
effects also appear to be exerted by the context within the
cluster, given the near identity in GFP piRNA populations
in independent mouse lines and their dissimilarity in
comparisons of marked flamenco and tj transcripts. The

The general approach we describe here, using marked
ectopic piRNA clusters to produce apiRNA species, pro-
vides a path toward further dissection of elements that
discriminate piRNA clusters and marks corresponding
transcripts for piRNA processing. The ability to program
the piRNA pathway to produce artificial piRNAs has im-
plications for harnessing this system for controlling gene
expression. In particular, in mammals this approach may
present advantages over harnessing the miRNA pathway,
since piRNAs can induce epigenetic silencing of loci
through the recruitment, directly or indirectly, of the de
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novo DNA methylation machinery (Carmell et al. 2007;
Aravin et al. 2008; Kuramochi-Miyagawa et al. 2008; Siomi
et al. 2011).

MATERIALS AND METHODS

D. melanogaster strains and crosses

The line, P-1152, which carries an insertion of the P{lArB} con-
struct in telomeric sequences of X chromosome (site 1A) is de-
scribed in Roche and Rio (1998). To test trans-silencing with
P-1152, females of this line were crossed with males that have lacZ
expressed from a euchromatic location on chromosome 2L (line
BC69, site 35B10-35C1) (Lemaitre et al. 1993).

Cloning and recombineering—D. melanogaster

The flamenco transgene was created using P[acman] clone CH321-
35A24, which contains an interval from chromosome X that
includes ~20 kb of upstream sequence and the 5’ portion of the

8  RNA, Vol. 18, No. 1

flamenco piRNA cluster (Venken et al. 2009). An antisense EGFP
sequence was introduced into the BAC by recombineering as
described in Sharan et al. (2009). The GFP-Neo insertion cassette
was built by overlapping PCR based on a FRT-PGK-gb2-neo-FRT
cassette (Gene Bridges). The position of the insertion within the
flamenco cluster was selected based on uniqueness and high
frequency of piRNA production from the surrounding region.
The cassette was introduced into the the BAC using a pSimé6
plasmid described in Datta et al. (2006). To promote recombi-
nation, Escherichia coli containing pSim6 were transferred to a 2-mL
Eppendorf tube and induced at 42°C in an Eppendorf tabletop
shaker. The linear DNA substrate was introduced by electroporation
using the Gene Pulser XCell. Using exponential decay as a pulse-
type, the cells were electroporated at 3000 V, 25 wF, and 200 Q) for
5 msec. After outgrowth and selection of cells, recombinant clones
were screened for by PCR, sequencing and restriction digestion,
followed by pulse-field gel electrophoresis.

The D. melanogaster traffic jam gene with 2 kb upstream and
0.5 kb downstream genomic regions was amplified from the
CH322-145022 P[acman] clone and inserted between the BspHI
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and Clal sites of the pIZ-V5-His vector (Invitrogen). A sequence
ATTATTCTGATTGCGACAATAAATTCCGAT in the TJ 3" UTR
was substituted with the sequence CTTAAGCTGATTGCGACAA
TAAATACCGGT by overlap PCR to introduce unique AflIIT and
Agel sites, which were used to insert the inverted EGFP sequence.
The modified traffic-jam sequence was transferred into the
pCasper5-attB vector (a modified P-element pCaSpeR5 vector
(Le et al. 2007) with a phiC31 attB site to allow site-specific
integration).

Cloning and recombineering—mouse

The transgene containing the modified chrl7 piRNA cluster
(Chr17: 27427600-27488899) was created using BAC clone
RP23-131B16, which contains ~180 kb of genomic sequence that
includes the whole chr17 piRNA cluster. We used the FRT-PGK-
gb2-neo-FRT cassette (Gene Bridges) and a purified vector con-
taining the EGFP sequence, to construct the GFP-Neo insert for
recombineering. After three steps of overlapping PCR (KOD hot
start DNA polymerase, Novagen), the recombineering inserts were
cloned in a 2.1-TOPO vector (Invitrogen, Version U) according to
the manufacturer’s protocol. Homology arms for recombineering
were added by PCR of purified plasmid.

Recombineering was carried using the Red/ET plasmid-
expressing recombination proteins under an arabinose-inducible
promoter (Counter-Selection BAC Modification Kit, Gene Bridges,
2007). We followed the manufacturer’s protocol, except that re-
combined clones were selected on Kanamycin and the counter-
selection step was skipped. The integrity of modified BAC DNAs
were verified by restriction digests and sequencing.

Transgenic animal production—D. melanogaster

Tagged BAC DNA was purified with a Plasmid Maxi Kit
(QIAGEN). The DNA was used for PhiC31 integrase-mediated
transgenesis, which was carried out by BestGene (http://www.
thebestgene.com/). Flamenco and tj transgenes were integrated
into attP docking sites on chromosome 3 (VK00031—site 62E1,
and VKO00033—site 65B2, respectively).

Transgenic animal production—mouse

BAC DNAs were prepared from overnight E. coli cultures using
Nucleobond BAC 100 columns (Clontech). DNA was eluted in
Injection Buffer (10 mM TRIS, 0.1 mM EDTA, 100 mM NaCl, 1X
polyamines) and linearized with PI-Scel enzyme for 4 h. Following
linearization, BAC DNA was dialyzed overnight on a 25-mm,
0.025-pm filter (Millipore) by floating on Injection Buffer.
Transgenic animals were obtained by pro-nuclear injection into
B6xSJL F1 hybrids oocytes. Founder animals were crossed to
C57BL/6] mice. R37 and R13 transgenic lines were initiated from
two independent founder mice.

