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Abstract

In Drosophila germ cells, piRNAs are amplified through a
PIWI-slicer-dependent, feed-forward loop termed the ping-pong pathway,
yielding secondary piRNAs. However, the detailed mechanism remains poorly
understood, largely because an ex vivo model system amenable to biochemical
analyses has not been available. Here, | show that CRISPR-mediated
loss-of-function of lethal (3) malignant brain tumor [I(3)mbf] leads to ectopic
activation of the germ-specific ping-pong pathway in ovarian somatic cells.
Perinuclear granules resembling nuage, the ping-pong center, appeared
following /(3)mbt mutation. | refer to the /(3)mbt depleted cell line as Ambt-OSC.
Using Ambt-OSC, | further investigated Vasa functions in the nuage formation
and also in the ping-pong pathway and found that the RNA-binding activity of
Vasa is required for nuage formation, although other unknown factor(s) might
also be required. | also found by performing Vasa iCLIP that Vasa bound to
AGO3-bound piRNA intermediates in the ping-pong pathway. The activation of
the ping-pong machinery in cultured cells is (and will be) very helpful to facilitate
the elucidation of the mechanism underlying secondary piRNA biogenesis in
Drosophila. It is known that the CRISPR-mediated genome editing can also be
used to insert sequences in the genome. Using the method, | established
another OSC line that endogenously expresses Zucchini (Zuc)-FLAG. The cells
line will be useful to elucidate the precise function of Zuc the piRNA biogenesis.
Thus, both cell lines established by the CRISPR-mediated genome editing will

be useful to elucidate the molecular mechanisms of the piRNA pathways.
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Abbreviations

Abbreviation Full name

Ago Argonaute

APS Ammonium Peroxodisulfate
Armi Armitage

Aub Aubergine

BSA Bovine Serum Albumin

CLIP Cross-linking immunoprecipitation
Cuff Cutoff

Del Deadlock

DNA Deoxyribonucleic acid

DSB double-stranded breaks

DTT Dithiothreitol

EGFP Enhanced Green Fluorescent Protein
endo-siRNA Endogenous siRNA

FBS Fetal Bovine Serum

flam flamenco

GST Glutathione S-transferase

HDR Homology-directed repair

HRP Horseradish peroxidase

iCLIP Individual-nucleotide resolution CLIP
IgG Immunoglobulin G

indel insertion or deletion

IP Immunoprecipitation

kb Kilobase

kDa Kilodalton

Krimp Krimper

1(3)mbt lethal (3) malignant brain tumor
Luc Luciferase

Mael Maelstrom

MBTS |(3)mbt-signature

miRNA Micro RNA

mRNA Messenger RNA

10



n.i.
ncRNA
NHEJ
NLS
NP40
nt
0OSC
PAGE
Panx
piRNA
Piwi
RDC
Rhi
RISC
RNA
RNAI
S2
sDMA
SDS
SDS-PAGE
sgRNA
Shu
siRNA
SoYb
Spn-E
T-PBS
Tris
TEMED
tj

Vret
Yb

Zuc

Non immune

Non-coding RNA
non-homologous end joining
Nuclear Localization Signal
Nonidet P-40

Nucleotide

Ovarian Somatic Cell
Polyacrylamide gel electerophoresis
Panoramix

PIWI-interacting RNA
P-element induced wimpy testis
Rhino-Deadlock-Cutoff

Rhino

RNA-induced silencing complex
Ribonucleic acid

RNA interference

Schneider 2

symmetrical dimethyl arginine
Sodium lauryl sulfate

(refer to each abbreviation)
single-guide RNA

Shutdown

Small-interference RNA

Sister of Yb

Spindle-E

Phosphate buffered saline with Tween20
Tris (hydroxymethyl) aminomethane
Tetramethylethylenediamine
traffic jam

Vreteno

Female sterile (1) Yb

Zucchini
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Introduction

RNA silencing

RNA silencing is gene repression mechanisms mediated by small
RNAs of ~20-30 nucleotides and Argonaute proteins. The small RNAs and
Argonaute proteins associate with each other in a stoichiometric manner and
form the RNA-induced silencing complexes (RISCs), the engine of RNA
silencing (Figure 1) (Yamashiro and Siomi 2018).

The RISCs recognize targets to silence depending on the
complementarities between RNA transcripts transcribed from the target genes
and small RNAs which are contained in the RISCs. Although the RISC assembly
occurs in the cytoplasm, some RISCs are translocated to the nucleus where they
repress the target genes by recruiting DNA- and/or histone-modifying enzymes
to the gene loci for inducing local heterochromatinization, resulting in inhibition of
the transcription (Siomi et al. 2011). This is categorized as transcriptional gene
silencing (Figure 1). Other RISCs stay in the cytoplasm even after the complex
assembly and repress target genes by cleaving the RNA transcripts. This is
categorized as post-transcriptional gene silencing (Figure 1).

The subcellular localization of RISCs is determined by the nuclear
localization signal (NLS) of Argonaute proteins: if the Argonaute protein has an
NLS, the RISC is localized to the nucleus. If the Argonaute protein has no NLS,

the RISC is localized to the cytoplasm. The RISCs are found in a variety of
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species, starting from yeasts to humans. Thus, RNA silencing is highly

conserved, very important mechanisms in living organisms.

Argonaute family of proteins and small RNAs

The numbers of members of the Argonaute family of proteins are
different among species. For example, humans have eight members while
Drosophila has five members (Figure 2). The Argonaute proteins are divided into
two subfamilies; AGO subfamily and PIWI subfamily. In Drosophila AGO1 and
AGO2 belong to the AGO subfamily, and Piwi, Aub and AGO3 belong to the
PIWI subfamily.

AGO subfamily proteins are ubiquitously expressed and bind one of
two types of small RNAs, microRNAs (miRNA) and small interference RNAs
(siRNAs). In contrast, PIWI subfamily proteins are germline-specific and bind
only PIWI-interacting RNAs (piRNAs). The target genes of AGO and PIWI
subfamily proteins are different from each other: in general, AGO proteins
silence protein-coding genes while Piwi proteins silence transposons (Siomi et al.
2011). In Drosophila, miRNAs and siRNAs are normally ~21-22 nucleotide-long
whereas piRNAs are slightly longer; ~24-30 nucleotide-long.

Endogenous siRNAs (endo-siRNAs) in Drosophila are known to
repress transposons upon binding with AGO2 (Kawamura et al. 2008). The
endo-siRNAs are ubiquitously expressed. However, because of PIWI subfamily

proteins are expressed in the germlines, lack of endo-siRNAs does not leads to

14



the derepression of transposons in the germlines (Vagin et al. 2006).

PiRNAs: functions and biogenesis

Like PIWI proteins, piRNAs are mainly expressed in the germline. The
germlines gonads (ovaries and testes) in Drosophila are composed of two types
of cells, germ cells and somatic cells surrounding the germ cells (Figure 3A).
The piRNA-mediated transposon silencing occurs in both cell types. In somatic
cells, only Piwi is expressed, and Piwi is imported to the nucleus after piRNA
loading where it represses transposon at the transcription level. On the other
hand, in germ cells not only Piwi but also Aub and AGO3 are expressed (Figure
3B). Piwi in germ cells represses transposons similarly to Piwi in somatic cells.
In contrast, germ cell-specific PIWI proteins, Aub and AGO3, remain to be in the
cytoplasm even after piRISC formation (lwasaki et al. 2015). Aub and AGO3 are
localized at the perinuclear granules known as nuage and repress transposons
by cleaving their mMRNAs there (Brennecke et al. 2007; Gunawardane et al.
2007; Lim et al. 2007; Nishida et al. 2007; Huang et al. 2014).

piRNAs arise mainly from RNA transcripts transcribed from the piRNA
clusters, intergenic regions rich in fragmented transposons. The piRNA clusters
are often located in pericentromeric and telomeric heterochromatin regions and
are transcribed by RNA Polymerase Il (Sienski et al. 2012). The piRNA clusters
in Drosophila are divided into two types: uni-strand and dual-strand piRNA

clusters (Figure 4A). Uni-strand clusters are transcribed in one fixed direction.
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flamenco (flam) is a representative uni-strand cluster, containing various
transposons fragments, such as mdg1, gypsy, idefix, and ZAM. The uni-strand
clusters are used mainly in the ovarian somatic cells, while the dual-strand
clusters are transcribed in both directions and are mainly used in germ cells
(Brennecke et al. 2007; Malone et al. 2009). 42AB is a representative
dual-strand cluster. The dual-strand clusters regions are accumulated by
H3K9me3. Rhino, a HP1 homlog, interacts with H3K9me3 on the loci, and then
Deadlock, and Cutoff interact with Rhino (Figure 4B; Mohn et al. 2014;
Klattenhoff et al. 2009; Pane et al. 2011; Le Thomas et al. 2014; Yu et al. 2015a).
These factors are necessary for initiating the transcription of the dual-strand
clusters. piRNAs arise from not only piRNA clusters but also 3’ UTR of some
protein-coding genes, a representative of which is traffic jam (tj) (Figure 4A).
These piRNAs derived from protein-coding genes are called genic piRNAs. The

functions of genic piRNAs remain unclear.

