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ABSTRACT 

 The Piwi interacting RNA pathway (piRNA) transcriptionally and post-

transcriptionally silences transposons in the germline to maintain host genome 

integrity and faithful transmission of the genetic materials.  In Drosophila ovaries, 

maternally loaded piRNAs kick-start piRNA biogenesis and convert precursor 

transcripts into piRNAs to replenish the piRNA pool during oogenesis.  piRNA 

clusters are the genomic source of piRNA precursors, which are determined by 

the HP1 homolog Rhino and accessary factors.  Rhino specifically binds to 

piRNA cluster chromatin.  I was intrigued by how Rhino localizes to piRNA 

clusters to specify piRNA precursors.  TREX is a conserved mRNA biogenesis 

complex composed of UAP56 and the THO complex.  Identification of UAP56 as 

a cluster transcript-processing factor established the link between piRNA 

biogenesis and the general mRNA processing machinery.  In my thesis, I 

investigated the functions of UAP56 and THO in piRNA cluster transcript 

processing.  I characterized an RNP specific to cluster transcripts, defined by 

binding with both factors, which is distinct from RNP of bulk mRNA transcripts, 

and found that assembly of these RNPs depends on Rhino.  These findings imply 

that piRNA precursors are specified co-transcriptionally.  Additionally, I found that 

TREX mutants lead to a loss of Rhino binding specificity.  I propose that Rhino 

and TREX co-transcriptionally scan for cluster and transposon sequences to 

establish loci that produce piRNA precursors.  Surprisingly, I also discovered a 

piRNA-independent function for TREX in transposon silencing.  I showed that 
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TREX mutants lead to transcriptionally activation of a number of transposon 

families without affecting their piRNA biogenesis and piRNA mediated repressive 

histone modifications.  I propose that TREX could mediate a conserved 

transposon silencing mechanism.  
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CHAPTER I: Introduction 
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1.1: Transposons are an integral genomic constituent. 

 In a landmark study, on genetic basis of maize kernel color mosaics, 

Barbara McClintock proposed that maize kernel color mosaics are generated by 

mobile “controlling element”, now termed transposons (McClintock, 1984).  Since 

then, our knowledge of transposons has drastically expanded.  With only a few 

exceptions, transposon sequences populate the genomes in nearly all kingdoms 

of life (Huang et al., 2012).  Our understanding of transposons has evolved from 

simply a genomic “junk” to important regulatory elements, and from detrimental 

genomic parasites to the driving force for host genome evolution (Biemont, 2010; 

Bourque et al., 2018).  The current consensus is that transposons are integral 

genomic components, which contribute to fitness. 

 

1.1.1: Transposons come in different flavors. 

 Transposons are diverse in sequences, enzymatic activities, and life 

cycles and they are categorized broadly into two classes (Bao et al., 2015; 

Curcio and Derbyshire, 2003; Finnegan, 1989; Wicker et al., 2007).  The first 

class, retrotransposon, propagates through a copy-and-paste mechanism, in 

which RNA transcripts from existing transposons are reverse transcribed into 

cDNAs that are inserted into new genomic locations.  Retrotransposons are 

further divided into two sub-classes.  LTR retrotransposons resemble the 

retroviral genomic structure, whose consensus sequences are characterized by 

flanking long terminal repeats (LTRs), (Havecker et al., 2004; Hayward, 2017).  
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The 5’ and 3’ LTRs serve as the promoter and terminator of the transposons, 

respectively.  The internal sequence contains three open reading frames (ORFs), 

gag, pol and env.  The gag ORF encodes a viral capsid protein.  The pol ORF 

encodes a reverse transcriptase and an endonuclease/integrase.  The env ORF 

encodes the viral envelope protein.  LTR retrotransposons share the same life 

cycle with retroviruses.  LTR retrotransposons can form viral particles that can 

transmit horizontally (Song et al., 1997).  Another distinct sub-class of 

retrotransposons lacks the flanking LTRs, and these non-LTR retrotransposons 

include Long Interspersed Nuclear Elements (LINEs) and Short Interspersed 

Nuclear Elements (SINEs) (Goodier and Kazazian, 2008).  LINEs also contain a 

pol like ORF, encoding reverse transcriptase and nuclease activities that allow 

autonomous propagation.  Some LINEs have an additional gag like ORF.  The 

SINEs are the fusion between LINEs and endogenous RNA polymerase (RNAP) 

III transcriptional units (tRNA, 7SL and 5S RNA).  SINEs retain the RNAP III 

promoter and recognition sequence for transposition, but lack other enzymatic 

activity needed for transposition.  SINEs could be the remnants of LINEs that had 

transposed into endogenous functional short RNA transcriptional units. 

 The second class, DNA transposons, propagates through a cut-and-paste 

mechanism, which directly excises an existing transposon insertion and reinserts 

into a new genomic location (Feschotte and Pritham, 2007).  The “controlling 

element”, Ac/Ds, in maize and P-element in Drosophila belong to this class.  The 

DNA transposon encodes a transposase activity, which recognizes the terminal 
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inverted repeats flanking DNA transposons and catalyzes excision and 

integration. 

 

1.1.2: Transposon invasion and host domestication 

 Transposons are direct threats to the host genome integrity.  Cut and/or 

paste during transposition generate DNA breaks,	 as exemplified by hybrid 

dysgenesis in Drosophila, in which newly invading DNA transposons induce 

massive DNA damages and collapse germline development (Khurana et al., 

2011).  Following this immediate damage, new transposition events could disrupt 

host genes, creating permanent mutations that compromise host fitness (Payer 

and Burns, 2019).  In addition to direct damages from transposition, multiple 

copies of the same sequence in the genome can promote homologous 

recombination,	generating large structural rearrangements (Bourque et al., 2018). 

 On the other hand, transposons generate sequence diversities that can 

drive host genome evolution (Rebollo et al., 2012).  "Domesticated" transposons 

can function at various levels.  Transposon repeats can serve as structural 

elements of centromeres and telomeres (Malik and Henikoff, 2009; Mason et al., 

2008).  Transposons can provide regulatory elements, including promoters and 

enhancers that control host gene expression (Rebollo et al., 2012).  The host can 

also harness transposon-encoded enzymatic activities.  For example, it is 

proposed that telomerase and non-LTR retrotransposon encoded reverse 

transcriptase share the same evolutionary origin (Eickbush, 1997).  Even the 
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transposon-derived transcripts can function as long non-coding RNAs (Percharde 

et al., 2018).  And the list of transposon related regulatory events continue to 

expand. 

 However, transposons are fundamentally “selfish” elements that must 

move and increase copy number in the germline genome to survive through 

multiple generations.  Certain transposons have even evolved to be active 

exclusively in the germline.  For example, the P-element in Drosophila produces 

transposase only in the germline by germline specific alternative splicing (Laski 

et al., 1986).  On the contrary, the host wants to pass unaltered genetic materials 

faithfully to its offspring.  Thus, the germline becomes the battlefront of host 

defenses against transposons.  The primary host arsenal for the battle against 

transposons is the PIWI-interacting RNA (piRNA) pathway (Malone and Hannon, 

2009; Senti and Brennecke, 2010). 

 

1.2: A mechanistic review of piRNA pathway from nucleus to cytoplasm in 

Drosophila ovary 

1.2.1: A brief history of piRNA discovery 

 piRNAs were discovered in Drosophila testes as small RNAs generated 

from the Suppressor of Stellate (Su[Ste]) locus on the Y chromosome, which 

silence Stellate (ste), a selfish gene cluster on the X chromosome (Aravin et al., 

2001).  The initial small RNA cloning from Drosophila testes identified additional 

repeat-mapping small RNAs, which were designated to the Repeat-Associated 
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Small Interfering RNAs (rasiRNAs) (Aravin et al., 2003).  However, many 

features of these gonad specific rasiRNAs suggested they were distinct from 

previously described miRNAs and siRNAs, which are derived from double 

stranded RNA precursors (Aravin et al., 2003; Aravin et al., 2001).  For example, 

they were much longer than siRNAs and functionally implicated with PIWI clade 

Argonaute proteins (Aravin et al., 2003; Sarot et al., 2004).  In 2006, it was firmly 

demonstrated that the rasiRNAs have a distinct biogenesis pathway from either 

miRNAs or siRNAs, and physically associate with PIWI clade Argonaute, defining 

a new class of PIWI interacting small RNAs (piRNAs) (Aravin et al., 2006; Girard 

et al., 2006; Grivna et al., 2006; Lau et al., 2006; Saito et al., 2006; Vagin et al., 

2006; Watanabe et al., 2006).  The piRNA pathway is conserved in the animal 

kingdom, and essential to defending the host genome against transposons 

(Aravin et al., 2007; O'Donnell and Boeke, 2007; Siomi et al., 2011). 

 Many of the genes required for the piRNA pathway, including piwi, were 

isolated through their functional requirement in Drosophila	 melanogaster 

germline development.  The discovery of piRNAs and the link to Piwi unified 

these factors into a coherent pathway.  Piwi, the founding member of PIWI clade 

Argonaut family of proteins, was first isolated as a factor required for germline 

stem cell renewal in Drosophila testes (Lin and Spradling, 1997).  A 

comprehensive genetic screen for Drosophila egg patterning defects identified 

many factors later implicated in piRNA pathway (Schupbach and Wieschaus, 

1986, 1991).  The transposon-silencing gene, flamenco (flam), was later shown 
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to generate small RNAs in a Piwi dependent manner (Prud'homme et al., 1995; 

Sarot et al., 2004).  Mutations in piRNA pathway factors lead to transposon 

activation and DNA damage, triggering a damage response by activating Chk2 

kinase that disrupts egg laying, embryo patterning, and hatching (Klattenhoff et 

al., 2007; Theurkauf et al., 2006).  These characteristic fertility defects led to 

isolation of additional piRNA pathway genes (Klattenhoff et al., 2009; Zhang et 

al., 2012a; Zhang et al., 2011).  Thus, the powerful genetics in Drosophila 

combined with deep sequencing technology produced rapid advances in our 

mechanistic understanding of piRNA biogenesis and their functions during 

Drosophila oogenesis (Czech et al., 2018; Ozata et al., 2019).  The piRNA 

pathway in Drosophila ovaries can be functionally divided to three phases: 1) a 

nuclear phase where piRNA clusters generate precursor transcripts for piRNA 

biogenesis; 2) a cytoplasmic phase where Ping-Pong coupled phased piRNA 

biogenesis amplifies the piRNA pool; and 3) piRNAs direct transposon silencing 

(Figure 1.1). 
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Figure 1.1: Schematic representation of piRNA pathway from nucleus to 

cytoplasm in Drosophila ovary. 

The red and blue arrows represent transposon sense and antisense (small) RNA, 

respectively. The arrows points from the 5’ end to the 3’ end of RNA.  The grey 

dashed arrows indicate flow of content.  The solids lines represent recruitment or 

inhibition. 

I: Nuclear piRNA source loci: Rhino specifically binds to H3K9me3 at piRNA 

source loci, including piRNA clusters, and recruit Deadlock (DEL) and Cutoff 

(CUFF) to assemble RDC complex.  1) RDC recruits non-canonical 

transcriptional initiation complex, containing Moonshiner (Moon), TFIIA-S and 

TRF2.  2) RDC also recruits Bootlegger/Nxf3/Nxt1 to assemble non-canonical 

RNP with THO and UAP56.  The piRNA source loci transcripts (blue) are 

exported by CRM1/Exportin1 to cytoplasm. 

II.a: Ping-Pong amplification in nuage.  The post-transcriptional silencing 

mediated by Aub is part of the Ping-Pong cycle.  The 3’ end of Ago3 bound 

piRNA is generated by another PIWI mediated slicing followed by Nibbler 

trimming (Pac-Man). 

II.b: Phased piRNA biogenesis at the mitochondria outer membrane.  The 

precursors for phased piRNA biogenesis are the Ago3 slicing products from the 

Ping-Pong cycle.  Progressive Piwi loading and Zucchini cutting (scissor) 

generate phased Piwi bound piRNAs. 
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III: piRNA mediated transcriptional silencing establishes repressive chromatin by 

recruiting histone modification enzymes: 1) Lsd1 removes H3K4me2/3 and 2) 

SetDB/Eggless deposits H3K9me3.  Panx also recruits Maelstrom and Nxf2/Nxt1 

for efficient silencing.  
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1.2.2: Heterochromatic clusters as genomic source loci for piRNA 

precursors	

 The piRNA “clusters” were initially defined as genomic loci with the highest 

density of uniquely mapping piRNAs (Aravin et al., 2006; Brennecke et al., 2007; 

Girard et al., 2006; Lau et al., 2006).  In Drosophila ovaries, these clusters are 

composed of degenerated transposon fragments and appear to serve as genetic 

memory of transposon invasions, providing adaptive immunity against resident 

transposons (Brennecke et al., 2007).  For newly introduced elements, it is 

proposed that transposition into a piRNA cluster establishes silencing capacity 

(Malone and Hannon, 2009). 

 Based on piRNA mapping strandedness, there are two types of piRNA 

clusters in Drosophila ovaries, dual-strand clusters and uni-strand clusters, which 

have different piRNA biogenesis pathways and tissue specificities (Brennecke et 

al., 2007; Malone et al., 2009).  The dual-strand piRNA clusters function mainly in 

the female germline and localize to the boundaries between euchromatin and 

sub-telomeric/para-centromeric heterochromatin.  These clusters are transcribed 

and generate piRNAs from both genomic strands (Brennecke et al., 2007).  The 

ovary specific Rhino, Deadlock and Cutoff (RDC) complex functions at the heart 

of dual-strand clusters, and appears to be necessary and sufficient to drive 

piRNA biogenesis (Klattenhoff et al., 2009; Mohn et al., 2014; Pane et al., 2011; 

Zhang et al., 2014).  The RDC complex exclusively localizes to the dual-strand 

cluster chromatin (Mohn et al., 2014; Zhang et al., 2014), where it multitasks in 
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promoting non-canonical RNAP II transcription (Andersen et al., 2017; Mohn et 

al., 2014) and suppressing cluster transcript splicing and polyadenylation, 

generating RNAs that are distinct from canonical protein-coding gene transcripts 

(Chen et al., 2016; Zhang et al., 2018; Zhang et al., 2014) (Figure 1.1 I). 

 The piRNA clusters are embedded in transcriptional repressive 

heterochromatic regions, and major clusters are flanked by convergent 

transcribed promoters.  These promoters are bound by RNAP II, but lack 

H3K4me2/3 marks typically associated with canonical protein-coding gene 

promoters (Mohn et al., 2014).  These promoters are also dispensable for the 

transcription and piRNA biogenesis from these clusters.  Instead, the RDC 

licenses transcription from both genomic strands, throughout clusters, by 

recruiting a non-canonical transcription initiation complex composed of 

Moonshiner, TFIIA-S and TRF2, as a functional paralogue to the canonical TFIIA 

pre-initiation complex.  Moonshiner is a paralog of TFIIA-L, and is specific to the 

Drosophila ovary.  TRF2 (TATA box-binding protein (TBP)-related factor 2) is an 

animal TFIID core variant.  While the canonical transcription initiation complex is 

recruited by sequence specific DNA elements at promoters and initiates 

transcription from the transcriptional start sites for the protein-coding genes, the 

RDC licenses promoter independent transcription from multiple YR motifs to 

generate multiple transcripts from both genomic strands (Andersen et al., 2017). 

 The cluster transcripts are also processed differently from canonical 

protein-coding genes.  Cutoff appears to have a central role in this non-canonical 
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processing.  Cutoff shares sequence homology to Rai1, an mRNA decapping 

enzyme with 5’ to 3’ exonuclease activity.  However, the residues required for 

catalytic activity are not conserved,	 suggesting that Cutoff binds to the ends of 

cluster transcripts (Zhang et al., 2014).  The Cap Binding Complex (CBC) binds 

to capped gene transcripts and promotes splicing and 3’ end processing (Lewis 

and Izaurralde, 1997).  These findings suggest that Cutoff may bind to capped 

cluster transcripts, competing with the CBC, and suppress splicing and 

polyadenylation (Chen et al., 2016; Zhang et al., 2014).  However, Cutoff binding 

to cluster transcripts has not been directly demonstrated. 