Immunoprecipitation of PIWI proteins

Immunoprecipitations from D. melanogaster ovaries were carried
out according to previously described procedures (Brennecke
et al. 2007). For mice, MILI and MIWI were immunoprecipitated
from adult testis using antibodies and procedures previously
described (Aravin et al. 2007b; Vagin et al. 2009). Briefly, testis
were dounced in lysis buffer (10 mM Hepes at pH 7.0, 100 mM

KCl, 5 mM MgCl2, 0.5% NP-40, 1% triton X-100, 10% Glycerol, 1
mM DTT, proteinase and RNAase inhibitors). Antibodies (MILI-
N2 and MIWI-N2) were then added to the cleared lysates and
binding reactions were allowed to proceed overnight at 4°C.
Protein A beads are then added to the solution and incubated 3—4
h at 4°C with rotation. After three to four washes in NT-2 buffer
(5 mM Tris at pH 7.4, 150 mM NaCl2, 1 mM MgCL2, 0.05% NP-
40, RNAase inhibitors, 1 mM DTT), antibody complexes were
proteinase K treated and RNAs ethanol precipitated following
phenol/chlorophorm extraction. A fraction of the precipitated
RNAs was radiolabeled and size profiles verified on 15% urea
polyacrylamide gels.

Small RNA cloning

Small RNAs from IPs and total RNA extracts were cloned as
previously described in Brennecke et al. (2007) and Aravin et al.
(2008). Briefly, small RNAs within a 19-33-nt window for mouse
samples or a 19-28-nt window for D. melanogaster were isolated
from 12% polyacrylamide gels. 3" and 5 linkers were ligated, and
products were reverse transcribed using Superscript III (Invitrogen).
Following PCR amplification, libraries were submitted for sequenc-
ing using the Illumina GA2x platform.

Detection of B-galactosidase activity in D.
melanogaster ovaries

Dissected ovaries from 3-5-d-old flies were fixed in freshly pre-
pared 2% glutaraldehyde in PBS for 20 min, washed twice in PBS,
and stained for several hours at 37°C in Fe/NaP buffer (3.1 mM
K3Fe(CN)g; 3.1 mM K, Fe(CN)g; 10 mM NaH,PO,xH,0; 0.15 M
NaCl; 1 mM MgCl,) with 0.25% X-Gal. Stained ovaries were
mounted in 70% glycerol/PBS.

Bioinformatic analysis of small RNA libraries

After FASTQ to FASTA conversion, the Illumina dapter
(CTGTAGGCACCATCAATTC) was clipped from the 3" end of
the read and sequences shorter than 16 nt were discarded from
further analysis. The remaining sequences were collapsed into
a nonredundant list and mapped to the D. melanogaster genome
(D. melanogaster Apr. 2006 [BDGP R5/dm3]) or the mouse ge-
nome (mm9) using the short read aligner bowtie (Langmead et al.
2009). Up to two mismatches were allowed. Sequences that failed
to map to the genome were mapped against the artificially in-
troduced sequences. The multiplicity count of mapped sequences
was normalized to the total number of reads that mapped to the
genome. All further bioinformatic analysis on mapping sequences
was done using Unix-based text utilities. Details of those scripts
can be obtained upon request. Small RNA sequencing data are
deposited at GEO, accession number GSE32435.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Supplementary Figure Legends

Figure S1. Trans-silencing of lacZ by P{IArB} derived apiRNAs. (A) Ovaries of
strain P1152, which carries the P{IArB} insertion in TAS. (B) Ovaries of strain BC69
show lacZ expression from a euchromatic transgene. (C) Trans-silencing of lacZ
expression in F1 ovaries of a cross between P1152 females and BC69 males. Note the
slightly different levels of repression within different cells of the same ovary.

Figure S2. RT-PCR analysis of rosy transcripts. Reverse transcription with primer
specific to sense strand of rosy transcripts was performed on total RNA from ovaries of
strain P-1152 (TAS-inserted transgene), BC69 (same transgene inserted into
euchromatin) or Oregon-R (wild type). (A) Position of PCR primers flanking 3rd and 2nd
introns of rosy transcript. (B) Presence of longer PCR product indicates accumulation of
non-spliced rosy transcripts in ovaries of P-1152, but not BC69 and Oregon flies.

Figure S3. Features of apiRNAs in mouse. (A) The 1U bias of apiRNAs mapping to
the insertion cassette (cass) is compared to native piRNAs from another cluster on chr9.
Sequences are derived from total RNA, MILI and MIWI immunoprecipitations (indicated).
(B) Size distributions of native piRNAs mapping to a cluster on chr9 (upper panel)
compared to apiRNAs mapping to the insertion cassette (lower panel). Sequences are
derived from total RNA, MILI and MIWI immunoprecipitations (indicated).

Figure S4. piRNA profiles over wild-type and transgenic piRNA clusters in flies
and mice (A) Read densities of piRNAs bound to MIWI are plotted along the cluster on
chr 17 on the plus and minus strand (indicated). The site of the GFP cassette insertion is
indicated with an asterix. (B) Read densities of piRNAs bound to MILI are plotted along
the cluster on chr 17 on the plus and minus strand (indicated). (C) Read densities of
piRNAs from total RNA are plotted along flamenco on the plus strand. The portion of the
cluster contained in the BAC is indicated as ‘transgenic’.

Figure S5. apiRNAs in mouse are preferentially bound by MILI. (A) Read counts of
apiRNAs bound to MILI are plotted along the inserted GFP sequence on the plus and
minus strand (indicated). (B) Read counts of apiRNAs bound to MIWI are plotted along
the inserted GFP sequence on the plus and minus strand (indicated). (C) Read counts of
apiRNAs from total RNA are plotted along the inserted GFP sequence on the plus and

minus strand (indicated).
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