Cultured cells for piRNA biogenesis study

To elucidate the molecular mechanisms of the piRNA pathway
biochemically, cultured cell lines that consist of cells isolated from the gonad are
useful. Such cell line, f{GS/OSS, was previously established from Drosophila
ovary (Niki et al. 2006). The cell line contained Vasa-positive germ cells and
Vasa-negative somatic cells. Later, another cell line, OSC (ovarian somatic cell)

was established from fGS/OSS (Saito et al. 2009). In OSC, Vasa is not
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expressed, because it does not contain germ cells. Around the same time, a
piRNA study using BmN4 cell was reported (Kawaoka et al. 2009). BmN4 cells
were derived from the ovaries of Bombyx mori and accommodate the ping-pong
pathway. However, BmN4 cells are lepidopteran-origin and express only two
PIWI members, Siwi (Bombyx mori homolog of Aub) and AGO3, but lack a
homolog of Drosophila Piwi. Nowadays these cell lines OSC and BmN4 cell are
extensively used in the investigation to understand the molecular mechanisms
underlying the piRNA pathways, particularly piRNA biogenesis (Figure 5). To
reveal the precise mechanism of the Drosophila ping-pong pathway, an ex vivo
Drosophila model system amenable to biochemical analyses is required but

such cell lines have not been available.

Biogenesis of piRNAs in Drosophila ovarian somatic cells

In ovarian somatic cells, piRNA precursors arising from the piRNA
clusters accumulate at specific granules termed Flam bodies and/or Dot COM
and are then processed at Yb bodies (Saito et al. 2010; Dennis et al. 2013;
Murota et al. 2014). In parallel, Yb centralizes multiple primary piRNA factors to
Yb bodies, including Armitage (Armi), Vreteno (Vret), Sister of Yb (SoYb), and
Shutdown (Shu) (Figure 3B, 6; lwasaki et al. 2015). Yb and Armi containing a
DEAD-box RNA helicase domain bind to RNAs. These binding RNAs studies
revealed that Yb binds to piRNA precursors and Armi binds to piRNA

intermediates (Saito et al. 2010; Murota et al. 2014). Yb and Armi perform
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important role in piRNA processing at Yb bodies, however their detailed
functions are studying. Also, detailed functions of other Yb bodies’ components,
Vret, SoYb, and Shu, at Yb bodies remain unknown. The piRNA intermediates
are processed by not only Yb bodies’ factors but also mitochondrial factors such
as Zucchini (Zuc) (see Biogenesis of phased piRNAs and Zucchini). The
maturated piRNAs and Piwi are imported to the nucleus, and repress transposon
working with nuclear factors such as Maelstrom (Mael) and GTSF1. Mael
localizes to cytoplasm and is required for piRNA biogenesis in germ cells,
however in somatic cells, Mael localizes to nucleus and is little effect to piRNA
biogenesis, while lack of Mael lead to transposon activation (Lim AK et al. 2007;
Saito et al. 2010; Sienski et al. 2012; Ohtani et al. 2013). The detailed functions
of Mael in both cells remain unclear. GTSF1 interacts with Piwi and Panoramix
(Panx) in nucleus (Donertas D et al. 2013; Ohtani et al. 2013; Sienski et al. 2015;
Yu et al. 2015b). The complex is required for Piwi-dependent histone

methylation and repression of transposon transcription.

Biogenesis of piRNAs in Drosophila ovarian germ cells

Drosophila germ cells express Aub, AGO3 and Piwi (Saito et al. 2006;
Nishida et al. 2007; Gunawardane et al. 2007; Brennecke et al. 2007). Using
Drosophila germ tissues and BmN4, the mechanisms of ping-pong pathway are
revealing. Of those, Aub and Piwi, but not AGO3, are loaded with primary

piRNAs derived from the piRNA clusters (Figure 7; Malone et al. 2009; Li et al.
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2009). Piwi-piRISCs are then transported to the nucleus, where they repress
transposons transcriptionally. In contrast, Aub-piRISCs remain to be in the
cytoplasm, and repress transposons by cleaving their mRNAs in a
slicer-dependent manner. The Aub cleavage on the targets occurs at the
position across from nucleotides 10 and 11 of the piRNAs. This reaction gives
rise to two RNA pieces, namely 5" and 3’ cleavage products. The 3’ product that
was released from the Aub complex by RNA helicase Vasa, a piRNA biogenesis
factor, is loaded onto AGO3 (Xiol et al. 2014; Nishida et al. 2015). Then, this
RNA is further processed at the 3’ end by endonuclease Zuc and becomes
mature piRNA (see Biogenesis of phased piRNAs and Zucchini).
AGO3-piRISC then cleaves its target RNAs and the 3’ products are processed
into Aub-bound piRNAs after being loaded onto nascent Aub. Because of these
unique reactions, Aub-piRNAs and AGO3-piRNAs overlap through ten
nucleotides from their 5 ends, and Aub-piRNAs have 1st U bias while
AGO3-piRNAs have 10th A bias. Also, Aub-piRNAs are mostly antisense to
transposon mMRNAs, while Ago3-piRNAs are rich in sense piRNAs. These traits
of Aub and AGO3-bound piRNAs are collectively called the ping-pong
signatures. The slicer-dependent feed-forward loop mechanism is termed the
ping-pong pathway, yielding a substantial amount of secondary piRNAs
(Gunawardane et al. 2007; Brennecke et al. 2007). The ping-pong pathway is
occurred at nuage, because secondary piRNA biogenesis factors are localized

to nuage (Figure 3B).
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Biogenesis of phased piRNAs and Zucchini

Yb bodies and nuage are surrounded by mitochondria (Murota et al.
2014). This unique spatial arrangement in the cytoplasm enables mitochondrial
factors such as Zuc to process the piRNA intermediates into mature piRNAs
(Nishimasu et al. 2012; Ipsaro et al. 2012). Zuc containing mitochondrial
transmembrane region at the N-terminal region locates on the surface of
mitochondria (Nishimasu et al. 2012; Ipsaro et al. 2012). In the primary and the
ping-pong pathway, the 3’ ends of Piwi- and Aub-piRNAs are decided mainly by
Zuc cleavage. Recently, the Zuc dependent piRNA biogenesis was reported
(Figure 8; Mohn et al. 2015; Han et al. 2015). Newly produced 5 ends by the
Zuc cleavage are bound with Piwi/Aub and cleaved once again at the 3’ ends by
Zuc, producing Piwi bound piRNA termed phased piRNA. However, the detailed
mechanism of this pathway remains elusive.