 While cluster-transcripts are processed differently from mRNAs, piRNA 

biogenesis requires UAP56 and THO complex, which are general mRNA 

processing and export factors (Hur et al., 2016; Zhang et al., 2012a).  RIPseq 

(RNA immunoprecipitation with deep sequencing) experiments demonstrated 

that both UAP56 and the THO stably bind to cluster transcripts, while pre-mRNAs 

associate with THO, but not UAP56.  These findings imply that binding to both 

UAP56 and THO may distinguish cluster transcripts from protein-coding gene 

transcripts, directing them to the piRNA biogenesis machinery (Zhang et al., 

2012a; Zhang et al., 2018).  Export of cluster transcripts out of nucleus also 

utilizes a unique mechanism, mediated by Bootlegger and Nxf3/Nxt1 heterodimer 

(ElMaghraby et al., 2019; Kneuss et al., 2019).  Bootlegger, a Deadlock 

associated protein, recruits UAP56 and Nxf3 to the Rhino foci (ElMaghraby et al., 

2019).  Nxf3 is a Drosophila specific paralog of Nxf1, a conserved bulk mRNA 
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exporter, which forms a heterodimer with Nxt1 (Herold et al., 2001; Kohler and 

Hurt, 2007).  Additionally, Nxf3/Nxt1 exports cluster transcripts through an 

Exportin1/CRM1 mediated pathway (ElMaghraby et al., 2019; Kneuss et al., 

2019). 

 In the somatic follicle cells that surround the germline, piRNAs are 

produced from uni-strand cluster, and primarily from the flamenco (flam) locus, 

which is transcribed and processed that appears to be genetically identical to 

transcription and processing of protein-coding genes (Goriaux et al., 2014; 

Malone et al., 2009; Mohn et al., 2014).  The flam locus has a single canonical 

promoter, which is bound by RNAP II and enriched for H3K4me2/3, and depends 

on the transcription factor Cubitus interruptus (Ci) for activation.  The flam locus 

produces a single long transcript from one strand, which is spliced and 

polyadenylated as normal mRNA.  The cis-elements within flam transcripts direct 

them into piRNA biogenesis machinery (Ishizu et al., 2015). 

 

1.2.3: Ping-Pong cycle coupled phased piRNA biogenesis generates 

abundant, diverse, antisense biased transposon targeting piRNAs. 

 piRNA cluster transcripts are exported to the cytoplasm, where piRNA 

biogenesis is separated into two spatially organized phases (Figure 1.1 IIa and 

IIb).  The Ping-Pong cycle is catalyzed in the perinuclear nuage and phased 

piRNA biogenesis appears to take place at the mitochondria outer membrane 
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(Brennecke et al., 2007; Gunawardane et al., 2007; Han et al., 2015; Mohn et al., 

2015). 

 Nuage concentrates many piRNA biogenesis factors (Brennecke et al., 

2007; Lim and Kai, 2007; Zhang et al., 2011) and is juxtaposed with the nuclear 

piRNA cluster foci across the nuclear membrane (Zhang et al., 2012a).  The 

spatial arrangement of nuclear and cytoplasmic piRNA biogenesis centers 

suggests that the piRNA precursor transcripts may be directly transferred from 

clusters to the cytoplasmic machinery through nuclear pore complexes (NPCs) 

(ElMaghraby et al., 2019; Kneuss et al., 2019; Zhang et al., 2012a).  In the 

nuage, Ping-Pong cycle drives reciprocal amplification of Aub and Ago3 bound 

piRNAs (Brennecke et al., 2007; Gunawardane et al., 2007).  Aub binds 

antisense piRNA (guide) that recognizes the complementary RNA (target) and 

directs Aub slicer activity to cleave the target RNA at position between tenth and 

eleventh nucleotide of the guide piRNA.  The 3’ fragment of Aub sliced target 

RNA possesses a 5’ monophosphate, which binds to Ago3 and becomes the 5’ 

end of a new piRNA.  A second PIWI slicer cut followed by exonuclease 

resection by Nibbler generates the mature 3’ end of the new piRNA (Hayashi et 

al., 2016).  The 3’ end of this new piRNA is methylated and protected by the 

methyltransferase Hen1 (Horwich et al., 2007).  Similarly, Ago3 loaded with this 

new piRNA searches for complementary target RNA and cuts the target at 

position between tenth and eleventh nucleotide of guide piRNA.  The 5’ 

monophosphate of 3’ fragment of Ago3 sliced target RNA binds to Aub and 
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becomes the 5’ end of a new piRNA.  Direct endonuclease cut by Zucchini 

behind the Aub generates the 3’ end of the new piRNA, which is also methylated 

by Hen1 (Hayashi et al., 2016; Horwich et al., 2007).  This Aub bound new 

piRNA starts another cycle.  The exchange of PIWI slicing products as new 

piRNA precursors between Aub and Ago3 generates piRNAs with significant ten 

nucleotides overlap at the 5’ end, the Ping-Pong signature (Brennecke et al., 

2007; Gunawardane et al., 2007).  This reciprocal process also generates an 

intrinsic strand bias between Ago3 and Aub bound piRNAs.  Aub prefers an 

Adenosine in the target RNA at position opposite the first nucleotide of piRNA 

guide (Wang et al., 2014).  After Aub slicing, this Adenosine becomes the tenth 

nucleotide from the 5’ monophosphate of a new Ago3 bound piRNA, generating 

10A bias of Ago3 bound piRNAs.  Subsequently, this Adenosine at position 10 of 

Ago3 bound piRNA forms base pair with Uridine in the target RNA.  After Ago3 

slicing the target RNA at 5’ side of the Uridine, this Uridine become the first 

nucleotide of a new Aub bound piRNA, generating 1U bias of Aub bound piRNAs 

(Ozata et al., 2019). 

 While Ping-Pong cycle can only amplify complementary piRNA 

sequences, phased piRNA biogenesis can generate the piRNA sequence 

diversity (Siomi and Siomi, 2015).  Even though Ping-Pong amplification and 

phased biogenesis are spatially separated, the processes are coupled 

(Gainetdinov et al., 2018; Ge et al., 2019; Han et al., 2015; Huang et al., 2014; 

Mohn et al., 2015).  Armitage, an RNA-Binding ATPase, appears to transfer 3’ 
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fragment of Ago3 slicing product, with a 5’ monophosphate bound to Aub, from 

the nuage to the mitochondria outer membrane, where Zucchini, an essential 

endonuclease for phased piRNA biogenesis, is localized (Ge et al., 2019; 

Handler et al., 2013; Saito et al., 2010).  Zucchini cuts Aub bound precursor 

transcripts, releasing the Aub loaded with a new piRNA to enter the Ping-Pong 

cycle.  Concomitantly, Zucchini cleavage generates a new 5’ monophosphate 

bound by Piwi.  Again, Zucchini cuts after Piwi on the precursor transcript, 

releasing a new piRNA bound to Piwi and another 5’ monophosphate that is 

bound by Piwi.  This process of coupled Piwi loading and Zucchini cutting 

continues on the same precursor transcript, which generates head to tail Piwi 

bound piRNAs (Gainetdinov et al., 2018; Han et al., 2015; Mohn et al., 2015).  

Hen1 methylates 3’ end of all new Piwi bound piRNAs (Horwich et al., 2007).  

Additionally, the in vivo preference of Zucchini for cleavage before a Uridine 

generates a 1U bias of Piwi bound piRNAs (Gainetdinov et al., 2018; Mohn et al., 

2015). 

 piRNAs that are antisense to transposon transcripts are the effectors of 

transposon silencing.  Many features in Ping-Pong coupled phased piRNA 

biogenesis in the cytoplasm ensure this antisense bias: 

 1) The strand bias between Aub and Ago3 bound piRNAs is maintained by 

the Tudor domain containing proteins, Krimper and Qin (Sato et al., 2015a; Sato 

et al., 2015b; Webster et al., 2015; Zhang et al., 2011).  Tudor domains bind to 

the symmetrically di-methylated arginine (sDMA), a post-translational 
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modification present on the PIWI proteins, which organize Aub and Ago3 in the 

nuage to promoter heterotypic Ping-Pong (Vagin et al., 2009; Zhang et al., 2011).  

Maternally deposited Aub loaded with antisense piRNAs kick-starts the Ping-

Pong cycle and establishes the sense and antisense bias between Ago3 and 

Aub bound piRNAs, respectively (Guzzardo et al., 2013; Malone et al., 2009). 

 2) The spatial separation of Ping-Pong and phased piRNA biogenesis 

allow regulated delivery of Ago3, rather than Aub, slicing product as precursors 

for Piwi bound piRNA biogenesis (Ge et al., 2019; Huang et al., 2014; Wang et 

al., 2015). 

 3) The exonuclease resection by Nibbler in generating 3’ ends of Ago3 

bound piRNAs also prevents initiation of phased piRNA biogenesis on the Aub 

slicing products (Hayashi et al., 2016). 

 4) Further more, it is speculated that the higher catalytic constant of Ago3 

than Aub generates more Ago3 slicing products, antisense to transposons, as 

precursors for Aub and Piwi bound piRNA biogenesis and contributes to global 

piRNA antisense bias (Ozata et al., 2019).  

 

1.2.4: piRNAs mediate transcriptional and post-transcriptional transposon 

silencing. 

 In Drosophila ovaries, antisense piRNAs loaded into Piwi and Aub silence 

transposons transcriptionally in the nucleus and post-transcriptionally in the 

cytoplasm, respectively.  Aub mediated post-transcriptional silencing is part of 
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the Ping-Pong cycle in the nuage as described above.  Antisense piRNAs loaded 

Piwi translocates from the cytoplasm to the nucleus to mediate sequence 

dependent transcriptional silencing by modulating histone modifications to 

assemble a repressive chromatin, which appears to be analogous to the siRNA 

mediated RNA induced transcriptional silencing (Figure 1.1 III) (Le Thomas et al., 

2013; Martienssen and Moazed, 2015; Verdel et al., 2004; Yashiro et al., 2018). 

 The piRNA loaded Piwi complexes are proposed to recognize the nascent 

target transcripts, where they recruit the accessory factors Asterix/Gtsf1 (Arx) 

and Panoramix/Silencio (Panx) (Donertas et al., 2013; Muerdter et al., 2013; 

Ohtani et al., 2013; Sienski et al., 2015).  Arx may help stabilize the 

Piwi/piRNA/target-RNA ternary complexes (Czech et al., 2018).  Panx plays a 

central role in establishing repressive chromatin, as tethering Panx to RNA or 

DNA is sufficient to induce transcriptional silencing (Sienski et al., 2015; Yu et al., 

2015b).  Panx recruits histone modification enzymes, Lsd1 and Setdb1/Eggless, 

to the target locus (Sienski et al., 2015; Yu et al., 2015b).  Lsd1 removes the 

active transcription associated histone modification, H3K4me2/3 (Shi et al., 

2004).  Setdb1/Eggless deposits the repressive histone modification, H3K9me3 

(Clough et al., 2007).  Lsd1 mediated H3K4me2/3 removal appears to be a 

prerequisite for H3K9me3 deposition (Rudolph et al., 2007).  H3K9me3 is then 

bound by HP1a, initiating the canonical heterochromatin assembly pathway, 

which leads to spreading of H3K9me3 several kilobases into regions flanking the 

target locus (Donertas et al., 2013; Sienski et al., 2015; Sienski et al., 2012).  In 
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addition to above histone modification enzymes, piRNA-Piwi complexes also 

appear to recruit Maelstrom to suppress canonical transcription independent from 

the histone modification (Sienski et al., 2012). 

 Surprisingly, the Nxf2/Nxt1 complex is an essential Piwi silencing 

component (Batki et al., 2019; Fabry et al., 2019; Murano et al., 2019; Zhao et 

al., 2019).  Nxf2 is a Drosophila ovary specific paralog of the canonical RNA 

export factor Nxf1, and shares extensive domain homology with Nxf1 (Herold et 

al., 2000). Nxf2 has two tandem RRM-LLR (RNA recognition motif/leucine-rich 

repeat) domains, an NTF2l (nuclear transport factor 2-like) domain and a UBA 

(ubiquitin associated) domain.  Extensive structural analysis of Nxf2 from four 

research groups had mapped out the function of each domain (Batki et al., 2019; 

Fabry et al., 2019; Murano et al., 2019; Zhao et al., 2019).  The first RRM-LRR 

domain possesses non-specific RNA binding ability and is essential for Piwi/Panx 

mediated silencing (Murano et al., 2019).  The NTF2l domain binds to Nxt1 and 

Nxf1.  It has been proposed that Nxf2 binding to Nxf1 prevents Nxf1 mediated 

canonical RNA export, which is essential for Piwi mediated silencing (Zhao et al., 

2019).  The UBA domain directly interacts with Panx.  This interaction is 

important for their interdependent protein stability, and bridges the RNA binding 

ability of Nxf2 to the Piwi/Panx binding to nascent transcripts (Batki et al., 2019).  

Nxf2 possesses two FG repeats binding pockets in the NTF2l and UBA domains,	

which are predicted to mediate interactions with the NPC.  However, structural 

study indicated that the FG repeats binding pockets are concealed, preventing 
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direct nuclear export by Nxf2 (Batki et al., 2019).  In Panx, helix and degron 

domains are required for Nxf2 binding and protein stability, respectively (Batki et 

al., 2019).  However, Panx mutants lacking both helix and degron domains can 

induce potent transcriptional silencing upon DNA tethering (Batki et al., 2019).  

Thus, Panx possesses the transcriptional silencing capacity in piRNA mediated 

transcriptional silencing. 

 

1.3: TREX complex function in co-transcriptional mRNA processing, export 

and quality surveillance 

 The nascent pre-mRNA transcripts undergo step-wise maturation, 

including 5’ capping, splicing and 3’ end processing, before export from the 

nucleus (Figure 1.2A).  It is well established that these maturation events happen 

co-transcriptionally (Aguilera, 2005; Bentley, 2002; Bentley, 2005, 2014; Hocine 

et al., 2010; Reed, 2003). 

 

1.3.1: TREX couples co-transcriptional RNA processing with RNA export. 

 Upon completion of mRNA processing, mature mRNA transcripts are 

exported from the nucleus by the Nxf1/Nxt1 heterodimer, a conserved RNA 

export factor for bulk mRNAs in eukaryotes (Herold et al., 2001; Herold et al., 

2000).  The Transcription and Export (TREX) complex couples Nxf1/Nxt1 loading 

onto mRNA transcripts with RNA processing (Aguilera, 2005; Heath et al., 2016; 

Katahira and Yoneda, 2009; Reed, 2003; Reed and Cheng, 2005).  TREX 
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isolated from both yeast and human cells is composed of Aly/REF1, UAP56, the 

THO complex, and Tex (Sträßer et al., 2002).  Aly/REF1 serves as an RNA 

export adapter by binding directly to the N-terminal region (RBD and RRM) of 

Nxf1 (Huang et al., 2003).  UAP56 is a RNA dependent DEAD-box ATPase, 

essential for splicing in vitro and in vivo (Fleckner et al., 1997; Shen et al., 2008).  

Aly/REF1 binds to the N-terminal half of UAP56 in TREX, and couples RNA 

export to splicing (Luo et al., 2001; Masuda et al., 2005).  The THO complex is a 

salt stable five-subunit complex composed of Hpr1 Tho2, Thoc5, Thoc6 and 

Thoc7 (Masuda et al., 2005; Sträßer et al., 2002).  Hpr1 and Tho2 are conserved 

from yeast to humans, while the remaining subunits are metazoan specific (Reed 

and Cheng, 2005).  In TREX, Hpr1 binds to the C-terminal half of UAP56 

(Masuda et al., 2005).  The THO complex was initially found to promote 

transcriptional elongation in yeast, leading to Transcription and Export (TREX) 

complex designation (Chávez and Aguilera, 1997; Piruat and Aguilera, 1998; 

Sträßer et al., 2002). 