Piwi- and Aub- piRNAs in vivo have a strong 1st U bias. The phased
piRNA biogenesis suggests that 5’ end of piRNAs are decided by Zuc cleavage,
which suggests that 1st U bias of Piwi- and Aub- piRNAs depend on Zuc
cleavage. However Zuc have little nucleotide bias for RNA cleavage (Nishimasu
et al. 2012). The mechanism of determination of 1st U bias of piRNAs remains
unclear. These previous Zuc study were mainly confirmed by Zuc
over-expression in Drosophila cells in vivo or E.coli in vitro, because anti-Zuc
antibodies are not available. Thus the endogenous Zuc detectable system has

the potential to reveal these questions.
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TUDOR domain-containing piRNA factors

Many piRNA biogenesis factors, such as Yb, Armi, Vret, Tud, Krimper
(Krimp), Qin and Spindle-E (Spn-E) contain TUDOR domain. They play
important role in processing piRNAs. PIWI proteins contain arginine-glycine-rich
regions at N-terminal regions, which are symmetrically dimethylated by PRMT5
(Kirino et al. 2009; Nishida et al. 2009). The symmetrical dimethyl arginine
(sDMA) modification in PIWI proteins is required for interaction with Tudor, a
TUDOR domain containing protein. Tudor is required for development and
piRNA factors localization (Boswell and Mahowald 1985; Arkov et al. 2006). On
the other hand, Krimp interacts with non-sDMA AGQO3 (Olivieri et al. 2012; Sato
et al. 2015). Krimp promotes its binding AGO3’s sDMA modification and AGO3
localization to nuage (Figure 9; Olivieri et al. 2012; Sato et al. 2015). These
activities are required for Aub-dependent piRNA loading to AGO3 (Olivieri et al.
2012; Sato et al. 2015). In germ cells Krimp localizes to nuage, although in
somatic cells Krimp forms granules termed Krimp bodies. The role of Krimp
bodies remains elusive. Qin represses Aub-Aub heterotypic ping-pong and
prevents the cleavage products of Aub from becoming Piwi-bound piRNAs
(Wang et al. 2015). Spn-E interacts with Qin, Aub and Ago3, and localizes to
nuage (Gunawardane et al. 2007; Lim et al. 2007; Andress et al. 2016). The

molecular function of Spn-E in piRNA biogenesis remains unclear.
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Vasa, a principal nuage component

Vasa, a DEAD-box RNA helicase, is essential for development (Hay et
al. 1988; Lasko and Ashburner, 1988). In the ping-pong pathway, Vasa is
required for moving piRNA intermediate from Aub to AGO3 (Xiol et al. 2014;
Nishida et al. 2015), however the detailed mechanisms of releasing RNA such
as the position where Vasa starts to unwind RNA remain unclear. Also, Vasa
has activity to receive the dual-strand cluster transcript RNAs exported by
UAPS56 to use the ping-pong pathway in cytoplasm (Zhang et al. 2012).
Furthermore, Vasa is required for nuage formation where the ping-pong pathway
activated. In ovarian germ cells, loss of Vasa leads to nuage collapse (Nagao et
al. 2011), thus Vasa is the first to localize to the nuage (Findley et al. 2003).
Vasa localization is followed by piRNA factors: Spn-E, Aub, Ago3, and Mael
(Nagao et al. 2011).

Vasa contains a disorder region at the N-terminal region and RNA
helicase domain DEAD box at the C-terminal region. The previous report in mice
showed that the N-terminal disorder region plays a key role in the formation of
granules in vitro (Figure 10; Nott et al. 2015). Also, the crystal structure of Vasa
was solved, which showed the responsible amino acids for exhibiting the Vasa
activities (Figure 10; Sengoku et al. 2006). Vasa have dual-strand RNA helicase
activity hydrolyzing ATP. A single mutation in DEAD-box (E400Q mutant in
Drosophila) leads to lose Vasa ATP-hydrolyzing activity (Sengoku et al. 2006;

Xiol et al. 2014; Nishida et al. 2015). E400Q mutant Vasa has RNA-binding
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activity, however because of losing ATP-hydrolyzing activity, the Vasa fail to
release RNAs (Sengoku et al. 2006; Xiol et al. 2014; Nishida et al. 2015). The
ATPase mutant Vasa in BmN4 cells forms large nuage and the Vasa in ovarian
germ cells forms granules that are removed from the perinuclear location (Xiol et
al. 2014). Also, Arg528 in Vasa is widely conserved within the DEAD-box family
and interact with the RNAs. Indeed, R528A mutant Vasa fail to bind RNAs
(Sengoku et al. 2006).

These previous Vasa study were mainly confirmed by BmN4 cell or
germ tissues in vivo or E.coli in vitro, because Drosophila stable Vasa-positive

cell lines such as germ cells are not available.

The CRISPR-Cas9 system

The CRISPR-Cas9 system was originated from a bacterial defense
system against invading viral pathogens, based on the principles of Watson—
Crick base pairing, and provides a platform for high-efficiency genome
engineering in many organisms (Jinek et al. 2012; Cong et al. 2013; Mali et al.
2013; Jinek et al. 2013; Ran et al. 2013). The Cas9 nuclease from the type Il
CRISPR system of Streptococcus pyogenes has recently been used
successfully for genome editing in a variety of experimental models (Hsu et al.
2014; Sander et al. 2014). Cas9 nuclease can be guided to its DNA target by a
single-guide RNA (sgRNA), which is a synthetic fusion between trans-activating

crRNA and the CRISPR RNA (Jinek et al. 2012; Cong et al. 2013; Mali et al.
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2013). Cas9 and its associated sgRNA introduce double-stranded break (DSB)
at specific locations in the genome, which are repaired via non-homologous end
joining (NHEJ) or homologous recombination (Figure 11, Bibikova et al. 2002).
NHEJ repair results in insertion or deletion (indel) mutations at the cleavage site,
which can cause loss of function if the DSB occurs in a coding gene.
Homology-directed repair (HDR) is an alternative DNA repair pathway with a
typically lower frequency than NHEJ, which can generate precise genetic
modification at a target site in the presence of the corresponding homologous
template (Figure 11, Capecchi et al. 1989). HDR can also be used to generate
cell lines expressing an endogenous protein tagged with a small peptide, such

as enhanced green fluorescent protein (EGFP) or FLAG.

I(3)mbt, a repressor of piRNA biogenesis factors

In Drosophila, mutations in lethal (3) malignant brain tumor [I(3)mbf]
generate malignant brain tumors with metastatic potential (Gateff et al. 1993;
Janic et al. 2010) due to derepression of /(3)mbt-signature (MBTS) genes
(Figure 12; Janic et al. 2010). Multiple MBTS genes encode proteins with
germline functions, and mutations in these genes, for instance, piwi, rescue the
brain tumor phenotype (Janic et al. 2010). MBTS genes with germline functions
include ping-pong factors, such as aub and vasa (Janic et al. 2010). A few small
RNAs in /(3)mbt mutant brain tumors were annotated as piRNAs (Janic et al.

2010). These findings of /(3)mbt mutations resulting in ectopic acquisition of
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germline traits in the brain prompted us to examine if depletion of /(3)mbt in OSC
initiates the ping-pong pathway and causes the accumulation of secondary
piRNAs in cell.

L(3)mbt is a member of LINT complex containing Lint-1, COREST and
L(3)mbt, and the complex represses various gene expression (Figure 12, Meier
et al. 2012). Also, L(3)mbt is included in dREAM complex, the complex is related
to amplify DNA (Lewis et al. 2004). Previous reports showed L(3)mbt functions,

however detailed expression regulate manner remains poorly understood.

The aim of this study

Previously an ex vivo Drosophila model system amenable to
biochemical analyses of the ping-pong pathway has not been available, so
previous ping-pong pathway analyses were performed using Drosophila germ
tissues and cultured BmN4 cells. However, Drosophila germ tissues take a lot of
time because flies are grown. Also BmN4 cells lack a homolog of Drosophila
Piwi, and Bombyx mori genome data is deficient. These problems make difficult
to analyze the ping-pong pathway. For instance, in the ping-pong pathway, that
AGO3 cleavage products are unwound by unknown factor(s) is expected,
however the problems make the analysis of the factor difficult. For further
ping-pong pathway analysis, helpful cell line was desired. Fortunately, recent
study showed loss of /(3)mbt led to ectopic expression of ping-pong factors in

Drosophila brain cells (Janic et al. 2010). Moreover genome editing using the
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CRISPR/Cas9 system was developed (Jinek et al. 2012; Cong et al. 2013; Mali
et al. 2013; Jinek et al. 2013; Ran et al. 2013). | will perform /(3)mbt genome
editing using the CRISPR/Cas9 system to produce new system to analyze the
ping-pong pathway.