 Besides Aly/REF1, TREX components show extensive interactions with 

RNA export factors.  Hpr1 binds to the Nxf1 UBA domain, and Thoc5 interacts 

with Nxf1 NTF2L domain (Viphakone et al., 2012).  The RNA binding domain at 

the N-terminal arginine-rich region of Nxf1 is concealed through intra-molecular 

interactions, and binding of Aly/REF1 and Thoc5 opens up this folded Nxf1 RNA 

binding domain to facilitate RNA binding (Viphakone et al., 2012).  Thus, TREX 

serves as the platform to recruit Nxf1/Nxt1 to RNA (Reed and Cheng, 2005). 
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 In metazoans, TREX recruitment is tightly coupled to co-transcriptional 

RNA processing (Katahira, 2012; Tutucci and Stutz, 2011).  TREX components 

interact extensively with various RNA processing machineries.  UAP56 links 

TREX to splicing (Fleckner et al., 1997; Luo et al., 2001).  Correspondingly, 

Aly/REF1 is loaded adjacent to the exon junction complexes (EJCs) upstream of 

the splicing junctions (Custodio et al., 2004; Viphakone et al., 2019).  Aly/REF1 

also binds directly to the CBC, which contributes to Aly/REF1 recruitment in vivo 

(Cheng et al., 2006; Viphakone et al., 2019).  The loading of THO complex to 

RNA in vitro depends on both CBC, capped RNA and splicing (Cheng et al., 

2006).  The interaction between Aly/REF1 and Pcf11, a subunit of the 3’ end-

processing complex, is conserved from yeast and humans, couples TREX 

recruitment with 3’ end processing (Johnson et al., 2009).  Thus, as nascent 

transcripts pass through step-wise RNA processing, TREX components are 

gradually assembled onto maturing mRNA and recruit Nxf1/Nxt1 for export 

(Figure 1.2A). 
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Figure 3.14: Genetic interactions between thoc7 and piwi suggest 

independent functions in transposon silencing. 

A). IF images of germariums with clusters of Vasa positive cells in piwi2/ΔN; 

thoc7d/+ double mutant stained with Engrailed (Red) and Vasa (Green).  The 

clusters of Vasa positive cells are either attached (left) to or isolated (right) from 

the Engrailed positive TF cells.  They are morphologically distinct from 

developing germariums in wild types. 

B). RT-qPCR experiments measure the vasa expression level in the whole flies 

RNA extract for the indicated genotypes (2-ΔCt value normalized to rp49).  The 

bar charts summarized data from three biological replicates.  The w1 fly 

carcasses serve as a control for background vasa expression level in the non 

germline tissues. 

C & D). Scatter plots compare transposon transcripts abundance between 

indicated genotypes of the female (C) and male (D) carcasses. Solid circles 

represents overexpressed transposons (FC > 3, FDR <  0.01).  Gypsy and Blood 

elements are highlighted in the graphs. 

E). Scatter plots compare transposon transcripts abundance between indicated 

genotypes of the male testis.  Solid circles represents overexpressed 

transposons (FC > 3, FDR <  0.01). 

F & G). Transposon expression fold changes of Gypsy (F) and Blood (G) of 

indicated genotypes over w1 (2-ΔΔCt value normalized to rp49) in female and male 

carcasses.  
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Discussion 

TREX mediates piRNA-independent transposon silencing.  

 TREX functions in Rhi dependent piRNA biogenesis in the Drosophila 

female germline (Hur et al., 2016; Zhang et al., 2012a; Zhang et al., 2018).  Here 

we present a systematic comparison of transposon silencing and piRNA 

biogenesis in thoc7 and rhi mutants, which reveals a piRNA-independent function 

for TREX in transposon silencing, which appears to act in the germline and 

soma.  Rhino binding defines heterochromatic loci that produce germline 

piRNAs, which require TREX for biogenesis.  By contrast, the flam cluster 

produces piRNA in somatic follicle cells through a Rhino-independent 

mechanism.  We show that mutations in thoc7, thoc5 and uap56 disrupt silencing 

of flam-targeted transposons, but do not alter anti-sense piRNAs mapping to 

these elements (Figure 3.1-3.4).  TREX is therefore required for transposon 

silencing, independent from its role in germline piRNA biogenesis. 

 piRNAs appear to direct heterochromatin assembly at transposon targets 

by promoting SetDB1 (eggless) dependent H3K9me3 deposition and LSD1 

(Su(var)3-3) dependent H3K4me2/3 removal, which require  Panx (Sienski et al., 

2015; Yu et al., 2015b).  In thoc7 mutants, we show H3K9me3 deposition is not 

disrupted on transposons, but H3K4me2 labeling at transposon promoters 

increases (Figure 3.5 and 3.6).  We confirmed transcriptional activation in thoc7 

mutant by nascent transcript labeling (Figure 3.8).  In addition, we show that 

thoc7 mutations do not disrupt Panx-tethering mediated silencing of a transgenic 
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reporter (Figure 3.11).  Together, these findings indicate that TREX and the 

piRNA pathway, functioning through Piwi and Panx, have independent functions 

in transposon silencing.  Supporting this conclusion, thoc7 and piwi mutations 

show strong synergistic defects in oogenesis and somatic transposon silencing 

(Figure 3.13 and 3.14).  The piRNA pathway and TREX thus cooperatively 

silence transposons, and together assure germline development. 

 

A model for TREX-dependent negative feedback to control transcriptional 

output 

 TREX is restricted to the nucleus and shows global binding to transposon 

transcripts in Drosophila ovaries, and mutations that disrupt TREX activate 

transposon transcription and increase H3k4me2 modification of transposon 

promoters (Figure 3.9).  It is also well accepted that RNA processing is largely 

co-transcriptional (Aguilera, 2005; Bentley, 2002; Bentley, 2005, 2014). Together, 

these findings suggest that TREX binds to nascent transposon transcripts to 

direct silencing, through a piRNA-independent process.  Transposons are 

genome invaders with suboptimal splicing signals (Dumesic and Madhani, 2013, 

2014), and we have found that THO specifically associates with unspliced gene 

transcripts.  We therefore speculate inefficient splicing leads to piRNA 

independent THO binding to target elements, which then recruits chromatin 

modifying enzymes to negatively regulate transcriptional output.  
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Experimental procedures 

Table 3.2 Materials and Reagents 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Rat anti-Tho2  (Rehwinkel et al., 2004)  

Rat anti-Hpr1  (Rehwinkel et al., 2004)  
Rat IgM anti-Vasa DSHB  
Mouse anti-Engrailed (4D9) DSHB  
Rabbit anti-Aub Theurkauf Lab  
Rabbit anti-Ago3 (Li et al., 2009a)  
Rabbit anti-Piwi (Zhang et al., 2012a)  
Rabbit anti-Vasa (Liang et al., 1994)  
Rabbit anti H3K9me3 Abcam Cat# ab8898 
Rabbit anti H3K4me2 EMDMillipore Cat# 07–030 
Mouse Anti-α-Tubulin Sigma Aldrich Cat# T5168 
Rabbit anti-GFP  ThermoFisher Scientific Cat# A11122 
Chemicals, Peptides, and Recombinant Proteins 
4-Thiouridine MilliporeSigma Cat# T4509 
Iodoacetamide MilliporeSigma Cat# I1149 
Superscript III ThermoFisher Scientific Cat# 18080-085 
RNase OUT  ThermoFisher Scientific Cat# 10777-019 
TURBO DNase ThermoFisher Scientific Cat# AM2238 
RNaseH ThermoFisher Scientific Cat# 18021-071 
T4 RNA Ligase  ThermoFisher Scientific Cat# AM2141 
AccuPrime™ Pfx DNA Polymerase ThermoFisher Scientific Cat# 12344024 
TRIzol™ Reagent ThermoFisher Scientific Cat# 15596026 
TRIzol™ LS Reagent ThermoFisher Scientific Cat# 10296028 
UltraPure™ Phenol:Chloroform:Isoamyl 
Alcohol (25:24:1, v/v) 

ThermoFisher Scientific Cat# 15593031 

dNTP Set (100 mM) ThermoFisher Scientific Cat# 10297018 
dUTP Solution (100 mM) ThermoFisher Scientific Cat# R0133 
Grace's Insect Medium, unsupplemented ThermoFisher Scientific Cat# 11595030 
Hybridase Lucigen Cat# H39500 
dNTP mix  NEB Cat# N0447L 
DNA polymerase I NEB Cat# M0209S 
T4 DNA polymerase NEB Cat# M0203L 
Klenow DNA polymerase NEB Cat# M0210S 
T4 PNK NEB Cat# M0201L 
Klenow 3’ to 5’ exo NEB Cat# M0212L 
UDG NEB Cat# M0280S 



	 146	

Phusion Polymerase NEB Cat# M0530S 
T4 RNA Ligase 2, truncated NEB Cat# M0242L 
50% PEG8000 NEB Cat# B1004S 
T4 DNA ligase Enzymatics Inc. Cat# L6030-HC-L 
EDTA-free Protease Inhibitor Cocktail 
(Roche) 

Sigma Cat# 
11873580001 

16% formaldehyde Ted Pella Inc Cat# 18505 
Miracloth membrane (Calbiochem) EMDMillipore Cat# 475855 
Critical Commercial Assays 
mirVANA™ miRNA isolation kit ThermoFisher Scientific Cat# AM1560 
RNeasy Mini Kit  Qiagen Cat# 74104 
QuantiTect SYBR® Green PCR Kits Qiagen Cat# 204145 
Dynabeads® Protein G ThermoFisher Scientific Cat# 10004D 
Dynabeads® Protein A ThermoFisher Scientific Cat# 10001D 
RNA Clean & Concentrator-5 Zymo Research Cat# R1015 
In-Fusion® HD Cloning Plus Takara Cat# 638909 
Agencourt AMPure XP Beckman Coulter Cat# A63880 
Deposited Data 
High throughput Sequencing This study SRA accession: 

PRJNA590287 
Experimental Models: Organisms/Strains 
D.  melanogaster/uap5628 (Zhang et al., 2012a) N.A. 
D.  melanogaster/uap56sz15 (Zhang et al., 2012a) N.A. 
D.  melanogaster/thoc7d05792 Harvard Exelixis stock 

collection 
Stock # d05792 

D.  melanogaster/Df(3L)BSC128 Bloomington Drosophila 
Stock Center 

Stock# 9293 

D.  melanogaster/Df(3L)ED201 Bloomington Drosophila 
Stock Center 

Stock# 8047 

D.  melanogaster/thoc5e00906 Harvard Exelixis stock 
collection 

Stock# e00906 

D.  melanogaster/thoc51 (Moon et al., 2011) N.A. 
D.  melanogaster/rhino2 (Klattenhoff et al., 2009) N.A. 
D.  melanogaster/rhinoKG (Klattenhoff et al., 2009) N.A. 
D.  melanogaster/piwi2 Bloomington Drosophila 

Stock Center 
Stock# 43319 

D.  melanogaster/piwiΔN (Klenov et al., 2011) N.A. 
D.  melanogaster/panoramixM4 (Yu et al., 2015b) N.A. 
D.  melanogaster/Df(2R)BSC821 (Yu et al., 2015b) Stock# 27582 
D.  melanogaster/pUASp>lambdaN-HA 
[attP40]/CyO; tub>EGFP_5xBoxB_SV40 
[attP2]/TM3, Ser; 

VDRC Stock Center Stock# 313390 
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D.  melanogaster/ pUASp>lambdaN-HA-
Piwi [attP40]/CyO; 
tub>EGFP_5xBoxB_SV40 [attP2]/TM3, 
Ser; 

VDRC Stock Center Stock# 313392 

D.  melanogaster/ pUASp>lambdaN-HA-
CG9754 [attP40]/CyO; 
tub>EGFP_5xBoxB_SV40 [attP2]/TM3, 
Ser; 

VDRC Stock Center Stock# 313393 

D.  melanogaster/thoc7-promoter > 
thoc7-venus 

This study N.A. 

D.  melanogaster/w1 William Theurkauf lab N.A. 
Oligonucleotides 
Random primers ThermoFisher Scientific Cat# 48190011 
Primers for qPCR, see Table 3.2  N.A. 
Software and Algorithms  
Prism 7 GraphPad Prism https://www.graph

pad.com/ 
Image Studio™ Lite LI-COR https://www.licor.c

om/bio/products/so
ftware/image_studi
o_lite/ 

RStudio  https://www.rstudio
.com/ 

ImageJ  https://imagej.nih.g
ov/ij/ 

UCSC Genome Browser (Kent et al., 2002 ) https://genome.ucs
c.edu/cgi-
bin/hgGateway 
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Table 3.3: qPCR primer sequences: designed or published previously (Hu et 
al., 2013; Muerdter et al., 2013; Sienski et al., 2015; Zhang et al., 2011) 

Target Sequences 
rp49 CCG CTT CAA GGG ACA GTA TCT G 

ATC TCG CCG CAG TAA ACG C 

thoc7 GAACTGGAGAGGATCGGAGAA 
CGAATTGGGCCATCAGTC 

Vasa CATTGTTGATACTCGCGGCG 
ATTTCCTCCTTGGTAGCCGC 

Transpac GGA ACG CAC CTT CAA CAT TT 
GCA AAC TCG CAT TTG TCT GA 

Blood CCAACAAAGAGGCAAGACcG 
TCGAGCTGCTTACGCATACTGTC 

Gypsy CTTCACGTTCTGCGAGCGGTCT 
CGCTCGAAGGTTACCAGGTAGGTTC 

HetA CGCGCGGAACCCATCTTCAGA 
CGCCGCAGTCGTTTGGTGAGT 

Springer TGA AGA GCA AGA ACC GGA GT 
TCC TCC AGC AAA GCT TGT TT 

Idefix TCCAGACCAACCAAAGAAGC 
TCCATTGTTCCTGTTTGGAA 

stalker4 TCAGGCTAGCCACATCTCTG 
GCTGTCGTTTCATGTGTGCT 

Max ATC TAG CCA GTC GAG GCG TA 
TGG AAG AGT GTC GCT TTG TG 

42AB-1 CGTCCCAGCCTACCTAGTCA 
ACTTCCCGGTGAAGACTCCT 

42AB-2 CGCTGTTGAAAGCAAATTGA 
GAGACCTTCGCTCCAGTGTC 

Doa intron TCAAGACCCAAGACCCAGAC 
GGCGACAGGTGAGATGATTT 

Doa exon TACCGCTACAGGGACGAGAC 
GGGCTTTGCTGTCTTAGCC 

sj AAC AGC TCC TCG CCC TTG  
TGAGTCAGACCTCGAAATCGT 

ss-1 TTTGTCAAGCCTCATAGCCG 
TTTAAAGTACTCACCATATTG 

ss-2 CGTCGGCAAAGTAGAGCAA 
AAC AGC TCC TCG CCC TTG  

ss-3 CTTCCTCCTCATCCACAGCG 
ACTTGTGGCCGTTTACGTCG 

GFP1 GACGTAAACGGCCACAAGTT 
GTAGGTCAGGGTGGTCACGA 

GFP2 CGA CAA CCA CTA CCT GAG CA 
CCATGCCGAGAGTGATCC 
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Fly husbandry, Transgenic flies and fertility test 

All genetic crosses were maintained at 25oC on standard cornmeal medium.  

Except mentioned otherwise, all experiments were performed on ovaries from 2-

4 days old female Drosophila melanogaster raised in the presence of yeast 

paste. The w1 strain served as general wild type in this study.	The fly strains used 

in this study are listed in Table 3.2. 

To generate thoc7 rescue construct, two Kbps genomic fragment covering full-

length thoc7 gene including 664 bps upstream sequence and 296 bps 

downstream sequence was amplified from Drosophila genomic DNA.  A modified 

version of Venus tag, containing FLAG tag, was inserted in-frame at C-terminal 

of thoc7 coding region before the stop codon “TAG” (Zhang et al., 2012a).  Then 

the Venus tagged full-length thoc7 transgene was cloned into phiC31-attB 

plasmid vector, containing mini-w reporter, by In-Fusion® HD Cloning Kit 

(Takara/clonetech).  The full plasmid cassette was integrated into attP2 site at 

genomic locus 68A4.  The Drosophila embryo injection was performed by Model 

System Injections (Durham, NC). 

Less than one-day-old flies were put onto fresh cornmeal medium with yeast 

paste for two days in 25oC.  Five female and Five male flies were transferred to 

grape juice plate with yeast paste to lay egg for 24 hours and transferred to a 

new grape juice plate with yeast paste for another 24 hours’ egg laying.  The 

number of eggs, D/V patterning defect and hatch rate per plate were counted as 

previously described (Li et al., 2009a) (Parhad et al., 2017).  The two-day 
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averages were used for quantification.  The fertility tests were performed three 

times for each genotype. 