Vasa, a DEAD-box RNA helicase, is essential for germline
development and also for piRNA biogenesis (Hay et al. 1988; Lasko and
Ashburner, 1988), particularly in the ping-pong pathway (Xiol et al. 2014; Nishida
et al. 2015). Genetic and biochemical analysis to reveal the molecular functions
in the pathways have extensively been performed. However, molecular
mechanisms underlying Vasa-driven nuage formation and how Vasa releases
cleaved RNAs from the Aub-piRISC remain poorly understood.

Vasa has been shown to be the top in hierarchy in the formation of
nuage where the ping-pong pathway amplifies piRNAs (Findley et al. 2003).
Vasa contains a disorder region and DEAD-box helicase domain (Sengoku et al.
2006). A previous report in mice showed that the disorder region of Vasa plays a
key role in the granules formation (Nott et al. 2015). Other reports showed that
Vasa has the activity to receive the transcript RNAs exported by UAP56 and
suggested that this action might be important in the nuage assembly (Zhang et
al. 2012). However, the tight link between the RNA-binding activity of Vasa and
nuage formation has not been investigated. Also, the crystal structure of Vasa
was solved (Sengoku et al. 2006), which revealed the responsible amino acids

for exhibiting the Vasa's RNA-binding and ATP-hydrolyzing activities. To
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understand how Vasa triggers nuage formation, | will produce various deletion
and point mutants of Vasa that are defective in ATP hydrolysis and RNA binding
and preform various biochemical experiments by expressing them in OSCs.
Furthermore, | will perform co-immunoprecipitation experiments to find new
factors that possibly play roles along with Vasa in the nuage formation. To
understand how molecularly Vasa releases cleaved RNAs from Aub-piRISC, |
will perform UV crosslinking and immunoprecipitation (iCLIP) and bioinformatic
analyses.

Zuc is an endonuclease necessary for piRNA phasing (Mohn et al.
2015; Han et al. 2015). However, the precise mechanism of how Zuc produces
phase piRNAs remains elusive. Production of anti-Zuc antibodies has been
extensively attempted in the laboratory; however, such antibodies are still
unavailable. | thought that it would be very helpful if | produce cell line(s) that
express FLAG-tagged Zuc endogenously. | will use the CRISPR/Cas 9 system
to produce such cell lines and perform biochemical analyses using the cells to

analyze the Zuc function in phased piRNA biogenesis.

Summery of this study
In this study | showed as follows:
1) Ambt-OSC, [(3)mbt depleted cell line, was established using the

CRISPR/Cas9 genome editing.
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2) In Ambt-OSC, ping-pong piRNA factors were upregulated and ping-pong
factors are activated.

3) Vasa, one of ping-pong factors, RNA binding activity was required for forming
the nuage-like granules, although other unknown factor(s) also might be
required.

4) Vasa binds to AGO3-bound piRNA intermediates in the ping-pong pathway,
and the binding position is around 5’ end of AGO3-piRNAs.

5) Zuc-FLAG OSC, endogenous Zuc detectable OSC, was established inserting
FLAG-tag sequence in Zuc genome region.

6) The knock-in/out method for OSC is available.

Ambt-OSC is a unique ping-pong pathway activated cell line derived
from Drosophila. Also Zuc-FLAG OSC is unique cell line to be able to detect
endogenous Zuc by common antibody, anti-FLAG antibody. These cell lines are
contributing to detailed piRNA biogenesis mechanism studies. Vasa detailed

activity in the ping-pong pathway actually is gradually revealing.
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Materials and Methods

Fly stock, cell culture and RNAi

Oregon-R was maintained at 25°C. Ambt-OSCs and OSCs were grown
at 26°C in culture medium prepared from Shields and Sang M3 Insect Medium
(Sigma) supplemented with 0.6 mg/mL glutathione, 10% FBS, 10 mU/mL insulin,
and 10% fly extract (Saito et al. 2009). Cell proliferation was monitored with the
xCELLigence RTCA SP system (ACEA). For the RNAIi of OSCs trypsinized cells
(3x10° cells) were suspended in 100 pL of Solution V of the Cell Line
Nucleofector Kit V (Amaxa Biosystems) together with 200 pmol of siRNA duplex.
Transfection was conducted in electroporation cuvettes using a Nucleofector
device 2b (Amaxa Biosystems). For the RNAi of Ambt-OSCs and OSCs
trypsinized cells (3x10° cells) were suspended in 20 pL of Solution SF of the Cell
Line Nucleofector Kit SF (Amaxa Biosystems) together with 200—400 pmol of
siRNA duplex. Transfection was conducted in a 96-well electroporation plate
using a Nucleofector device 96-well Shuttle (Amaxa Biosystems). The
transfected cells were transferred to fresh OSC medium and incubated at 26°C
for 2—4 days for further experiments. S2 cells were grown at 26°C in Schneider’s
Insect medium (Sigma) supplemented with 10% fetal calf serum (Gibco), 50
Mg/mL streptomycin, and 50 pg/mL penicillin (Sato et al. 2010). For RNAi in S2
cells, 1(3)mbt cDNA was amplified by RT-PCR from OSCs total RNA using

gene-specific primers. It should be noted that the 5' end of each primer
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contained the T7 RNA polymerase promoter sequence. PCR products were
purified using the FastGene Gel/PCR Extraction Kit (NIPPON Genetics)
according to the manufacturer's instructions. Purified PCR products were used
to produce dsRNAs using a T7-Scribe Standard RNA IVT Kit (CELLSCRIPT).
The resultant RNAs were purified according to the manufacturer’s instructions,
heated for 5 min at 95°C, and then left to cool to room temperature. Then, 5 x
10° cells were suspended with 5 pg of dsRNA and incubated for 4 days at 26°C.

The siRNAs and PCR primers used in this study are summarized in Table 1.

Plasmid constructs and OSCs transfection

Myc-Aub, Myc-AGO3, Myc-Vasa and Myc-EGFP vectors were kindly
gifted by Dr Kaoru Sato (Sato et al. 2015, Sumiyoshi et al 2016). To construct
Myc-EGFP-Vasa containing a full-length vasa, a disorder vasa or a helicase
vasa expressing plasmid, each Vasa were amplified from Myc-Vasa by RT-PCR
and a vector containing the actin 5C promoter, myc and EGFP was amplified
from the Myc-EGFP vector, and then each Vasa was assembled into amplified
EGFP containing vector using NEBuilder HiFi DNA Assembly Master Mix (NEB).
To construct Myc-EGFP-Vasa containing mutant vasa, D400Q Vasa and R528A
Vasa, expressing plasmid were constructed form the Myc-EGFP-full-length-
Vasa vector by inversed PCR using PrimeSTAR Max (Clontech). To construct
FLAG-Nup358 plasmid first inversed PCR were performed to produce

pAc-FLAG constract from pAcM. Then, full-length nup358, was amplified by
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RT-PCR. RT-PCR products and pAc-FLAG construct were assembled using
NEBuilder HiFi DNA Assembly Master Mix (NEB). To construct Myc-EGFP-
CG7194 a cg7194a cDNA was amplified from RT-PCR, then cDNA was
assembled into amplified EGFP containing vector using NEBuilder HiFi DNA
Assembly Master Mix (NEB). The primers | used are shown Table 1.

SgRNA-expressing for /(3)mbt knockout vectors were produced by
inverse PCR wusing pU6-Bbsl-chiRNA (Addgene, 45946). Primers are
summarized in Table 1. For constructing sgRNA expression vector for zuc
genome editing, a single-stranded DNA oligo encoding the sgRNA is annealed
with its complementary oligo, and then resultant double-stranded DNA oligo is
phosphorylated and ligated with Bbsl-digested pU6-Bbsl-chiRNA (Addgene
45946). To construct the linearized donor vector containing zuc genome
homology right/left arms sequence and FLAG-tag sequence, zuc genome
homology arms were amplified by genome PCR using Q5 High-Fidelity DNA
Polymerase (NEB) from OSCs, and then the arms and 3xFLAG:T2A:EGFP
fragment were assembled into a linearized pUC19 vector using NEBuilder HiFi
DNA Assembly Master Mix (NEB).