 

Immunofluorescent staining and image acquisition 

The antibody used for IF are listed in the Key resource table.  Fixation and 

immuno-staining of Drosophila ovaries was performed with Buffer A protocol as 

described previously (Theurkauf, 1994).  The images were acquired with Leica 

TCS SP8 confocal microscope. 

 

Western blotting, RNA and Chromatin immune-precipitation and RT-qPCR 

Two to four day old Drosophila ovaries were lysed in RIPA lysis buffer (Tris.HCl 

25mM pH 7.6; NaCl 150mM; Na Deoxycholate 1%; SDS 1%) supplied with 

protease inhibitor (Roche).  The concentration of the lysate was measured by 

BCA kit (Pierce).  The same amount of protein lysates were resolved by 10% 

SDS-PAGE and transferred to Nylone membrane (Amersham Biosciences). The 

blot was blocked by Li-COR blocking buffer and sequentially probed by anti-GFP 

and anti-tubulin antibody and corresponding secondary antibodies using Li-COR 

protocol.  The images were acquired by LI-COR Odyssey Infrared Imaging 

System. 

RNA Immuno-precipitation (RIP) from ovary lysate was performed as described 

previously (Parhad et al., 2017).  In brief, sixty flies’ ovaries were lysed in NP40 

lysis buffer (HEPES 50mM pH 7.5, KCl 150mM, MgCl2 3.2mM, NP40 0.5%, 
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PMSF 1mM, Proteinase Inhibitor (Roche) 1X) by homogenizing pestle and 

sonication.  The lysate was cleared by centrifugation.  The Rat anti Hpr1 or Tho2 

antibody was first conjugated to Magnetic Dynabeads protein G (Invitrogen) in 

Citric phosphate buffer (7.10 g Na2HPO4, 11.5g Citric acid in 1 liter water, ph 5.6) 

for 2 hours at room temperature with rotation and washed with Citric phosphate 

buffer with 0.1%Tween 20 and lysis buffer.  The antibody-conjugated beads were 

incubated overnight at 4oC with lysate and washed three times with lysis buffer.  

The washed beads were resuspended in RTL buffer and the supernatant was 

processed using the RNeasy mini kit to extract RNA (Qiagen). 

The Chromatin Immuno-precipitation (ChIP) was preformed exactly as previously 

described with sixty flies’ ovaries per ChIP with Anti-H3K9me3 (Abcam) and Anti-

H3K4me2 (EMDMillipore/upstate) (Zhang et al., 2014). 

The qPCR was performed using the QuantiTect SYBR Green PCR Kit (Qiagen) 

in Step ONE plus real time PCR system (Applied Biosystem).  PCR primer 

sequences are presented in Table 3.3. The results are graphed using Prism 7 

(GraphPad). 

 

Nascent transcript labeling 

The protocol for labeling nascent transcript in Drosophila ovaries was adapted 

from SLAM-seq protocol (Herzog et al., 2017; Schofield et al., 2018).  Around 
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fifteen flies’ ovaries were teased apart in room temperature unsupplemented 

Grace's Insect Medium (Invitrogen).  The dissociated ovaries were incubated with 

100 µM 4-Thiouridine (4SU) in unsupplemented Grace's Insect Medium at room 

temperature for 15mins or 60mins and snap frozen in liquid nitrogen to stop 

labeling.  The RNA was isolated with mirVana miRNA Isolation Kit (Ambion).  

The total RNA was treated by iodoacetamide as in described in SLAM-seq (10 to 

15 µg total RNA; 5 µl of 100mM iodoacetamide; 50mM NaPO4 Ph8; and 

50(Herzog et al., 2017).  Equal amount of RNA was mock treated with ethanol 

(solvent) under same condition as negative control (10 to 15 µg total RNA; 5 µl 

ethanol; 50mM NaPO4 Ph8; and 50% DMSO to a final volume of 50 µl).  The 

reactions were stopped by adding 1µl 1M Dithiothreitol.  The treated RNA is 

purified by ethanol precipitation with glycogen as carrier. 

 

Subcellular Fractionation 

The chromatin fractionation was performed using NUN protocol as previously 

described (Clark et al., 2017; Khodor et al., 2011).  Approximately 100 flies’ ovary 

was homogenized in ice cold Buffer AT (15 mM HEPES-KOH pH 7.6, 10 mM 

KCl, 5 mM MgOAc, 3 mM CaCl2, 300 mM sucrose, 0.1% Triton X-100, 1 mM 

DTT, 1X protease inhibitors) by 10 strokes of Pestle A followed by 20 strokes of 

Pestle B in 2mL Dounce Homogenizer (Sigma).  After filtering through Miracloth 

membrane (Calbiochem), the homogenate was cleared by 2000rpm for 10mins 

centrifugation (swinging rotor) at 4°C.  The supernatant was lysed in TRIzol™ LS 
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Reagent (Invitrogen) and labeled cytoplasm.  The pallet was resuspended in 

100ul of buffer B (15 mM HEPES-KOH pH 7.6, 10 mM KCl, 5 mM MgOAc, 3 mM 

CaCl2, 1 M sucrose, 1mM DTT; 1X Complete Protease Inhibitors), layered over 

1.8 ml “cushion” of buffer B in 2ml tube (Eppendorf) and centrifuged 8000rpm for 

15mins at 4 ̊C.  The pallet was washed gently with 1ml Buffer B after discarding 

supernatant and resuspended gently in 5 volumes Nuclear Lysis Buffer (10 mM 

HEPES-KOH pH 7.6, 100 mM KCl, 0.1 mM EDTA, 10% glycerol, 0.15 mM 

spermine, 0.5 mM spermidine, 0.1 M NaF, 0.1 M Na3VO4, 0.1 mM ZnCl2, 1 mM 

DTT, 1X protease inhibitors, 1 U/µL RNase Inhibitor) in 2ml Dounce 

Homogenizer using pestle A.  Under gentle vortexing, same volume of 2xNUN 

buffer (25 mM HEPES-KOH pH 7.6, 300 mM NaCl, 1 M Urea, 1% NP-40, 1X 

Complete protease inhibitors) was added into the homogenate drop by drop. The 

mixture was incubated on ice for 20mins and cleared by centrifugation for 30mins 

at 14,000rpm, 4 ̊C.  The supernatant was lysed in TRIzol™ LS Reagent 

(Invitrogen) and labeled nucleoplasm.  The pallet was resuspended in TRIzol™ 

Reagent (Invitrogen) and labeled chromatin. 

 

High-throughput sequencing 

Strand specific RNA-seq libraries were constructed as described previously 

(Zhang et al., 2012b) with modification in the rRNA depletion procedure using 

enzymatic digestion of rRNA by HybridaseTM Thermostable RNase H (Epicenter) 

with a comprehensive mixture of antisense rRNA oligos (Fu et al., 2018).  The 
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small RNAseq library is constructed as detailed previously (Li et al., 2009a) with 

2S rRNA depletion as described in (Zhang et al., 2011).  The ChIPseq libraries 

were prepared as described previously (Zhang et al., 2014), RNAseq and 

ChIPseq libraries were paired-end sequenced, and small RNAseq libraries were 

single-end sequenced on the Nextseq 500 platform (Illumina). 

 

Bioinformatics Analysis 

The bioinformatics analysis was performed as described previously (Yu et al., 

2019).  The Drosophila reference genome (dm6), gene annotations, rRNA 

sequences and hairpin sequences are obtained from Flybase (Version 6.13). 

 

Transposon consensus and annotations: 

The transposon consensus sequences were downloaded from Repbase (Bao et 

al., 2015).  For transposons from Repbase, LTR transposons with both flanking 

LTRs and internal sequences were merged with LTR-int-LTR order.  For 

RepeatMask annotation, transposon names were fixed accord to fixed Repbase 

name and then the same transposon copies within 200 bps were merged.  The 

merged transposon consensus sequences and genomic insertion annotations 

were used for downstream analysis. 

 

piRNA cluster annotation: 
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The piRNA cluster annotation in dm3 from Brennecke and his colleagues was the 

commonly used annotation (Brennecke et al., 2007).  However, simply lift-over 

from dm3 to dm6 did not work well due to the incomprehensive of dm3 genome.  

Here, we annotated piRNA clusters in dm6 using small RNA-seq data in the w1 

ovary.  We considered 24–32 nts small RNA reads that could map to the 

Drosophila genome as piRNAs, after removing rRNA, miRNA, tRNA, snRNA, and 

snoRNA.  piRNAs were then assigned to 20 kb sliding windows (with a 1 kb 

step), and windows with more than 100 piRNAs per million uniquely mapped 

piRNAs were considered as potential piRNA clusters.  To remove false positives 

due to un-annotated miRNA, rRNA, tRNA, snRNA, and snoRNA, which mostly 

derive from the same sequences, we filtered out those 20-kb genomic windows 

with fewer than 200 distinct reads (species).  We then calculated the first-

nucleotide content for each 20-kb window, and those windows with 1U/10A 

percentage less than 50% were also discarded.  The remaining contiguous 20-kb 

windows were deemed putative piRNA clusters.  Finally, we manually performed 

5’ and 3’ end trimming for putative piRNA clusters using piRNA profile.  

 

RNA-seq: 

The raw RNAseq reads were first mapped to rRNA sequences using Bowtie2 

(Version 2.2.5) with default setting (Langmead and Salzberg, 2012).  The 

remaining reads were mapped to Drosophila genome (dm6) and transposon 

consensus sequences using STAR (Version 020201) with default parameters 
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(Dobin et al., 2013).  The splicing junctions/introns are extracted from STAR 

mapping results of two replicates of w1 RNAseq.  Introns with less than 1 unique 

mapped read and introns without canonical splice junction (GT/AG) and less than 

2 unique mapped reads were filtered out.  The remaining introns from two 

replicates are merged to generate 9047 introns present in ovary.  The transcript 

abundance for each gene, intron and transposon (RPKM: Reads Per Kilobase 

per Million mapped reads) was counted by BEDTools (Version 2.27.1) (Quinlan 

and Hall, 2010) and normalized to total number of mapped reads, after excluding 

rRNA mapping reads.  We performed differentially expression analysis of 

transposons and protein coding genes together with DESeq2 (Love et al., 2014) 

from two biological replicates. 

 

Small RNA-seq: 

After removing 3’ end adaptor via cutadapt (Version 1.15) (Martin, 2011), the raw 

small RNAseq reads were sequentially mapped to rRNA, miRNA hairpin, 

snoRNA, snRNA and tRNA sequences using Bowtie (Version 1.1.0) (Langmead 

et al., 2009) by allowing 1 mismatches.  The remaining reads were mapped to 

Drosophila genome (dm6) and transposon consensus sequences.  The small 

RNA abundances across different libraries were normalized to the total hairpin 

mapping reads.  For ping-pong analysis for piRNA reads, 5´ to 5´ overlaps 

between all pairs of piRNAs that mapped to the opposite genomic strands were 

calculated, and then the Z-score for the 10-nt overlap was calculated using the 1-
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9 nt and 11-30 nt overlaps as the background (Li et al., 2009a).  The ping-pong 

pairs were normalized to quadratic of the total hairpin mapping reads. 

 

ChIP-seq: 

The raw ChIPseq reads were mapped to Drosophila genome (dm6) and 

transposon consensus sequences using Bowtie2 (Version 2.2.5) with default 

parameters (Langmead and Salzberg, 2012).  The ChIPseq signal mapping to 

transposon consensus sequences is normalized to total number of mapped 

ChIPseq reads.  H3K4me2 peaks in w1 and thoc7d/Df ovaries are called by 

MACS2 (Version 2.1.1) (q<0.01) from two replicates (Zhang et al., 2008).  After 

peak calling, peaks in w1 and thoc7d/Df ovaries were merged using BEDtools 

merge with default parameters (Quinlan and Hall, 2010), then w1 specific, 

thoc7d/Df specific and shared peaks and fold enrichment in these peaks were 

extracted. 

To obtain comprehensive transposon insertion annotations specific to the studied 

genome types, we integrated annotations from existing database and de novo 

insertion annotations using TEMP (Zhuang et al., 2014).  First, the full-length 

transposon longer than 80% (Bao et al., 2015).  Next, “insertion” and “absence” 

modules of TEMP was run with two replicates of ChIP input DNA sequencing for 

w1 and thoc7d/Df (together with at least fifty times genome coverage) to de novo 

annotation transposon insertions.  The Repbase annotated full-length insertions 

and de novo insertions (supported by 1p1 reads support on both ends) with 
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penetrance higher than 0.5 were merged into annotated full-length insertions.  

Then shared and genotype specific insertions were identified via BEDTools 

(Quinlan and Hall, 2010).  We then defined heterochromatic regions in 

Drosophila genome (dm6) based on H3K9me3 ChIPseq.  The five kilobases 

regions flanking euchromatic transposon insertions were divided into 100 base 

pairs bins.  The H3K9me3 ChIPseq and input signal were quantified for each bin 

to plot heatmap in Figure 3.5 and 3.6. 

 

Nascent RNAseq:  

Four-thiouridine labeled nascent RNAseq libraries were firstly mapped to rRNA 

and unmapped reads were then mapped to dm6 genome and transposon 

consensus sequences by STAR with 7 mismatches allowed.  To remove false 

positive nucleotide conversion due to single nucleotide polymorphism, genome 

and transposon consensus mapping file (BAM format; sorted and duplication 

removed) from w1 RNA-seq used in this study were used for SNP calling by 

samtools pileup and bcftools with default parameters (Li, 2011; Li et al., 2009b).  

Nucleotide conversions in each read were calculated and further filtered if the 

nucleotide quality is less than 30 or overlapped with a SNP.  After filtering, reads 

with more than one T>C conversions were considered as newly synthesized 

message RNA.  Finally, newly synthesized mRNA abundance was calculated for 

each gene, piRNA cluster and transposon element and normalized to total 

sequencing depth and gene, picluster and transposon length. 
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QUANTIFICATION AND STATISTICAL ANALYSIS 

The statistical method and sample size are reported in the Figures and 

corresponding legends.  The statistical tests for quantitative western and ChIP-

qPCR were t-test for at least three biological replicates.  The statistical tests for 

deep sequencing data were Wilcoxon Rank-Sum test.  We used R and Prism 7 

(GraphPad) to do the statistical test. 
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CHAPTER IV: Discussion and Conclusion 
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RDC determines the piRNA pathway silencing capacity by providing piRNA 

precursors. 

 Maternally deposited piRNAs loaded into PIWI proteins carry silencing 

information to the next generation (Malone et al., 2009).  The developing 

germline needs to maintain the piRNA silencing pool in the adult.  Maternally 

deposited Aub loaded with antisense piRNAs contributes to biogenesis by 

initiating the Ping-Pong cycle (Brennecke et al., 2007; Brennecke et al., 2008; 

Malone et al., 2009).  The Ping-Pong coupled phased piRNA biogenesis 

processes sense and antisense transposon transcripts to produce abundant, 

sequence diverse piRNAs in the germline and maintain the antisense strand bias 

of the Aub and Piwi bound piRNAs (Chapter I).  Transcription from endogenous 

transposon promoters appears to provide the sense piRNA precursors, but the 

antisense piRNA precursors are vital to maintain the silencing capacity of the 

piRNA pathway in the adult ovary.  The RDC complex fulfills this requirement by 

recruiting non-canonical transcription initiation complexes to piRNA clusters, 

driving promoter independent transcription from both genomic strands (Andersen 

et al., 2017).  Mutations in RDC components and other nuclear piRNA cluster 

transcripts processing factors disperse the cytoplasmic piRNA processing factors 

and piRNA precursor transcripts from the nuage (ElMaghraby et al., 2019; 

Klattenhoff et al., 2009; Mohn et al., 2014; Zhang et al., 2012a; Zhang et al., 

2018).  Thus, the genomic locations of the RDC define the target identity of 
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piRNA pathway by specifying where the antisense precursor transcripts are 

produced. 

 

Co-transcriptional RNA processing specifies RDC genomic location. 