OSCs and Ambt-OSCs transfection were performed using Xfect
Transfection Reagent (Clontech) or ScreenFect A (Wako) following the
manufacturer’s protocol. When Xfect Transfection Reagent were used, 200 uL of
Xfect Transfection Reagent Buffer (Clontech) containing 4 ug of plasmid(s) and

1.2 uL of Xfect Polymer (Clontech) were added to 3x10° OSCs in 3.5 cm dish. 2
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days later the cells were used each experiments. When ScreenFect A were used,
240 pL of kit attached Dilution Buffer (Wako) containing 1 ug of plasmid(s) and 6
uL of kit attached Transfection Reagent (Wako) were added to 3x10° OSCs in

3.5 cm dish. 2 days later the cells were used each experiments.

Establishment of cultured Ambt-OSC and Zuc-FLAG OSC

Gene knockout in OSC used the CRIPSR/Cas9 system and isolation of
knockout OSC. 3x10° OSCs were transfected with 0.2 pg of a plasmid
expressing both pBS-Hsp70-Cas9 (Addgene, 46294) and the blasticidin
resistance gene, and 4 ug of two sgRNA-expressing plasmids (GM76 and E2)
using Xfect Transfection Reagent (TaKaRa Clontech). After incubation for 24 h,
blasticidin (Thermo Fisher Scientific Inc., R210-01) was added to the culture
medium at 50 pg/mL. Next day, 5.0 x 10° cells were passaged in 3.5-cm dishes
and allowed to grow in blasticidin-containing medium. During culturing, cells
were washed with the medium to remove non-adherent dead cells. After 6-7
days of culture, 5.0 x 10° cells were passaged in 6-cm dishes and allowed to
grow in blasticidin-containing medium. After further incubation for a few days,
colonies were picked and passaged in single wells of 24-well plates. The next
day, these colonies were suspended with a Tip Strainer (BEL-ART) and allowed
to grow to confluence. To detect the genomic deletion, genomic DNA was

extracted using QuickExtract DNA Extraction Solution (Epicenter) following the
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manufacturer’s protocol, and the genomic region flanking the CRISPR target site
was amplified by PCR and then analyzed using MultiNa (Shimadzu).

Gene knockin in OSC used the CRIPSR/Cas9 system and isolation of
knockin OSC. 3x10° OSCs were transfected with 40 pmol ku70 siRNA using
Nucleofector device 96-well Shuttle. After incubation for 24 h, the OSCs were
transfected with 0.3 ug of a linearized donor vector which contains zuc genome
homology arm sequence and FLAG-tag sequence, 0.3 pg of a plasmid
expressing both pBS-Hsp70-Cas9 (Addgene, 46294) and the blasticidin
resistance gene, and 4 ug of sgRNA-expressing plasmids using ScreenFect A
(Wako). After incubation for 24 h, blasticidin (Thermo Fisher Scientific Inc.,
R210-01) was added to the culture medium at 50 pg/mL. Next day, 5.0 x 10°
cells were passaged in 3.5-cm dishes and allowed to grow in
blasticidin-containing medium. During culturing, cells were washed with the
medium to remove non-adherent dead cells. After 6-7 days of culture, 5.0 x 10°
cells were passaged in 6-cm dishes and allowed to grow in blasticidin-containing
medium. After further incubation for a few days, colonies were picked and
passaged in single wells of 24-well plates. The next day, these colonies were
suspended with a Tip Strainer (BEL-ART) and allowed to grow to confluence. To
detect the genomic deletion, genomic DNA was extracted using QuickExtract
DNA Extraction Solution (Epicenter) following the manufacturer’s protocol, and

the genomic region flanking the CRISPR target site was amplified by PCR and
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then analyzed using MultiNa (Shimadzu). Detailed protocols for knockout/in

were described (Sumiyoshi et al. 2016; Ishizu et al. 2017).

Immunoprecipitation

The immunoprecipitation of Piwi and Aub complexes from Ambt-OSCs
or OSCs were performed using anti-Piwi and anti-Aub antibodies in NP40 buffer
(30mM Hepes-KOH (pH 7.3), 5mM DTT, 2mM Mg(OAc)2, 0.1% NP-40, 150mM
KOAc and protease inhibitor). Immunoprecipitation of AGO3 complexes were
performed using an anti-AGO3 antibody (a kind gift from Dr. Dahua Chen,
Chinese Academy of Sciences, China) in RIPA buffer (50mM Tris-HCI (pH8.0),
1mM DTT, 150 mM NaCl, 0.1% SDS, 1% Triton-X 100, 0.5% Na-deoxycolate,
and protease inhibitor). The Co-immunoprecipitation of Vasa complexes from
Ambt-OSC was performed using an anti-Vasa antibody in IP buffer (Figure 39:
30mM Hepes-KOH (pH 7.3), 5mM DTT, 2mM Mg(OAc)2, 0.1% NP-40, 150mM
KOAc, protease inhibitor, and 1ug RNase A (Roche) or 40units of RNasin Plus
Ribonuclease Inhibitor (PROMEG, N2611) ) (Figure 42: 30mM Hepes-KOH (pH
7.3), 5mM DTT, 1mM EDTA, 0.1% NP-40, 150mM KOAc and protease inhibitor).

OSCs, Ambt-OSCs or S2 cells were collected and washed once by
PBS (Wako). Then discard PBS (Wako) and added IP buffer. The cells
incubated on ice at 5 minutes, and then they were mixed by 25G FLOW MAX
(NIPRO) five times and 30G Disposable needle (Dentronics) twice with syringe

(TERUMO). The cells were centrifuged for 20 minutes at 15,000rpm, 4°C. The
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supernatant was collected as lysate. Next, 50uL of Dynabeads™ protein G
(Invitorgen) was washed by IP buffer twice. And then antibodies were added to
IP buffer containing the beads and incubated for 20 minutes at room
temperature. 20 minutes later, the beads were washed twice and mixed lysate,
and then rotate 2 hours at 4°C. 2 hours later, the lysate were discarded and the
beads washed four times by IP buffer. When IP samples were used for western
blotting analysis, 20uL of 2 X Sample buffer (19% glycerol, 100mM Tris-HCI pH
6.8, 4% SDS, 2x10* % Bromophenol Blue, 200mM DTT) were added to the
beads and incubated for 5 minutes at 95°C. When IP samples were used for
Visualization of small RNAs, 200uL of NFW were added to the beads. When IP
samples were used for iCLIP, 50uL of IP buffer were added to the beads. In

each experiment, n.i. (mouse IgG) were used as a negative control.

Western blotting

Anti-Piwi, anti-Aub, anti-AGO3, anti-Krimp, anti-Spn-E, anti-Tud,
anti-Vret, anti-Mael, anti-Armi, anti-GTSF1, anti-Yb, and anti-sDMA-AGO3
antibodies were kindly gifted by Dr Kaoru Sato and Kazumichi M. Nishida (Saito
et al. 2006; Nishida et al. 2007; Gunawardane et al. 2007; Nishida et al. 2009;
Saito et al. 2010; Sato et al. 2011; Nagao et al. 2011; Ohtani et al. 2014; Sato et
al. 2015). The anti-Qin antibody was kindly gifted by Dr. Toshie Kai. The mouse
monoclonal anti-Vasa antibody was raised specifically against the full-length

protein and was purified from the culture supernatant of hybridoma cells under
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standard procedures using Thiophilic-Superflow Resin (BD Biosciences). The
anti-pTub antibody was obtained from the Developmental Studies Hybridoma
Bank. These antibodies were used at a dilution of 1:1,000. Anti-mouse IgG,
HRP-linked antibody (MP Biomedicals, 55558), and anti-rabbit IgG, HRP-linked
antibody (CST) were used at dilutions of 1:5,000 and 1:1,000, respectively.