 Piwi loaded with antisense piRNAs is the only nuclear PIWI protein 

(Brennecke et al., 2007).  It is reasonable to speculate that Piwi bound piRNAs 

direct Rhino localization to maintain the maternally deposited piRNA sequence 

information, and two reports suggested that Piwi functions in Rhino localization.  

Akkouche et al. presented data that Piwi deposits H3K9me3 modifications at 

piRNA clusters in the embryonic germline, which contributes to Rhino localization 

in the adult (Akkouche et al., 2017).  Mohn et al. demonstrated that Piwi is 

required for Rhino localization to the dispersed transposon insertions in the 

euchromatin in the adult germline, by directing H3K9me3 modifications, while 

Piwi is not required to localize Rhino to piRNA clusters embedded in the 

constitutive heterochromatin (Mohn et al., 2014).  In both cases, Piwi facilitates 

Rhino localization by depositing H3K9me3.  However, H3K9me3 is much more 

broadly distributed than Rhino genome wide, and Piwi bound piRNAs target 

euchromatic transposon insertions that are not bound by Rhino (Mohn et al., 

2014).  Thus, Piwi and H3K9me3 marks are not sufficient to specify Rhino 

localization.  There must be additional signals to target Rhino. 

 Two observations suggested that transcription and/or nascent RNAP II 

transcripts are required to localize Rhino.  First, tethering Rhino upstream of a 
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transcription unit led to Rhino spreading downstream into the gene body, but did 

not lead to spreading into regions upstream of the tethering site (Zhang et al., 

2014).  Second, mutations that disrupt non-canonical piRNA cluster transcription 

led to Rhino redistribution, triggering reduced binding to the cluster 42AB, which 

depends on non-canonical transcription, and accumulation at cluster 38C, a 

piRNA cluster with flanking promoters (Andersen et al., 2017).  Furthermore, I 

have found that the Rhino is mislocalized in TREX component mutants, thoc5, 

thoc7 and uap56 (Chapter II) (Zhang et al., 2018).  In these mutants, Rhino loses 

specificity for piRNA clusters, and binds to euchromatic H3K9me3 islands.  Thus, 

Rhino localization specificity appears to require co-transcriptional transcript 

recognition. 

 

A kinetic proofreading model for RDC localization 

 Based on the above, I speculate that a co-transcriptional kinetic 

proofreading mechanism recognizes a RNA processing intermediate, which 

targets the RDC to transposons and clusters.  This may be related to the 

recognition of stalled splicing intermediates by the siRNA biogenesis factors, 

which generate transposons silencing siRNA in Cryptococcus neoformans 

(Figure 1.2) (Dumesic et al., 2013). 

 Transcripts from piRNA clusters or isolated transposons possess 

suboptimal splicing signals (Chapter 1.3.4) (Dumesic and Madhani, 2013, 2014).  

I speculate that it leads to accumulation of slow splicing intermediates that bound 
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by THO and/or UAP56.  Consistently, RIPseq experiments with THO 

demonstrated a stable association with transposon transcripts, representing a 

kinetic slow RNA processing intermediates (Chapter III).  These slow 

intermediates could recruit RDC components through multiple interactions 

between RDC and RNA processing machinery (Figure 4.1A).  The interaction 

between Bootlegger and UAP56 recruits Deadlock (ElMaghraby et al., 2019).  

Cutoff could be directly recruited by interaction with Thoc5 (Hur et al., 2016).  

Additionally, my pilot study for Rhino interacting proteins identified 

Aquarius/CG31368 (Table 4.1), a conserved RNA helicase within metazoan 

spliceosome (De et al., 2016), which could recruit Rhino.  Furthermore, Cutoff 

may compete with the CBC, further suppressing RNA splicing and stabilizing 

TREX association with transposon transcripts (Zhang et al., 2018; Zhang et al., 

2014).  Finally, RDC recruits non-canonical transcriptional initiation complexes to 

drive transcription from both genomic strands, establishing piRNA source loci 

(Figure 4.1B). 

 Under this model, RDC serves as a co-transcriptional RNA processing 

associated kinetic proofreading mechanism as in case of exosome (Chapter 

1.3.3) and SCANR (Chapter 1.3.4).  The multiple interactions between RDC 

components and RNA processing factors collectively stabilize Rhino chromatin 

localization, which explains why no single mutation so far, other than RDC 

themselves, completely eliminates nuclear Rhino foci.  It predicts that disrupting 

multiple interactions between RDC and RNA processing factors at the same time 
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may completely eliminate Rhino foci and chromatin localization, for example, in 

double mutants between bootlegger and thoc5.  And the significance of 

interaction between Aquarius/CG31368 and Rhino in Rhino localization warrants 

further investigation.  
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Figure 4.1: Kinetic proofreading targets Rhino to transposon sequences. 

 Transposon sequences have suboptimal splicing signals, which result in 

slow splicing intermediates bound by co-transcriptional RNA processing factors 

(A).  The slow splicing gives a kinetic window to recruit RDC components through 

multiple interactions between RDC components and RNA processing factors (A): 

Cutoff (CUFF) and Thoc5 (THO); Deadlock (DEL) and UAP56 through 

Bootlegger (Boot); Aquarius (AQR) and Rhino (RHI) (Table 4.1).  The 

significance of interaction between Aquarius and Rhino has not been tested.  

RDC further prevents CBC dependent RNA processing and recruits no-canonical 

transcription initiation complex (Moon/TFIIA-S/TRF2) to convert transposon 

sequences into piRNA source loci (B).  Preexisting piRNAs could deposit 

H3K9me3 at transposon sequences and stabilize Rhino binding to chromatin. 
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Table 4.1: Rhino-GFP binds to Aquarius/CG31368. 
The total spectrum counts of Aquarius/CG31368 and Deadlock, as positive 

control, in Rhino-GFP and GFP IP proteome from wild type Drosophila ovary 

lysate.  Bait is labeled in red. 

 

 
Rep1 Rep2 Rep3 

GFP Rhino-
GFP GFP Rhino-

GFP GFP Rhino-
GFP 

GFP 95 58 146 97 80 114 

Rhino 0 73 1 133 0 131 

Deadlock 0 10 0 39 0 23 

Aquarius/ 
CG31368 0 2 0 26 0 6 
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Genomic targeting of RDC represents the innate phase of piRNA mediated 

transposon silencing. 

 The piRNA pathway provides adaptive immunity against transposons.  

The immune memory is stored genetically in piRNA clusters and epigenetically in 

maternally deposited antisense piRNAs (Aravin et al., 2007).  How does the 

piRNA pathway establish de novo immunity against a new invading transposon?  

There are two possible mechanisms.  The first mechanism relies on the mobile 

nature of transposons.  The piRNA clusters are capable in converting inserted 

exogenous sequences into piRNAs (Muerdter et al., 2012).  Thus, when an 

invading transposon jumps into piRNA clusters by chance, the piRNA pathway 

could convert the transposon sequence into piRNAs and establish de novo 

silencing (Khurana et al., 2011; Malone and Hannon, 2009).  The second 

mechanism relies on sequence homology of related transposon families.  The 

piRNAs loaded into PIWI proteins could target sequences without prefect 

complementary, similar to microRNA, triggering phased piRNA biogenesis from 

homologous transposon sequences (Mohn et al., 2015).  A number of mRNA 

transcripts in Drosophila ovaries appear to be directed to phased processing by 

complementary transposon piRNAs (Mohn et al., 2015).  The piRNA pathway in 

C. elegans has utilizes this targeting strategy to an extreme for all piRNAs (Shen 

et al., 2018). 

 Here, I further propose that RDC represents an innate phase of piRNA 

pathway in defending against new transposon invaders.  In the co-transcriptional 
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kinetic-proofreading model, RDC recognizes inefficiently spliced transposon 

sequences de novo, independent from pre-existing piRNAs.  Rhino tethering 

suppresses splicing and induces de novo piRNA biogenesis from unspliced 

transcripts, independent from Ping-Pong cycle and preexisting piRNAs (Zhang et 

al., 2014).  A recent study of piRNA response to retroviral invasion in Koala 

germline suggested that the unspliced retroviral transcripts were preferentially 

processed into piRNAs as an initial response (Yu et al., 2019).  Thus, RDC 

couples de novo piRNA biogenesis to transposon recognition to generate 

transposon-targeting piRNAs.  Moreover, the kinetic proofreading of RNA 

processing in targeting RDC allows immediate transposon sequence 

surveillance, rather than delayed silencing triggered by transposition into a 

piRNA cluster. 

  Evolutionary arms race between host and pathogen leads to rounds of 

adaptive evolution.  Thus, host factors involved in pathogen defense, piRNA 

genes specifically, are under positive selection (Parhad and Theurkauf, 2019).  

Among know factors required for nuclear piRNA precursor processing, TREX is 

ubiquitously expressed and evolutionarily conserved, while RDC and accessory 

factors, Bootlegger/Nxf3 and Moonshiner, are specific to the nuclear piRNA 

pathway in Drosophila ovaries (Andersen et al., 2017; ElMaghraby et al., 2019; 

Klattenhoff et al., 2009; Mohn et al., 2014; Zhang et al., 2014).  Among these 

specialized factors, RDC components show the strongest positive selection 

signature (Figure 4.2) (Parhad et al., 2017; Vermaak et al., 2005), suggesting a 



	 172	

frontline role in defending against transposons.  This signature is even stronger 

than the PIWI proteins,	which directly engage transposon transcripts. 
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Figure 4.2: Ka and Ks values of piRNA pathway genes between D. 

melanogaster and D. simulans 

The coding region DNA sequences for analyzed genes were extract from flybase 

for D. melanogaster and D. simulans.  The sequences were condon-aligned in 

MEGA7 software (clusterW) (Kumar et al., 2016).  The Ka and Ks values were 

calculated by DnaSP6 software (Rozas et al., 2017). 
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TREX mediates transcriptional silencing. 

 RNA induced transcriptional silencing (RITS) mediated by small RNAs, 

including siRNA and piRNA, shares the same principle in heterochromatin 

assembly, in which nascent transcripts recognition by small RNAs loaded 

Argonaute complexes recruits histone/DNA modification enzymes (Czech et al., 

2018; Martienssen and Moazed, 2015).  Thus, transcription is an integral process 

in small RNA mediated silencing (Buhler and Moazed, 2007).  However, small 

RNA mediated chromatin modifications are not sufficient to silence repetitive 

sequences completely.  For example, exosome mediated co-transcriptional gene 

silencing (CTGS) degrades transcripts and complements small RNA mediated 

heterochromatin assembly at S. pombe centromeric repeats (Buhler and 

Moazed, 2007; Martienssen and Moazed, 2015).  Also, C. elegans Argonaute, 

HRDE-1, mediated silencing of intron-containing genes requires splicoesome 

associated helicase Aquarius/EMB-4 (Akay et al., 2017).  My work, with studies 

from Hur et al., showed that TREX is required for piRNA biogenesis, but I also 

find that TREX mediates piRNA-independent transcriptional silencing of a 

significant subset of transposons (Chapter III).  In addition, some transposons 

appear to be silenced by both piRNA-dependent and piRNA-independent 

mechanisms, as in case of HeT-A Figure 3.1.  This element is over-expressed in 

rhino and thoc7 mutants, and rhino mutant eliminates piRNA production, but 

thoc7 mutant does not.  Thus, TREX mediate transposon silencing could 

complement piRNA mediated silencing.  It is unclear whether both silencing 
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processes occur at same locus simultaneously.  It is also possible that these 

processes may act on different transposon insertions.  Supporting this, the 

strength of siRNA-mediated transgene silencing in S. pombe depends on its 

genomic location (Martienssen and Moazed, 2015).  Thus, some transposon 

insertions may be primarily targeted by piRNAs, while the others are silenced by 

TREX through a piRNA-independent mechanism. 

 The coupling of transcription and mRNA biogenesis come in both 

directions.  In the “forward” direction, RNA processing is co-transcriptional and 

coupled to RNAP II (Chapter 1.3).  In the “reverse” direction, co-transactional 

RNA processing, including capping, splicing and 3’ end processing, regulates 

transcription from initiation, elongation to termination (Lenasi and Barboric, 2013; 

Manley, 2002; Moore and Proudfoot, 2009).  The transcription initiation from the 

promoters can be regulated by splicing and 3’ end processing.  The promoter 

proximal splice sites enhance transcription initiation by directly recruiting general 

transcription factors (Damgaard et al., 2008).  Defects in the 3’ end processing 

lead to reduction in transcriptional initiation from promoters (Mapendano et al., 

2010).  Giving extensive integration of TREX complex in co-transcriptional RNA 

processing, the TREX mediated transcriptional silencing of transposons may 

represent a conserved mechanism of transcriptional regulation by co-

transcriptional RNA processing.  Transposon sequences have suboptimal signals 

for the host machineries, which may result in slower kinetics in processing of 

transposon transcripts than the host protein-coding genes (Dumesic and 
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Madhani, 2013, 2014).  This is evidenced by the observations that transposon 

transcripts associate stably with THO complex and enrich at the chromatin 

fraction (Chapter III).  The slow kinetic in RNA processing results in less efficient 

transcription initiation due to less efficient recruitment of transcription factors by 

the promoter proximal splice sites or the 3’ end processing defect.  TREX 

complex mediates the negative feedbacks to the transcription by the inefficient 

RNA processing. 

 

Concluding remark 

 Here, I reported two aspects of TREX functions in piRNA biogenesis and 

transposon silencing in Drosophila ovaries.  Seemingly separate, they may well 

represent a conserved theme in co-transcriptional RNA processing surveillance.  

My findings suggested that TREX mediated co-transcriptional RNA surveillance 

may guide an intrinsic transposon defense mechanism.  I speculate that the 

piRNA system evolved from this foundation, to further tam transposons. 

  



	 178	

Bibliography 

Aguilera, A. (2005). Cotranscriptional mRNP assembly: from the DNA to the 
nuclear pore. Curr Opin Cell Biol 17, 242-250. 

Akay, A., Di Domenico, T., Suen, K.M., Nabih, A., Parada, G.E., Larance, M., 
Medhi, R., Berkyurek, A.C., Zhang, X., Wedeles, C.J., et al. (2017). The Helicase 
Aquarius/EMB-4 Is Required to Overcome Intronic Barriers to Allow Nuclear 
RNAi Pathways to Heritably Silence Transcription. Dev Cell 42, 241-255 e246. 

Akkouche, A., Mugat, B., Barckmann, B., Varela-Chavez, C., Li, B., Raffel, R., 
Pelisson, A., and Chambeyron, S. (2017). Piwi Is Required during Drosophila 
Embryogenesis to License Dual-Strand piRNA Clusters for Transposon 
Repression in Adult Ovaries. Mol Cell 66, 411-419 e414. 

Andersen, P.R., Tirian, L., Vunjak, M., and Brennecke, J. (2017). A 
heterochromatin-dependent transcription machinery drives piRNA expression. 
Nature 549, 54-59. 

Andrulis, E.D., Werner, J., Nazarian, A., Erdjument-Bromage, H., Tempst, P., 
and Lis, J.T. (2002). The RNA processing exosome is linked to elongating RNA 
polymerase II in Drosophila. Nature 420, 837. 

Aravin, A., Gaidatzis, D., Pfeffer, S., Lagos-Quintana, M., Landgraf, P., Iovino, 
N., Morris, P., Brownstein, M.J., Kuramochi-Miyagawa, S., Nakano, T., et al. 
(2006). A novel class of small RNAs bind to MILI protein in mouse testes. Nature 
442, 203-207. 

Aravin, A.A., Hannon, G.J., and Brennecke, J. (2007). The Piwi-piRNA pathway 
provides an adaptive defense in the transposon arms race. Science 318, 761-
764. 

Aravin, A.A., Lagos-Quintana, M., Yalcin, A., Zavolan, M., Marks, D., Snyder, B., 
Gaasterland, T., Meyer, J., and Tuschl, T. (2003). The small RNA profile during 
Drosophila melanogaster development. Dev Cell 5, 337-350. 

Aravin, A.A., Naumova, N.M., Tulin, A.V., Vagin, V.V., Rozovsky, Y.M., and 
Gvozdev, V.A. (2001). Double-stranded RNA-mediated silencing of genomic 
tandem repeats and transposable elements in the D. melanogaster germline. 
Curr Biol 11, 1017-1027. 



	 179	

Bao, W., Kojima, K.K., and Kohany, O. (2015). Repbase Update, a database of 
repetitive elements in eukaryotic genomes. Mob DNA 6, 11. 

Barton, L.J., Lovander, K.E., Pinto, B.S., and Geyer, P.K. (2016). Drosophila 
male and female germline stem cell niches require the nuclear lamina protein 
Otefin. Dev Biol 415, 75-86. 

Bastock, R., and St Johnston, D. (2008). Drosophila oogenesis. Curr Biol 18, 
R1082-1087. 

Batki, J., Schnabl, J., Wang, J., Handler, D., Andreev, V.I., Stieger, C.E., 
Novatchkova, M., Lampersberger, L., Kauneckaite, K., Xie, W., et al. (2019). The 
nascent RNA binding complex SFiNX licenses piRNA-guided heterochromatin 
formation. Nat Struct Mol Biol 26, 720-731. 

Belancio, V.P., Hedges, D.J., and Deininger, P. (2008). Mammalian non-LTR 
retrotransposons: for better or worse, in sickness and in health. Genome Res 18, 
343-358. 

Bentley, D. (2002). The mRNA assembly line: transcription and processing 
machines in the same factory. Curr Opin Cell Biol 14, 336-342. 

Bentley, D.L. (2005). Rules of engagement: co-transcriptional recruitment of pre-
mRNA processing factors. Curr Opin Cell Biol 17, 251-256. 

Bentley, D.L. (2014). Coupling mRNA processing with transcription in time and 
space. Nat Rev Genet 15, 163-175. 

Bergman, C.M., Quesneville, H., Anxolabehere, D., and Ashburner, M. (2006). 
Recurrent insertion and duplication generate networks of transposable element 
sequences in the Drosophila melanogaster genome. Genome Biol 7, R112. 

Biemont, C. (2010). A brief history of the status of transposable elements: from 
junk DNA to major players in evolution. Genetics 186, 1085-1093. 

Bourque, G., Burns, K.H., Gehring, M., Gorbunova, V., Seluanov, A., Hammell, 
M., Imbeault, M., Izsvak, Z., Levin, H.L., Macfarlan, T.S., et al. (2018). Ten things 
you should know about transposable elements. Genome Biol 19, 199. 



	 180	

Brennecke, J., Aravin, A.A., Stark, A., Dus, M., Kellis, M., Sachidanandam, R., 
and Hannon, G.J. (2007). Discrete small RNA-generating loci as master 
regulators of transposon activity in Drosophila. Cell 128, 1089-1103. 

Brennecke, J., Malone, C.D., Aravin, A.A., Sachidanandam, R., Stark, A., and 
Hannon, G.J. (2008). An epigenetic role for maternally inherited piRNAs in 
transposon silencing. Science 322, 1387-1392. 

Bresson, S., and Tollervey, D. (2018). Surveillance-ready transcription: nuclear 
RNA decay as a default fate. Open biology 8, 170270. 

Buhler, M., and Moazed, D. (2007). Transcription and RNAi in heterochromatic 
gene silencing. Nat Struct Mol Biol 14, 1041-1048. 

Chávez, S., and Aguilera, A. (1997). The yeast HPR1 gene has a functional role 
in transcriptional elongation that uncovers a novel source of genome instability. 
Genes & development 11, 3459-3470. 

Chen, Y.A., Stuwe, E., Luo, Y., Ninova, M., Le Thomas, A., Rozhavskaya, E., Li, 
S., Vempati, S., Laver, J.D., Patel, D.J., et al. (2016). Cutoff Suppresses RNA 
Polymerase II Termination to Ensure Expression of piRNA Precursors. Mol Cell 
63, 97-109. 

Cheng, H., Dufu, K., Lee, C.S., Hsu, J.L., Dias, A., and Reed, R. (2006). Human 
mRNA export machinery recruited to the 5' end of mRNA. Cell 127, 1389-1400. 

Chi, B., Wang, Q., Wu, G., Tan, M., Wang, L., Shi, M., Chang, X., and Cheng, H. 
(2013). Aly and THO are required for assembly of the human TREX complex and 
association of TREX components with the spliced mRNA. Nucleic Acids Res 41, 
1294-1306. 

Clark, J.P., Rahman, R., Yang, N., Yang, L.H., and Lau, N.C. (2017). Drosophila 
PAF1 Modulates PIWI/piRNA Silencing Capacity. Curr Biol. 

Clough, E., Moon, W., Wang, S., Smith, K., and Hazelrigg, T. (2007). Histone 
methylation is required for oogenesis in Drosophila. Development 134, 157-165. 

Cullen, B.R., Lomedico, P.T., and Ju, G. (1984). Transcriptional interference in 
avian retroviruses--implications for the promoter insertion model of 
leukaemogenesis. Nature 307, 241-245. 



	 181	

Curcio, M.J., and Derbyshire, K.M. (2003). The outs and ins of transposition: 
from mu to kangaroo. Nat Rev Mol Cell Biol 4, 865-877. 

Custodio, N., Carmo-Fonseca, M., Geraghty, F., Pereira, H.S., Grosveld, F., and 
Antoniou, M. (1999). Inefficient processing impairs release of RNA from the site 
of transcription. EMBO J 18, 2855-2866. 

Custodio, N., Carvalho, C., Condado, I., Antoniou, M., Blencowe, B.J., and 
Carmo-Fonseca, M. (2004). In vivo recruitment of exon junction complex proteins 
to transcription sites in mammalian cell nuclei. RNA 10, 622-633. 

Czech, B., Munafo, M., Ciabrelli, F., Eastwood, E.L., Fabry, M.H., Kneuss, E., 
and Hannon, G.J. (2018). piRNA-Guided Genome Defense: From Biogenesis to 
Silencing. Annu Rev Genet 52, 131-157. 

Damgaard, C.K., Kahns, S., Lykke-Andersen, S., Nielsen, A.L., Jensen, T.H., 
and Kjems, J. (2008). A 5' splice site enhances the recruitment of basal 
transcription initiation factors in vivo. Mol Cell 29, 271-278. 

De, I., Schmitzova, J., and Pena, V. (2016). The organization and contribution of 
helicases to RNA splicing. Wiley Interdiscip Rev RNA 7, 259-274. 

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, 
P., Chaisson, M., and Gingeras, T.R. (2013). STAR: ultrafast universal RNA-seq 
aligner. Bioinformatics 29, 15-21. 

Donertas, D., Sienski, G., and Brennecke, J. (2013). Drosophila Gtsf1 is an 
essential component of the Piwi-mediated transcriptional silencing complex. 
Genes Dev 27, 1693-1705. 

Dumesic, P.A., and Madhani, H.D. (2013). The spliceosome as a transposon 
sensor. RNA biology 10, 1653-1660. 

Dumesic, P.A., and Madhani, H.D. (2014). Recognizing the enemy within: 
licensing RNA-guided genome defense. Trends in biochemical sciences 39, 25-
34. 

Dumesic, P.A., Natarajan, P., Chen, C., Drinnenberg, I.A., Schiller, B.J., 
Thompson, J., Moresco, J.J., Yates, J.R., 3rd, Bartel, D.P., and Madhani, H.D. 
(2013). Stalled spliceosomes are a signal for RNAi-mediated genome defense. 
Cell 152, 957-968. 



	 182	

Eberl, D.F., Lorenz, L.J., Melnick, M.B., Sood, V., Lasko, P., and Perrimon, N. 
(1997). A new enhancer of position-effect variegation in Drosophila melanogaster 
encodes a putative RNA helicase that binds chromosomes and is regulated by 
the cell cycle. Genetics 146, 951-963. 

Eberle, A.B., Hessle, V., Helbig, R., Dantoft, W., Gimber, N., and Visa, N. (2010). 
Splice-site mutations cause Rrp6-mediated nuclear retention of the unspliced 
RNAs and transcriptional down-regulation of the splicing-defective genes. PLoS 
One 5, e11540. 

Eickbush, T.H. (1997). Telomerase and retrotransposons: which came first? 
Science 277, 911-912. 

ElMaghraby, M.F., Andersen, P.R., Puhringer, F., Hohmann, U., Meixner, K., 
Lendl, T., Tirian, L., and Brennecke, J. (2019). A Heterochromatin-Specific RNA 
Export Pathway Facilitates piRNA Production. Cell 178, 964-979 e920. 

Fabry, M.H., Ciabrelli, F., Munafo, M., Eastwood, E.L., Kneuss, E., Falciatori, I., 
Falconio, F.A., Hannon, G.J., and Czech, B. (2019). piRNA-guided co-
transcriptional silencing coopts nuclear export factors. Elife 8. 

Fan, J., Kuai, B., Wu, G., Wu, X., Chi, B., Wang, L., Wang, K., Shi, Z., Zhang, H., 
Chen, S., et al. (2017). Exosome cofactor hMTR4 competes with export adaptor 
ALYREF to ensure balanced nuclear RNA pools for degradation and export. 
EMBO J 36, 2870-2886. 

Feschotte, C., and Pritham, E.J. (2007). DNA transposons and the evolution of 
eukaryotic genomes. Annu Rev Genet 41, 331-368. 

Finnegan, D.J. (1989). Eukaryotic transposable elements and genome evolution. 
Trends Genet 5, 103-107. 

Fleckner, J., Zhang, M., Valcarcel, J., and Green, M.R. (1997). U2AF65 recruits a 
novel human DEAD box protein required for the U2 snRNP-branchpoint 
interaction. Genes Dev 11, 1864-1872. 

Fu, Y., Wu, P.-H., Beane, T., Zamore, P.D., and Weng, Z. (2018). Elimination of 
PCR duplicates in RNA-seq and small RNA-seq using unique molecular 
identifiers. BMC genomics 19, p. 531. 



	 183	

Gainetdinov, I., Colpan, C., Arif, A., Cecchini, K., and Zamore, P.D. (2018). A 
Single Mechanism of Biogenesis, Initiated and Directed by PIWI Proteins, 
Explains piRNA Production in Most Animals. Mol Cell 71, 775-790 e775. 

Gatfield, D., Le Hir, H., Schmitt, C., Braun, I.C., Kocher, T., Wilm, M., and 
Izaurralde, E. (2001). The DExH/D box protein HEL/UAP56 is essential for 
mRNA nuclear export in Drosophila. Curr Biol 11, 1716-1721. 

Ge, D.T., Wang, W., Tipping, C., Gainetdinov, I., Weng, Z., and Zamore, P.D. 
(2019). The RNA-Binding ATPase, Armitage, Couples piRNA Amplification in 
Nuage to Phased piRNA Production on Mitochondria. Mol Cell 74, 982-995 e986. 

Ghildiyal, M., and Zamore, P.D. (2009). Small silencing RNAs: an expanding 
universe. Nat Rev Genet 10, 94-108. 

Girard, A., Sachidanandam, R., Hannon, G.J., and Carmell, M.A. (2006). A 
germline-specific class of small RNAs binds mammalian Piwi proteins. Nature 
442, 199-202. 

Goodier, J.L., and Kazazian, H.H., Jr. (2008). Retrotransposons revisited: the 
restraint and rehabilitation of parasites. Cell 135, 23-35. 

Goriaux, C., Desset, S., Renaud, Y., Vaury, C., and Brasset, E. (2014). 
Transcriptional properties and splicing of the flamenco piRNA cluster. EMBO Rep 
15, 411-418. 

Grivna, S.T., Beyret, E., Wang, Z., and Lin, H. (2006). A novel class of small 
RNAs in mouse spermatogenic cells. Genes Dev 20, 1709-1714. 

Gunawardane, L.S., Saito, K., Nishida, K.M., Miyoshi, K., Kawamura, Y., 
Nagami, T., Siomi, H., and Siomi, M.C. (2007). A slicer-mediated mechanism for 
repeat-associated siRNA 5' end formation in Drosophila. Science 315, 1587-
1590. 

Guzzardo, P.M., Muerdter, F., and Hannon, G.J. (2013). The piRNA pathway in 
flies: highlights and future directions. Curr Opin Genet Dev 23, 44-52. 

Han, B.W., Wang, W., Li, C., Weng, Z., and Zamore, P.D. (2015). Noncoding 
RNA. piRNA-guided transposon cleavage initiates Zucchini-dependent, phased 
piRNA production. Science 348, 817-821. 



	 184	

Handler, D., Meixner, K., Pizka, M., Lauss, K., Schmied, C., Gruber, F.S., and 
Brennecke, J. (2013). The genetic makeup of the Drosophila piRNA pathway. 
Mol Cell 50, 762-777. 

Havecker, E.R., Gao, X., and Voytas, D.F. (2004). The diversity of LTR 
retrotransposons. Genome Biol 5, 225. 

Hayashi, R., Schnabl, J., Handler, D., Mohn, F., Ameres, S.L., and Brennecke, J. 
(2016). Genetic and mechanistic diversity of piRNA 3'-end formation. Nature 539, 
588-592. 

Hayward, A. (2017). Origin of the retroviruses: when, where, and how? Curr Opin 
Virol 25, 23-27. 

Heath, C.G., Viphakone, N., and Wilson, S.A. (2016). The role of TREX in gene 
expression and disease. Biochem J 473, 2911-2935. 

Hedges, D.J., and Deininger, P.L. (2007). Inviting instability: Transposable 
elements, double-strand breaks, and the maintenance of genome integrity. Mutat 
Res 616, 46-59. 

Herold, A., Klymenko, T., and Izaurralde, E. (2001). NXF1/p15 heterodimers are 
essential for mRNA nuclear export in Drosophila. RNA 7, 1768-1780. 

Herold, A., Suyama, M., Rodrigues, J.P., Braun, I.C., Kutay, U., Carmo-Fonseca, 
M., Bork, P., and Izaurralde, E. (2000). TAP (NXF1) belongs to a multigene 
family of putative RNA export factors with a conserved modular architecture. Mol 
Cell Biol 20, 8996-9008. 

Herzog, V.A., Reichholf, B., Neumann, T., Rescheneder, P., Bhat, P., Burkard, 
T.R., Wlotzka, W., von Haeseler, A., Zuber, J., and Ameres, S.L. (2017). Thiol-
linked alkylation of RNA to assess expression dynamics. Nat Methods 14, 1198-
1204. 

Hocine, S., Singer, R.H., and Grunwald, D. (2010). RNA processing and export. 
Cold Spring Harb Perspect Biol 2, a000752. 

Horwich, M.D., Li, C., Matranga, C., Vagin, V., Farley, G., Wang, P., and Zamore, 
P.D. (2007). The Drosophila RNA methyltransferase, DmHen1, modifies germline 
piRNAs and single-stranded siRNAs in RISC. Curr Biol 17, 1265-1272. 



	 185	

Houseley, J., and Tollervey, D. (2009). The many pathways of RNA degradation. 
Cell 136, 763-776. 

Hu, Y., Sopko, R., Foos, M., Kelley, C., Flockhart, I., Ammeux, N., Wang, X., 
Perkins, L., Perrimon, N., and Mohr, S.E. (2013). FlyPrimerBank: an online 
database for Drosophila melanogaster gene expression analysis and knockdown 
evaluation of RNAi reagents. G3 (Bethesda) 3, 1607-1616. 

Huang, C.R., Burns, K.H., and Boeke, J.D. (2012). Active transposition in 
genomes. Annu Rev Genet 46, 651-675. 

Huang, H., Li, Y., Szulwach, K.E., Zhang, G., Jin, P., and Chen, D. (2014). AGO3 
Slicer activity regulates mitochondria-nuage localization of Armitage and piRNA 
amplification. J Cell Biol 206, 217-230. 

Huang, Y., Gattoni, R., Stévenin, J., and Steitz, J.A. (2003). SR splicing factors 
serve as adapter proteins for TAP-dependent mRNA export. Molecular cell 11, 
837-843. 

Hur, J.K., Luo, Y., Moon, S., Ninova, M., Marinov, G.K., Chung, Y.D., and Aravin, 
A.A. (2016). Splicing-independent loading of TREX on nascent RNA is required 
for efficient expression of dual-strand piRNA clusters in Drosophila. Genes Dev 
30, 840-855. 

Irimia, M., Penny, D., and Roy, S.W. (2007). Coevolution of genomic intron 
number and splice sites. Trends Genet 23, 321-325. 