The samples for Western blotting were produced from
immunoprecipitation (see Immunoprecipitation) samples or collected cells.
The cells were collected by centrifuged at 1500rpm, room temperature for 5
minutes. The supernatant was discarded and cells were mixed with 2 X Sample
buffer and the cells were incubated at 95°C for 5 minutes. 5 minutes later
SDS-PAGE was performed. The SDS-PAGE gel contained running gel (30w/v %
Acrylamide / Bis Mixed Solution (Wako), N, N, N’, N’-Tetramethylenediamine
(TEMED) (Wako), 10% Ammonium peroxodisulfate (APS) (Wako) and 1.5M
Tris-HCI pH 8.8) and stacking gel (30w/v % Acrylamide / Bis Mixed Solution
(Wako), N, N, N’, N’-Tetramethylenediamine (TEMED) (Wako), 10% Ammonium
peroxodisulfate (APS) (Wako) and 0.5M Tris-HCI pH 6.8). The electrophoresis
was performed at 200V for 1 hour, and then the gel was transferred to the PVDF
membrane (Merck Millipore) at 1 hour. 1 hour later, the membrane was soaked
to 5% skim milk (Morinaga Milk Industry) in PBS-T (0.1% tween 20, 1L of PBS,
9L of distilled water in 10L scale) for 30 minutes. Next the primary antibody
reaction was performed for 1 hour. 1 hour later, the membrane was washed

three times by PBS-T, and then secondary antibody reaction was performed for
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30 minutes. Then, the membrane was washed three times, and treated with
Clarity™ Western ECL Substrate (BIORAD) and the signals were detected with

ImageQuant LAS 4000 (GE Healthcare Life Sciences).

Immunofluorescence

To perform immunostaining of Ambt-OSCs, OSCs and S2 cells, the
cells were spread onto MICRO COVER GLASS (MATSUNAMI). First, the cells
were fixed using PBS (Wako) containing 4% formaldehyde (Wako) for 15
minutes. Then, the cells were permeabilized by PBS (Wako) containing 0.1%
Triton™ X-100 (Sigma Aldrich) for 15 minutes. Next, the primary antibody
reaction was performed using PBS containing antibodies for 1 hour. The
anti-Myc (Sigma C3956), Anti-FLAG (Sigma F3165), Anti-Piwi, anti-Aub, and
anti-Krimp, anti-AGO3, and anti-Yb antibodies were used at 1:500 as primary
antibodies. The anti-Vasa antibody was used at 1:250 as primary antibodies.
After primary antibody reaction, the cells were washed using PBS three times for
10 minutes each. Then, the secondary antibody reaction was performed using
PBS containing antibodies for 30 minutes. Alexa Fluor488-conjugated
anti-mouse 1gG, Alexa Fluor546 conjugated anti-mouse IgG1, and Alexa
Fluor488-conjugated anti-mouse IgG2a (Molecular Probes) were used as
secondary antibodies. The cells were washed by PBS three times for 10 minutes
each, and the cells were mounted in VECTASHIELD with DAPI

(4',6-diamidino-2-phenylindole dihydrochloride) (Vector). All images were
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collected using a Zeiss LSM510 laser scanning microscope (Carl Zeiss). Image
processing and annotation were performed using Adobe Photoshop (Adobe),

ZEN (Carl Zeiss), and ImageJ software (National Institute of Health).

gRT-PCR

Total RNAs were isolated using ISOGEN (Nippon Gene) according to
the manufacturer's instructions. Total RNAs were treated with DNase to
eliminate DNA contamination. Total RNA (1 ug) was annealed with an oligo-dT
primer and reverse transcribed using a Transcriptor First strand cDNA Synthesis
Kit (Roche) according to the manufacturer’s instructions. The resulting cDNAs
were amplified with StepOnePlus (Applied Biosystems) using SYBR Premix Ex
Taq (TaKaRa). The primer sets used are shown in Table 1. The amplification
efficiency of a gPCR reaction was calculated based on the slope of the standard
curve. After confirming the amplification efficiency values (between 95% and
105%), relative steady-state RNA levels were determined from the threshold

pathway for amplification.

Visualization of small RNAs

The 100 pL of limmunoprecipitation (see Immunoprecipitation)
samples were purified by phenol-chloroform extraction and precipitated with
ethanol. The RNA pellet diluted with 26 uL of NFW, and then 3uL of 10X

Antarctic Phosphatase Buffer (NEB) and 1uL of Antarctic Phosphatase (NEB)
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were added. The solution were incubated at 37°C for 30 minutes and then 65°C
for 5 minutes. The dephosphorylated sample were purified by phenol-chloroform
extraction and precipitated with ethanol. Then, The RNA pellet diluted with 25 L
of NFW, and then 3puL of 10 X T4 Polynucleotide Kinase Buffer (NEB), 1uL of T4
Polynucleotide Kinase (NEB) and 1uL of y-**P-ATP were added. The solution
were incubated at 37°C for 1 hour. The radiolabeled RNAs were separated on a
denaturing polyacrylamide gel (40(w/V)%-Acrylamide/Bis Mixed Solution
(Nacalai), N, N, N’, N’-Tetramethylenediamine (TEMED) (Wako), 10%
Ammonium peroxodisulfate (APS) (Wako) 7M Urea and 1 XTBE (50mM Tris,
50mM Boric acid, 2mM 2Na) ). The signal was detected using a Typhoon FLA

9500 (GE Healthcare).

Preparation of total RNA libraries and bioinformatic analysis

rRNAs were removed from isolated total RNAs using a Ribo-Zero rRNA
Removal Kit (Human/Mouse/Rat) (lllumina). Total mMRNA libraries were prepared
using a TruSeq Stranded mRNA HT Sample Prep Kit (lllumina) according to the
manufacturer’s instructions and sequenced using a HiSeq 2500 (lllumina).
Paired-end sequence reads were split into forward and reverse reads and
mapped separately on the Drosophila genome (Dm3, BDGP Release 5), and
then annotated to Drosophila genes defined in the UCSC Genome Browser
(FlyBase) using Cuffcompare. Differential expression analysis of mRNA-seq

expression profile was performed using edgeR package in R. The lists of
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differentially expressed genes (p < 0.05) were applied for functional annotation
(gene ontology) analysis using DAVID. Paired-end sequence reads were also
mapped to the transposon consensus sequences (Senti et al. 2015). To
compare mRNA abundance between two libraries, FPKM (fragments per

kilobases of exons per million mapped reads) normalization was performed.

Preparation of small RNA libraries and bioinformatic analysis

The 20-30 nt small RNA libraries were prepared manually based on
the manufacturer’s instructions of a TruSeq Small RNA Sample Prep Kit
(llumina), and then sequenced using MiSeq (lllumina). Reads perfectly mapped
on the Drosophila genome (Dm3, BDGP Release 5) were used. Alignments
overlapping with rRNAs, tRNAs and snoRNAs were removed, and then small
RNAs in the range of 24-30 nt were selected. The mapped reads for
immunoprecipitation libraries do not reflect actual cellular abundance and,
therefore, a relative comparison of how piRNA sequences are loaded on to each
PIWI protein were performed. For transposon analysis, all 24—-30 nt small RNAs
were mapped to Drosophila transposable element sequences obtained from the
UCSC Genome Browser (RepeatMasker). Sense/antisense strand bias,
sequence logo, and ping-pong signature on each transposon or all transposons
were calculated from the mapping data. To calculate ping-pong Zio scores,
overlaps at position 1-9 and 11-25 nt were used as background. Phasing

analysis was performed. The score for a 3'-to-5' distance was calculated by
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Zminimal (Mi, Ni+x); Mi is the number of upstream reads whose 3' ends are
located at position i, and Ni+x is the number of downstream reads whose 5' ends
are located at position i+x. To calculate the ping-pong Z; score, overlaps at

position 0 and 2-50 nt were used as background.