Ishizu, H., Iwasaki, Y.W., Hirakata, S., Ozaki, H., Iwasaki, W., Siomi, H., and 
Siomi, M.C. (2015). Somatic Primary piRNA Biogenesis Driven by cis-Acting 
RNA Elements and trans-Acting Yb. Cell Rep 12, 429-440. 

Iwasaki, Y.W., Siomi, M.C., and Siomi, H. (2015). PIWI-Interacting RNA: Its 
Biogenesis and Functions. Annu Rev Biochem 84, 405-433. 

Jagut, M., Mihaila-Bodart, L., Molla-Herman, A., Alin, M.F., Lepesant, J.A., and 
Huynh, J.R. (2013). A mosaic genetic screen for genes involved in the early 
steps of Drosophila oogenesis. G3 (Bethesda) 3, 409-425. 

Jensen, T.H., Boulay, J., Olesen, J.R., Colin, J., Weyler, M., and Libri, D. (2004). 
Modulation of transcription affects mRNP quality. Mol Cell 16, 235-244. 



	 186	

Jin, Z., Flynt, A.S., and Lai, E.C. (2013). Drosophila piwi mutants exhibit germline 
stem cell tumors that are sustained by elevated Dpp signaling. Curr Biol 23, 
1442-1448. 

Johnson, S.A., Cubberley, G., and Bentley, D.L. (2009). Cotranscriptional 
recruitment of the mRNA export factor Yra1 by direct interaction with the 3' end 
processing factor Pcf11. Mol Cell 33, 215-226. 

Katahira, J. (2012). mRNA export and the TREX complex. Biochim Biophys Acta 
1819, 507-513. 

Katahira, J., and Yoneda, Y. (2009). Roles of the TREX complex in nuclear 
export of mRNA. RNA Biol 6, 149-152. 

Katz, R.A., Kotler, M., and Skalka, A.M. (1988). cis-acting intron mutations that 
affect the efficiency of avian retroviral RNA splicing: implication for mechanisms 
of control. Journal of virology 62, 2686-2695. 

Katz, R.A., and Skalka, A.M. (1990). Control of retroviral RNA splicing through 
maintenance of suboptimal processing signals. Molecular and cellular biology 10, 
696-704. 

Kent, W.J., Sugnet, C.W., Furey, T.S., Roskin, K.M., Pringle, T.H., Zahler, A.M., 
and Haussler, D. (2002 ). The human genome browser at UCSC. Genome Res 
12, 996-1006. 

Khodor, Y.L., Rodriguez, J., Abruzzi, K.C., Tang, C.H., Marr, M.T., 2nd, and 
Rosbash, M. (2011). Nascent-seq indicates widespread cotranscriptional pre-
mRNA splicing in Drosophila. Genes Dev 25, 2502-2512. 

Khurana, J.S., and Theurkauf, W.E. (2008). piRNA function in germline 
development. In StemBook (Cambridge (MA)). 

Khurana, J.S., Wang, J., Xu, J., Koppetsch, B.S., Thomson, T.C., Nowosielska, 
A., Li, C., Zamore, P.D., Weng, Z., and Theurkauf, W.E. (2011). Adaptation to P 
element transposon invasion in Drosophila melanogaster. Cell 147, 1551-1563. 

Khurana, J.S., Xu, J., Weng, Z., and Theurkauf, W.E. (2010). Distinct functions 
for the Drosophila piRNA pathway in genome maintenance and telomere 
protection. PLoS Genet 6, e1001246. 



	 187	

Kilchert, C., and Vasiljeva, L. (2013). mRNA quality control goes transcriptional. 
Biochem Soc Trans 41, 1666-1672. 

Kilchert, C., Wittmann, S., and Vasiljeva, L. (2016). The regulation and functions 
of the nuclear RNA exosome complex. Nat Rev Mol Cell Biol 17, 227-239. 

Kim, H., Cho, B., Moon, S., and Chung, Y.D. (2011). The THO complex is 
required for stress tolerance and longevity in Drosophila. Genes & Genomics 33, 
291-297. 

Kim, V.N., Han, J., and Siomi, M.C. (2009). Biogenesis of small RNAs in animals. 
Nat Rev Mol Cell Biol 10, 126-139. 

Klattenhoff, C., Bratu, D.P., McGinnis-Schultz, N., Koppetsch, B.S., Cook, H.A., 
and Theurkauf, W.E. (2007). Drosophila rasiRNA pathway mutations disrupt 
embryonic axis specification through activation of an ATR/Chk2 DNA damage 
response. Dev Cell 12, 45-55. 

Klattenhoff, C., Xi, H., Li, C., Lee, S., Xu, J., Khurana, J.S., Zhang, F., Schultz, 
N., Koppetsch, B.S., Nowosielska, A., et al. (2009). The Drosophila HP1 homolog 
Rhino is required for transposon silencing and piRNA production by dual-strand 
clusters. Cell 138, 1137-1149. 

Klenov, M.S., Lavrov, S.A., Korbut, A.P., Stolyarenko, A.D., Yakushev, E.Y., 
Reuter, M., Pillai, R.S., and Gvozdev, V.A. (2014). Impact of nuclear Piwi 
elimination on chromatin state in Drosophila melanogaster ovaries. Nucleic Acids 
Res 42, 6208-6218. 

Klenov, M.S., Sokolova, O.A., Yakushev, E.Y., Stolyarenko, A.D., Mikhaleva, 
E.A., Lavrov, S.A., and Gvozdev, V.A. (2011). Separation of stem cell 
maintenance and transposon silencing functions of Piwi protein. Proc Natl Acad 
Sci U S A 108, 18760-18765. 

Kneuss, E., Munafo, M., Eastwood, E.L., Deumer, U.S., Preall, J.B., Hannon, 
G.J., and Czech, B. (2019). Specialization of the Drosophila nuclear export family 
protein Nxf3 for piRNA precursor export. Genes Dev 33, 1208-1220. 

Kohler, A., and Hurt, E. (2007). Exporting RNA from the nucleus to the 
cytoplasm. Nat Rev Mol Cell Biol 8, 761-773. 



	 188	

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular Evolutionary 
Genetics Analysis Version 7.0 for Bigger Datasets. Mol Biol Evol 33, 1870-1874. 

Kusch, T. (2012). Histone H3 lysine 4 methylation revisited. Transcription 3, 310-
314. 

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with 
Bowtie 2. Nat Methods 9, 357-359. 

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S.L. (2009). Ultrafast and 
memory-efficient alignment of short DNA sequences to the human genome. 
Genome Biol 10, R25. 

Laski, F.A., Rio, D.C., and Rubin, G.M. (1986). Tissue specificity of Drosophila P 
element transposition is regulated at the level of mRNA splicing. Cell 44, 7-19. 

Lau, N.C., Seto, A.G., Kim, J., Kuramochi-Miyagawa, S., Nakano, T., Bartel, 
D.P., and Kingston, R.E. (2006). Characterization of the piRNA complex from rat 
testes. Science 313, 363-367. 

Le Thomas, A., Rogers, A.K., Webster, A., Marinov, G.K., Liao, S.E., Perkins, 
E.M., Hur, J.K., Aravin, A.A., and Toth, K.F. (2013). Piwi induces piRNA-guided 
transcriptional silencing and establishment of a repressive chromatin state. 
Genes Dev 27, 390-399. 

Le Thomas, A., Toth, K.F., and Aravin, A.A. (2014). To be or not to be a piRNA: 
genomic origin and processing of piRNAs. Genome Biol 15, 204. 

Lenasi, T., and Barboric, M. (2013). Mutual relationships between transcription 
and pre-mRNA processing in the synthesis of mRNA. WIREs RNA 4, 139–154. 

Lewis, J.D., and Izaurralde, E. (1997). The role of the cap structure in RNA 
processing and nuclear export. Eur J Biochem 247, 461-469. 

Li, C., Vagin, V.V., Lee, S., Xu, J., Ma, S., Xi, H., Seitz, H., Horwich, M.D., 
Syrzycka, M., Honda, B.M., et al. (2009a). Collapse of germline piRNAs in the 
absence of Argonaute3 reveals somatic piRNAs in flies. Cell 137, 509-521. 

Li, H. (2011). A statistical framework for SNP calling, mutation discovery, 
association mapping and population genetical parameter estimation from 
sequencing data. Bioinformatics 27, 2987-2993. 



	 189	

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics 25, 1754-1760. 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., 
Abecasis, G., Durbin, R., and Genome Project Data Processing, S. (2009b). The 
Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079. 

Liang, L., Diehl-Jones, W., and Lasko, P. (1994). Localization of vasa protein to 
the Drosophila pole plasm is independent of its RNA-binding and helicase 
activities. Development 120, 1201-1211. 

Libri, D., Dower, K., Boulay, J., Thomsen, R., Rosbash, M., and Jensen, T.H. 
(2002). Interactions between mRNA export commitment, 3�-end quality control, 
and nuclear degradation. Molecular and cellular biology 22, 8254-8266. 

Lim, A.K., and Kai, T. (2007). Unique germ-line organelle, nuage, functions to 
repress selfish genetic elements in Drosophila melanogaster. Proc Natl Acad Sci 
U S A 104, 6714-6719. 

Lin, H., and Spradling, A.C. (1997). A novel group of pumilio mutations affects 
the asymmetric division of germline stem cells in the Drosophila ovary. 
Development 124, 2463-2476. 

Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome Biol 15, 550. 

Lubas, M., Christensen, M.S., Kristiansen, M.S., Domanski, M., Falkenby, L.G., 
Lykke-Andersen, S., Andersen, J.S., Dziembowski, A., and Jensen, T.H. (2011). 
Interaction profiling identifies the human nuclear exosome targeting complex. Mol 
Cell 43, 624-637. 

Luo, M.L., Zhou, Z., Magni, K., Christoforides, C., Rappsilber, J., Mann, M., and 
Reed, R. (2001). Pre-mRNA splicing and mRNA export linked by direct 
interactions between UAP56 and Aly. Nature 413, 644-647. 

Malik, H.S., and Henikoff, S. (2009). Major evolutionary transitions in centromere 
complexity. Cell 138, 1067-1082. 

Malone, C.D., Brennecke, J., Dus, M., Stark, A., McCombie, W.R., 
Sachidanandam, R., and Hannon, G.J. (2009). Specialized piRNA pathways act 
in germline and somatic tissues of the Drosophila ovary. Cell 137, 522-535. 



	 190	

Malone, C.D., and Hannon, G.J. (2009). Small RNAs as Guardians of the 
Genome. Cell 136, 658-668. 

Manley, J.L. (2002). Nuclear coupling: RNA processing reaches back to 
transcription. Nat Struct Biol 9, 790-791. 

Mapendano, C.K., Lykke-Andersen, S., Kjems, J., Bertrand, E., and Jensen, T.H. 
(2010). Crosstalk between mRNA 3' end processing and transcription initiation. 
Mol Cell 40, 410-422. 

Martienssen, R., and Moazed, D. (2015). RNAi and heterochromatin assembly. 
Cold Spring Harb Perspect Biol 7, a019323. 

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet journal 17, 10-12. 

Mason, J.M., Frydrychova, R.C., and Biessmann, H. (2008). Drosophila 
telomeres: an exception providing new insights. Bioessays 30, 25-37. 

Masuda, S., Das, R., Cheng, H., Hurt, E., Dorman, N., and Reed, R. (2005). 
Recruitment of the human TREX complex to mRNA during splicing. Genes Dev 
19, 1512-1517. 

McClintock, B. (1950). The origin and behavior of mutable loci in maize. Proc 
Natl Acad Sci U S A 36, 344-355. 

McClintock, B. (1984). The significance of responses of the genome to challenge. 
Science 226, 792-801. 

Meignin, C., and Davis, I. (2008). UAP56 RNA helicase is required for axis 
specification and cytoplasmic mRNA localization in Drosophila. Dev Biol 315, 89-
98. 

Meola, N., Domanski, M., Karadoulama, E., Chen, Y., Gentil, C., Pultz, D., 
Vitting-Seerup, K., Lykke-Andersen, S., Andersen, J.S., Sandelin, A., et al. 
(2016). Identification of a Nuclear Exosome Decay Pathway for Processed 
Transcripts. Mol Cell 64, 520-533. 

Mohn, F., Handler, D., and Brennecke, J. (2015). Noncoding RNA. piRNA-guided 
slicing specifies transcripts for Zucchini-dependent, phased piRNA biogenesis. 
Science 348, 812-817. 



	 191	

Mohn, F., Sienski, G., Handler, D., and Brennecke, J. (2014). The rhino-
deadlock-cutoff complex licenses noncanonical transcription of dual-strand 
piRNA clusters in Drosophila. Cell 157, 1364-1379. 

Moon, S., Cho, B., Min, S.H., Lee, D., and Chung, Y.D. (2011). The THO 
complex is required for nucleolar integrity in Drosophila spermatocytes. 
Development 138, 3835-3845. 

Moore, M.J., and Proudfoot, N.J. (2009). Pre-mRNA processing reaches back to 
transcription and ahead to translation. Cell 136, 688-700. 

Muerdter, F., Guzzardo, P.M., Gillis, J., Luo, Y., Yu, Y., Chen, C., Fekete, R., and 
Hannon, G.J. (2013). A genome-wide RNAi screen draws a genetic framework 
for transposon control and primary piRNA biogenesis in Drosophila. Mol Cell 50, 
736-748. 

Muerdter, F., Olovnikov, I., Molaro, A., Rozhkov, N.V., Czech, B., Gordon, A., 
Hannon, G.J., and Aravin, A.A. (2012). Production of artificial piRNAs in flies and 
mice. RNA 18, 42-52. 

Murano, K., Iwasaki, Y.W., Ishizu, H., Mashiko, A., Shibuya, A., Kondo, S., 
Adachi, S., Suzuki, S., Saito, K., Natsume, T., et al. (2019). Nuclear RNA export 
factor variant initiates piRNA-guided co-transcriptional silencing. EMBO J 38, 
e102870. 

O'Donnell, K.A., and Boeke, J.D. (2007). Mighty Piwis defend the germline 
against genome intruders. Cell 129, 37-44. 

Ohtani, H., Iwasaki, Y.W., Shibuya, A., Siomi, H., Siomi, M.C., and Saito, K. 
(2013). DmGTSF1 is necessary for Piwi-piRISC-mediated transcriptional 
transposon silencing in the Drosophila ovary. Genes Dev 27, 1656-1661. 

Ozata, D.M., Gainetdinov, I., Zoch, A., O'Carroll, D., and Zamore, P.D. (2019). 
PIWI-interacting RNAs: small RNAs with big functions. Nat Rev Genet 20, 89-
108. 

Pane, A., Jiang, P., Zhao, D.Y., Singh, M., and Schupbach, T. (2011). The Cutoff 
protein regulates piRNA cluster expression and piRNA production in the 
Drosophila germline. EMBO J 30, 4601-4615. 



	 192	

Parhad, S.S., and Theurkauf, W.E. (2019). Rapid evolution and conserved 
function of the piRNA pathway. Open Biol 9, 180181. 

Parhad, S.S., Tu, S., Weng, Z., and Theurkauf, W.E. (2017). Adaptive Evolution 
Leads to Cross-Species Incompatibility in the piRNA Transposon Silencing 
Machinery. Dev Cell 43, 60-70 e65. 

Payer, L.M., and Burns, K.H. (2019). Transposable elements in human genetic 
disease. Nat Rev Genet. 

Peirson, S.N., Butler, J.N., and Foster, R.G. (2003). Experimental validation of 
novel and conventional approaches to quantitative real-time PCR data analysis. 
Nucleic Acids Res 31, e73. 

Percharde, M., Lin, C.J., Yin, Y., Guan, J., Peixoto, G.A., Bulut-Karslioglu, A., 
Biechele, S., Huang, B., Shen, X., and Ramalho-Santos, M. (2018). A LINE1-
Nucleolin Partnership Regulates Early Development and ESC Identity. Cell 174, 
391-405 e319. 

Piruat, J.I., and Aguilera, A. (1998). A novel yeast gene, THO2, is involved in 
RNA pol II transcription and provides new evidence for transcriptional 
elongation�associated recombination. The EMBO journal 17, 4859-4872. 

Proudfoot, N.J., Furger, A., and Dye, M.J. (2002). Integrating mRNA processing 
with transcription. Cell 108, 501-512. 

Prud'homme, N., Gans, M., Masson, M., Terzian, C., and Bucheton, A. (1995). 
Flamenco, a gene controlling the gypsy retrovirus of Drosophila melanogaster. 
Genetics 139, 697-711. 

Quinlan, A.R., and Hall, I.M. (2010). BEDTools: a flexible suite of utilities for 
comparing genomic features. Bioinformatics 26, 841-842. 

Rebollo, R., Romanish, M.T., and Mager, D.L. (2012). Transposable elements: 
an abundant and natural source of regulatory sequences for host genes. Annu 
Rev Genet 46, 21-42. 

Reed, R. (2003). Coupling transcription, splicing and mRNA export. Curr Opin 
Cell Biol 15, 326-331. 



	 193	

Reed, R., and Cheng, H. (2005). TREX, SR proteins and export of mRNA. Curr 
Opin Cell Biol 17, 269-273. 

Rehwinkel, J., Herold, A., Gari, K., Kocher, T., Rode, M., Ciccarelli, F.L., Wilm, 
M., and Izaurralde, E. (2004). Genome-wide analysis of mRNAs regulated by the 
THO complex in Drosophila melanogaster. Nat Struct Mol Biol 11, 558-566. 

Riedmann, L.T., and Schwentner, R. (2010). miRNA, siRNA, piRNA and 
argonautes: news in small matters. RNA Biol 7, 133-139. 

Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor 
package for differential expression analysis of digital gene expression data. 
Bioinformatics 26, 139-140. 

Rougemaille, M., Dieppois, G., Kisseleva-Romanova, E., Gudipati, R.K., 
Lemoine, S., Blugeon, C., Boulay, J., Jensen, T.H., Stutz, F., Devaux, F., et al. 
(2008). THO/Sub2p functions to coordinate 3'-end processing with gene-nuclear 
pore association. Cell 135, 308-321. 

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J.C., Guirao-Rico, S., Librado, P., 
Ramos-Onsins, S.E., and Sanchez-Gracia, A. (2017). DnaSP 6: DNA Sequence 
Polymorphism Analysis of Large Data Sets. Mol Biol Evol 34, 3299-3302. 

Rozhkov, N.V., Hammell, M., and Hannon, G.J. (2013). Multiple roles for Piwi in 
silencing Drosophila transposons. Genes Dev 27, 400-412. 

Rudolph, T., Yonezawa, M., Lein, S., Heidrich, K., Kubicek, S., Schäfer, C., 
Phalke, S., Walther, M., Schmidt, A., Jenuwein, T., et al. (2007). Heterochromatin 
formation in Drosophila is initiated through active removal of H3K4 methylation 
by the LSD1 homolog SU (VAR) 3-3. Molecular cell 26, 103-115. 

Saguez, C., Schmid, M., Olesen, J.R., Ghazy, M.A.E.H., Qu, X., Poulsen, M.B., 
Nasser, T., Moore, C., and Jensen, T.H. (2008). Nuclear mRNA surveillance in 
THO/sub2 mutants is triggered by inefficient polyadenylation. Molecular cell 31, 
91-103. 

Saito, K., Ishizu, H., Komai, M., Kotani, H., Kawamura, Y., Nishida, K.M., Siomi, 
H., and Siomi, M.C. (2010). Roles for the Yb body components Armitage and Yb 
in primary piRNA biogenesis in Drosophila. Genes Dev 24, 2493-2498. 



	 194	

Saito, K., Nishida, K.M., Mori, T., Kawamura, Y., Miyoshi, K., Nagami, T., Siomi, 
H., and Siomi, M.C. (2006). Specific association of Piwi with rasiRNAs derived 
from retrotransposon and heterochromatic regions in the Drosophila genome. 
Genes Dev 20, 2214-2222. 

Sarot, E., Payen-Groschene, G., Bucheton, A., and Pelisson, A. (2004). 
Evidence for a piwi-dependent RNA silencing of the gypsy endogenous retrovirus 
by the Drosophila melanogaster flamenco gene. Genetics 166, 1313-1321. 

Sato, K., Iwasaki, Y.W., Shibuya, A., Carninci, P., Tsuchizawa, Y., Ishizu, H., 
Siomi, M.C., and Siomi, H. (2015a). Krimper Enforces an Antisense Bias on 
piRNA Pools by Binding AGO3 in the Drosophila Germline. Mol Cell 59, 553-563. 

Sato, K., Iwasaki, Y.W., Siomi, H., and Siomi, M.C. (2015b). Tudor-domain 
containing proteins act to make the piRNA pathways more robust in Drosophila. 
Fly (Austin) 9, 86-90. 

Schneider, C.A., Rasband, W.S., and Eliceiri, K.W. (2012). NIH Image to ImageJ: 
25 years of image analysis. Nat Methods 9, 671-675. 

Schofield, J.A., Duffy, E.E., Kiefer, L., Sullivan, M.C., and Simon, M.D. (2018). 
TimeLapse-seq: adding a temporal dimension to RNA sequencing through 
nucleoside recoding. Nat Methods 15, 221-225. 

Schupbach, T., and Wieschaus, E. (1986). Maternal-effect mutations altering the 
anterior-posterior pattern of the Drosophila embryo. Roux Arch Dev Biol 195, 
302-317. 

Schupbach, T., and Wieschaus, E. (1991). Female sterile mutations on the 
second chromosome of Drosophila melanogaster. II. Mutations blocking 
oogenesis or altering egg morphology. Genetics 129, 1119-1136. 

Schwanhausser, B., Busse, D., Li, N., Dittmar, G., Schuchhardt, J., Wolf, J., 
Chen, W., and Selbach, M. (2011). Global quantification of mammalian gene 
expression control. Nature 473, 337-342. 

Senti, K.A., and Brennecke, J. (2010). The piRNA pathway: a fly's perspective on 
the guardian of the genome. Trends Genet 26, 499-509. 

Shen, E.Z., Chen, H., Ozturk, A.R., Tu, S., Shirayama, M., Tang, W., Ding, Y.H., 
Dai, S.Y., Weng, Z., and Mello, C.C. (2018). Identification of piRNA Binding Sites 



	 195	

Reveals the Argonaute Regulatory Landscape of the C. elegans Germline. Cell 
172, 937-951 e918. 

Shen, H., Zheng, X., Shen, J., Zhang, L., Zhao, R., and Green, M.R. (2008). 
Distinct activities of the DExD/H-box splicing factor hUAP56 facilitate stepwise 
assembly of the spliceosome. Genes Dev 22, 1796-1803. 

Shi, Y., Lan, F., Matson, C., Mulligan, P., Whetstine, J.R., Cole, P.A., Casero, 
R.A., and Shi, Y. (2004). Histone demethylation mediated by the nuclear amine 
oxidase homolog LSD1. Cell 119, 941-953. 

Sienski, G., Batki, J., Senti, K.A., Donertas, D., Tirian, L., Meixner, K., and 
Brennecke, J. (2015). Silencio/CG9754 connects the Piwi-piRNA complex to the 
cellular heterochromatin machinery. Genes Dev 29, 2258-2271. 

Sienski, G., Donertas, D., and Brennecke, J. (2012). Transcriptional silencing of 
transposons by Piwi and maelstrom and its impact on chromatin state and gene 
expression. Cell 151, 964-980. 

Siomi, H., and Siomi, M.C. (2015). RNA. Phased piRNAs tackle transposons. 
Science 348, 756-757. 

Siomi, M.C., Miyoshi, T., and Siomi, H. (2010). piRNA-mediated silencing in 
Drosophila germlines. Semin Cell Dev Biol 21, 754-759. 

Siomi, M.C., Sato, K., Pezic, D., and Aravin, A.A. (2011). PIWI-interacting small 
RNAs: the vanguard of genome defence. Nat Rev Mol Cell Biol 12, 246-258. 

Song, S.U., Gerasimova, T., Kurkulos, M., Boeke, J.D., and Corces, V.G. (1994). 
An env-like protein encoded by a Drosophila retroelement: evidence that gypsy is 
an infectious retrovirus. Genes Dev 8, 2046-2057. 

Song, S.U., Kurkulos, M., Boeke, J.D., and Corces, V.G. (1997). Infection of the 
germ line by retroviral particles produced in the follicle cells: a possible 
mechanism for the mobilization of the gypsy retroelement of Drosophila. 
Development 124, 2789-2798. 

Sträßer, K., Masuda, S., Mason, P., Pfannstiel, J., Oppizzi, M., Rodriguez-
Navarro, S., Rondón, A.G., Aguilera, A., Struhl, K., Reed, R., et al. (2002). TREX 
is a conserved complex coupling transcription with messenger RNA export. 
Nature 417, p.304. 



	 196	

Theurkauf, W.E. (1994). Immunofluorescence analysis of the cytoskeleton during 
oogenesis and early embryogenesis. Methods Cell Biol 44, 489-505. 

Theurkauf, W.E., Klattenhoff, C., Bratu, D.P., McGinnis-Schultz, N., Koppetsch, 
B.S., and Cook, H.A. (2006). rasiRNAs, DNA damage, and embryonic axis 
specification. Cold Spring Harb Symp Quant Biol 71, 171-180. 

Trapnell, C., Pachter, L., and Salzberg, S.L. (2009). TopHat: discovering splice 
junctions with RNA-Seq. Bioinformatics 25, 1105-1111. 

Tutucci, E., and Stutz, F. (2011). Keeping mRNPs in check during assembly and 
nuclear export. Nat Rev Mol Cell Biol 12, 377-384. 

Vagin, V.V., Hannon, G.J., and Aravin, A.A. (2009). Arginine methylation as a 
molecular signature of the Piwi small RNA pathway. Cell Cycle 8, 4003–4004. 

Vagin, V.V., Sigova, A., Li, C., Seitz, H., Gvozdev, V., and Zamore, P.D. (2006). 
A distinct small RNA pathway silences selfish genetic elements in the germline. 
Science 313, 320-324. 

van den Beek, M., da Silva, B., Pouch, J., Ali Chaouche, M.E.A., Carre, C., and 
Antoniewski, C. (2018). Dual-layer transposon repression in heads of Drosophila 
melanogaster. RNA 24, 1749-1760. 

Verdel, A., Jia, S., Gerber, S., Sugiyama, T., Gygi, S., Grewal, S.I., and Moazed, 
D. (2004). RNAi-mediated targeting of heterochromatin by the RITS complex. 
Science 303, 672-676. 

Vermaak, D., Henikoff, S., and Malik, H.S. (2005). Positive selection drives the 
evolution of rhino, a member of the heterochromatin protein 1 family in 
Drosophila. PLoS Genet 1, 96-108. 

Viphakone, N., Hautbergue, G.M., Walsh, M., Chang, C.T., Holland, A., Folco, 
E.G., Reed, R., and Wilson, S.A. (2012). TREX exposes the RNA-binding 
domain of Nxf1 to enable mRNA export. Nat Commun 3, 1006. 

Viphakone, N., Sudbery, I., Griffith, L., Heath, C.G., Sims, D., and Wilson, S.A. 
(2019). Co-transcriptional Loading of RNA Export Factors Shapes the Human 
Transcriptome. Mol Cell 75, 310-323 e318. 



	 197	

Wang, W., Han, B.W., Tipping, C., Ge, D.T., Zhang, Z., Weng, Z., and Zamore, 
P.D. (2015). Slicing and Binding by Ago3 or Aub Trigger Piwi-Bound piRNA 
Production by Distinct Mechanisms. Mol Cell 59, 819-830. 

Wang, W., Yoshikawa, M., Han, B.W., Izumi, N., Tomari, Y., Weng, Z., and 
Zamore, P.D. (2014). The initial uridine of primary piRNAs does not create the 
tenth adenine that Is the hallmark of secondary piRNAs. Molecular cell 56, 708-
716. 

Watanabe, T., Takeda, A., Tsukiyama, T., Mise, K., Okuno, T., Sasaki, H., 
Minami, N., and Imai, H. (2006). Identification and characterization of two novel 
classes of small RNAs in the mouse germline: retrotransposon-derived siRNAs in 
oocytes and germline small RNAs in testes. Genes Dev 20, 1732-1743. 

Webster, A., Li, S., Hur, J.K., Wachsmuth, M., Bois, J.S., Perkins, E.M., Patel, 
D.J., and Aravin, A.A. (2015). Aub and Ago3 are recruited to nuage through two 
mechanisms to form a ping-pong complex assembled by Krimper. Molecular cell 
59, 564-575. 

Wicker, T., Sabot, F., Hua-Van, A., Bennetzen, J.L., Capy, P., Chalhoub, B., 
Flavell, A., Leroy, P., Morgante, M., Panaud, O., et al. (2007). A unified 
classification system for eukaryotic transposable elements. Nat Rev Genet 8, 
973-982. 

Yashiro, R., Murota, Y., Nishida, K.M., Yamashiro, H., Fujii, K., Ogai, A., 
Yamanaka, S., Negishi, L., Siomi, H., and Siomi, M.C. (2018). Piwi Nuclear 
Localization and Its Regulatory Mechanism in Drosophila Ovarian Somatic Cells. 
Cell Rep 23, 3647-3657. 

Yu, B., Cassani, M., Wang, M., Liu, M., Ma, J., Li, G., Zhang, Z., and Huang, Y. 
(2015a). Structural insights into Rhino-mediated germline piRNA cluster 
formation. Cell Res 25, 525-528. 

Yu, T., Koppetsch, B.S., Pagliarani, S., Johnston, S., Silverstein, N.J., Luban, J., 
Chappell, K., Weng, Z., and Theurkauf, W.E. (2019). The piRNA Response to 
Retroviral Invasion of the Koala Genome. Cell 179, 632-643 e612. 

Yu, Y., Gu, J., Jin, Y., Luo, Y., Preall, J.B., Ma, J., Czech, B., and Hannon, G.J. 
(2015b). Panoramix enforces piRNA-dependent cotranscriptional silencing. 
Science 350, 339-342. 



	 198	

Zhang, F., Wang, J., Xu, J., Zhang, Z., Koppetsch, B.S., Schultz, N., Vreven, T., 
Meignin, C., Davis, I., Zamore, P.D., et al. (2012a). UAP56 couples piRNA 
clusters to the perinuclear transposon silencing machinery. Cell 151, 871-884. 

Zhang, G., Tu, S., Yu, T., Zhang, X.O., Parhad, S.S., Weng, Z., and Theurkauf, 
W.E. (2018). Co-dependent Assembly of Drosophila piRNA Precursor 
Complexes and piRNA Cluster Heterochromatin. Cell Rep 24, 3413-3422 e3414. 

Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., 
Nusbaum, C., Myers, R.M., Brown, M., Li, W., et al. (2008). Model-based 
analysis of ChIP-Seq (MACS). Genome Biol 9, R137. 

Zhang, Z., Theurkauf, W.E., Weng, Z., and Zamore, P.D. (2012b). Strand-
specific libraries for high throughput RNA sequencing (RNA-Seq) prepared 
without poly(A) selection. Silence 3, 9. 

Zhang, Z., Wang, J., Schultz, N., Zhang, F., Parhad, S.S., Tu, S., Vreven, T., 
Zamore, P.D., Weng, Z., and Theurkauf, W.E. (2014). The HP1 homolog rhino 
anchors a nuclear complex that suppresses piRNA precursor splicing. Cell 157, 
1353-1363. 

Zhang, Z., Xu, J., Koppetsch, B.S., Wang, J., Tipping, C., Ma, S., Weng, Z., 
Theurkauf, W.E., and Zamore, P.D. (2011). Heterotypic piRNA Ping-Pong 
requires qin, a protein with both E3 ligase and Tudor domains. Mol Cell 44, 572-
584. 

Zhao, K., Cheng, S., Miao, N., Xu, P., Lu, X., Zhang, Y., Wang, M., Ouyang, X., 
Yuan, X., Liu, W., et al. (2019). A Pandas complex adapted for piRNA-guided 
transcriptional silencing and heterochromatin formation. Nat Cell Biol. 

Zhuang, J., Wang, J., Theurkauf, W., and Weng, Z. (2014). TEMP: a 
computational method for analyzing transposable element polymorphism in 
populations. Nucleic Acids Res 42, 6826-6838. 
 