Co-Immunoprecipitation and Silver Stain

The samples for Silver Stain were produced from co-
immunoprecipitation (see Immunoprecipitation). Then, the electrophoresis was
performed at 250V for 2 hour using the SDS-PAGE gel. The gel was stained
using SilverQuest™ Silver Staining Kit following the manufacturer’ s protocol.

(Life technologies, LC6070).

RNA UV-crosslink for iCLIP and bioinformatic analysis

100% confluent 10cm dish cells were prepared. Discard medium and
the cells were washed using PBS (Wako). Then, performed 100 mJ/cm? of
UV-crosslink(254 nm) to the cells for 2 times. Add 500 uL of PBS (Wako) and
collect the cells. The cells were centrifuged at 10,000 rpm 4°C for 2 minutes.
Then, Immunoprecipitation was performed (see Immunoprecipitation). Next
1uL of RNase T1 (Thermo Fisher Scientific, EN0541) added to IP samples and
the samples were incubated for 15 minutes at room tempature. Then the
samples washed by High salt wash buffer (20mM Hepes-KOH (pH 7.3), 1TmM

DTT, 500mM NacCl, 0.05% NP-40, and protease inhibitor) three times. The High
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salt wash buffer was discarded and the samples were dephosphorylated using
T4 PNK (NEB) following the manufacturer s protocol. 30 minutes later of
incubation, the samples were washed using T4 PNK buffer (NEB). Then,
collected RNAs with protein were ligated with Rl labeled 3’ adapter using T4
RNA Ligase 2 (NEB) following the manufacturer’ s protocol. SDS-PAGE was
performed using NUPAGE® Novex Bis-Tris Gel (Thermo Fisher Scientific)
following the manufacturer’ s protocol. After SDS-PAGE, blotting was performed
using XCell II™ Blot Module (Thermo Fisher Scientific) following the
manufacturer’ s protocol. RNA signal was observed by RI signal, so RNA signal
observed area was taken from the blotted membrane. The taken membrane was
put in new tube, and 90 uL of Nuclease-Free Water, 100 pL of 2 XProK buffer
and 10 pL of ProK solution (Sigma-Aldrich) were added. The tube was incubated
at 55°C for 30 minutes. Then, the RNAs were purified by phenol-chloroform
extraction and precipitated with ethanol. Reverse transcription was performed to
the RNAs using SuperScript Ill (Thermo Fisher Scientific). The cDNAs were
cyclized using CircLigase I (Epicentre). At last the cyclized cDNAs were
amplified by PCR using Q5 (NEB), then the products were read using MiSeq
(Mlumina). Reads mapped on the Drosophila genome (Dm6) were used. For
analysis, | mapped all RNAs to Drosophila transposable element sequences
obtained from the UCSC Genome Browser (RepeatMasker). Sense/antisense
strand bias and annotation were analyzed from the mapping data. To show the

distances each piRNAs | wrote new computing scripts, pipong and piphase,
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using Shell script. The pipong computes distances between two given nucleotide
positions on opposite strands. The piphase computes distances between two
given nucleotide positions on same strands. Using the iCLIP data and Aub and

AGO3-piRNAs data piRNA’s distances were calculated by pipong and pihase.
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Results

1.1 Loss of I(3)mbt leads to ectopic expression of ping-pong factors in
OSCs

I(3)mbt is expressed in ovarian somatic cells (Gelbart and Emmert
2013). | therefore treated OSCs with /(3)mbt siRNA (Figure 13A). The mRNA
expression of /(3)mbt was significantly decreased upon RNAI treatment (Figure
13B). In contrast, the expression of ago3 and vasa were significantly
up-regulated after /(3)mbt siRNA treatment, while changes in the expression of
piwi mMRNA were negligible (Figure 13B). Western blotting detected AGO3, Vasa
and Aub in the /(3)mbt-depleted cell, while the levels of Piwi, Yb, Armi, and
Krimp (Saito et al. 2009; Sato et al. 2015; Iwasaki et al. 2015) remained
unchanged (Figure 13C).

| then set out to ablate /(3)mbt function by editing the /(3)mbt locus in
OSCs using the CRISPR/Cas9 system. With reference to two mutant alleles,
1(3)mbt°M” and /(3)mbtt? (Janic et al. 2010; Wismar et al. 1995; Yohn et al.
2003), sgRNAs were designed to target MBT domains (Figure 14A). The each
two mutant has an effect on tumorigenesis in the fly brain (Janic et al. 2010;
Wismar et al. 1995). A genomic PCR fragment amplified using a primer set
flanking the sgRNA targeting sites was shortened after CRISPR/Cas9 treatment
(Figure 14B). The fragment of sequencing revealed that a 558 nucleotide (nt)

deletion occurred at the /(3)mbt locus (Figure 14A). Hereafter, | refer to the cell
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line as Ambt-OSC.

Deep-sequencing and comparison of mRNAs expression in Ambt-
OSCs and OSCs revealed that, in addition to ago3 and vasa, other ping-pong
factors such as aub, qin, tapas, and tejas (Specchia et al. 2010; Gangaraju et al.
2011; Handler et al. 2013; Czech et al. 2013; Patil et al. 2014; Iwasaki et al.
2015), were markedly up-regulated in Ambt-OSCs (Figure 15). | with help from
Hitomi Yamamoto, confirmed increased expression of Aub, AGO3, and Vasa in
Ambt-OSCs by western blotting (Figure 16). The expression of Piwi and other
piRNA factors examined, such as Yb and Armi (Iwasaki et al. 2015), were nearly
identical between the two cell lines (Figure 16), although a few factors showed
slight changes in their mMRNA levels (Figure 15). Germ-specific genes tended to
be more sensitive to lack of /(3)mbt than germ + soma and soma-specific genes
(Figure 15). The expression of Yb in Ambt-OSCs suggests that
CRISPR-mediated lack of /(3)mbt had little effect on the elimination of somatic
traits from the mutant cells. Focusing on the expression of MBTS genes
revealed that many, if not all, were up-regulated in Ambt-OSCs (Figure 17). The
highest up-regulation was observed for ago3 (21.5-fold in Ambt-OSC) among
non-MBTS genes that are up-regulated by mutations in mbt genes other than
MBTS (Janic et al. 2010). Results of transcriptome-wide analysis were
summarized in Tables 2. | confirmed that loss of /(3)mbt had very little effect on

the proliferation speed of OSC (Figure 18).
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1.2 Loss of I(3)mbt activates the ping-pong pathway in OSCs

To compare Piwi-piRNA profile between Ambt-OSCs and OSCs, Piwi
was immunoisolated from both cell lines, and extracted RNAs were *?P-labeled.
piRNAs purified with similarly from both cell lines (Figure 19A). | then
deep-sequenced Piwi-bound piRNAs in Ambt-OSCs and compared the reads
with those from OSCs (Figure 20-25; Saito et al. 2009). This revealed that both
sets of piRNAs show strong 1st U bias and antisense orientation in transposon.
The levels piRNAs from Ambt-OSCs and OSCs mapped to each transposon
were highly similar (R?> = 0.872). piRNAs were mapped similarly to flam, a
soma-specific single-strand piRNA cluster, {j, a genic piRNA source, and mdg1,
a transposon (Brennecke et al. 2007; Saito et al. 2009; Malone et al. 2009;
Robine et al. 2009). piRNAs mapped to 42AB, a germ-specific dual-strand
piRNA cluster (Brennecke et al. 2007; Malone et al. 2009), were not contained in
Piwi-bound piRNAs. This was expected because a component of the
Rhino-Deadlock-Cutoff (RDC) complex, cutoff, necessary for producing piRNAs
from dual-strand piRNA clusters inculuding 42AB (Mohn et al. 2014; Zhang et al.
2014) was undetected in both OSC lines (Figure 15). Another component, rhino,
whose expression was low in OSCs, was even lower in Ambt-OSCs, while
deadlock was expressed moderately in both OSCs and Ambt-OSCs (Figure 15).

In Ambt-OSCs, both Aub and AGO3 purified with piRNAs (Figure 19B).
Deep-sequencing these small RNA populations clarified that Aub- and

AGO3-bound piRNAs show distinct features (Figure 20-25). While Aub-piRNAs
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showed significant 1st U bias and were mostly antisense in transposon,
AGO3-piRNAs had strong 10th A bias and sense biases in transposon. The
correlation was low between levels of Piwi- and AGO3-bound piRNAs mapped
to each transposon (R? = 0.149), while the correlation was significantly high
between levels of Piwi- and Aub-bound piRNAs (R? = 0.874). Both flam-piRNAs
and ti-piRNAs were found with Aub-bound piRNAs, but not with AGO3-bound
piRNAs. 42AB-piRNAs were detected with neither Aub-bound piRNAs nor
AGO3-bound piRNAs. Additionally, plotting the distribution of Aub- and
AGO3-bound piRNAs to transposons, DM412, DM297, and mdg1, indicated the
production of piRNAs from the same coordinate but in the opposite strand.
Previously reports showed that both Myc-Aub and Myc-AGO3
expressed in OSCs by transfection are loaded with primary piRNAs, including
flam- and tj-piRNAs, which are normally loaded onto endogenous Piwi (Olivieri et
al. 2012; Sato et al. 2015). The finding emphasized the compatibility of AGO3
with primary piRNA loading. However, AGO3 in Ambt-OSC avoided binding
primary piRNAs; this was especially apparent when tj-piRNAs were compared
(Figure 24; Sato et al. 2015). Krimp sequesters unloaded AGO3 to Krimp bodies
and blocks AGO3-primary piRNA loading in OSC (Olivieri et al. 2012; Sato et al.
2015). Krimp is required for AGO3 function in ovary germ cells, i.e., sDMA
modification and secondary piRNA association (Sato et al. 2015; Webster et al.
2015); therefore, it would be expected that in Ambt-OSCs, AGO3 loading with

secondary piRNAs might be under the control of Krimp. Indeed, | with help from
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Dr. Kaoru Sato and Hitomi Yamamoto confirmed that AGO3 was sDMA-modified
in Ambt-OSCs, as in ovaries, while Myc-AGO3 in OSCs was sDMA free (Figure
26). Yet, this does not exclude the possibility that unknown factors other than
Krimp may also be involved in regulation of AGO3 sDMA-modification, along
with Krimp.

If AGO3-bound piRNAs were produced via the ping-pong pathway in an
Aub-slicer dependent manner, a ping-pong signal, i.e., complementary overlap
of 10 nt from the 5’ ends, should be observed between Aub- and AGO3-bound
piRNAs. piRNA production by such a ping-pong pathway was evaluated, and a
significant ping-pong signture was observed between Aub- and AGO3-bound
piRNAs (Figure 27). These results, along with mapping data shown in Figure 25,
further support the idea that AGO3-bound piRNAs are Aub-slicer products via
the ping-pong pathway.

Piwi-bound primary piRNAs in OSCs include a unique subset of
piRNAs called phased piRNAs (Mohn et al. 2015; Han et al. 2015). Examination
of piRNAs in Ambt-OSCs by focusing on this trait indicated that phased piRNAs
with d = 1 (this means that two piRNAs can be mapped right next to each other
on the same genomic strand without a nucleotide gap between them) are
particularly abundant in Piwi-bound piRNAs (Z4 = 22.3). The rusult was
comparable to Piwi-bound piRNAs (Z; = 16.8) in OSCs (Figure 28A,B). Z;
scores of Aub- and AGO3-bound piRNAs in OSCs were 11.5 and 2.9,

respectively (Figure 28A), suggesting that AGO3-bound piRNAs mainly exclude
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phased piRNAs (Mohn et al. 2015; Han et al. 2015). In contrast, piRNAs loaded
onto Myc-AGO3 in OSCs (Sato et al. 2015) indicated a significant phasing
pattern (Z; = 12.9) (Figure 28C). These results further support the idea that
AGO3 in Ambt-OSCs avoids binding of primary piRNAs, in contrast to

Myc-AGO3 in OSCs.

1.3 Appearance of perinuclear granules resembling nuage in Ambt-OSCs

Vasa, a germ-specific DEAD-box RNA helicase, plays a essential role
in the ping-pong pathway by displacing cleaved RNAs from Aub-piRISCs (or its
counterpart Siwi-piRISCs in silkworm) in an ATP hydrolysis-dependent manner
(Xiol et al. 2014; Nishida et al. 2015). Aub, AGO3, and Vasa co-localize to nuage
in Drosophila ovaries (Lim and Kai 2007; Malone et al. 2009; Iwasaki et al. 2015).
Immunostaining in Ambt-OSCs revealed that Aub and Vasa mostly coincide at
perinuclear granules that look similar to nuage (Figure 29A). Myc-Aub
exogenously expressed in OSCs was uniformly distributed in the cytosol and
failed to form granules (Sato et al. 2015). Signals of Myc-Vasa in OSCs were
slightly stronger at the perinuclear region in the cytoplasm (Figure 29B).
Myc-Aub co-expressed with Vasa in OSCs was distributed almost evenly in the
cytoplasm (Figure 29B). These results suggest that some factor(s) whose
expression is up-regulated by loss of /(3)mbt function promotes Aub to form
nuage-like granules with Vasa in Ambt-OSCs.

I with help from Dr. Kaoru Sato and Hitomi Yamamoto confirmed
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various piRNA factors localization using immunostaining. Aub and AGO3 also
colocalized to nuage-like granules (Figure 29C). In OSCs Krimp sequesters
unloaded AGO3 to Krimp bodies, which are generally present at a frequency of
one per cell (Figure 30A; Olivieri et al. 2012; Sato et al. 2015). However, in
Ambt-OSCs, AGO3-positive granules were more numerous than one per cell
and some could be superimposed with Aub-positive granules. This led us to
examine the cellular localization of Krimp in Ambt-OSCs and we found that
co-localization of Krimp with AGO3 was apparent (Figure 30A), as occurs in
ovaries where Krimp normally accumulates at nuage. Krimp bodies are present
only when piRNA biogenesis is defective because of loss of piRNA factors such
as aub. These results support the intriguing idea that Ambt-OSCs likely
recapitulate formation of the ping-pong center, nuage. We then examined the
spatial relationship between Yb and Aub-positive granules in Ambt-OSCs. Yb
and Aub signals only occasionally coincide (Figure 30B), although the number of
Yb bodies may be higher in Ambt-OSCs compared with that in OSCs. These
results suggest that primary and secondary piRNA biogenesis pathways may
occur separately at Yb bodies and Aub-positive nuage-like granules,

respectively, in Ambt-OSCs.

1.4 The ping-pong pathway in Ambt-OSCs
In vasa mutant ovaries, Aub does not accumulate in the nuage and is

evenly distributed in the cytoplasm of nurse cells (Lim and Kai 2007; Malone et
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al. 2009; Iwasaki et al. 2015). | with help from Dr. Kaoru Sato and Hitomi
Yamamoto, therefore asked how lack of Vasa affects Aub localization in
Ambt-OSCs. Treatment of Ambt-OSCs with vasa siRNA duplexes caused Aub to
be largely dispersed in the cytoplasm (Figure 31A,B). | confirmed that under
such conditions, AGO3 was loaded with far fewer piRNAs, although Aub-piRNA
association remained largely unchanged (Figure 32). Thus, lack of Vasa
disrupted the ping-pong pathway in Ambt-OSCs, as expected. These results

strongly suggest that ping-pong pathway was activatied in Ambt-OSCs.

1.5 Loss of I(3)mbt fails to activate the ping-pong pathway in S2 cells

The Drosophila cell line, S2, is of embryonic and somatic origin;
therefore, piRNAs and PIWI proteins are under detection levels (Saito et al.
2006; Saito et al. 2009). | examined whether /(3)mbt knockdown has an effect on
piRNA production in S2 cells. Upon RNAI, Aub was slightly up-regulated (Figure
33). However, very low levels of other piRNA factors, including Piwi, AGO3, and
Vasa, were detected (Figure 33). Although Drosophila brains and S2 cell are
both non-gonadal and somatic, the mechanism by which /(3)mbt controls

downstream genes in these cells seems to be distinct.

1.6 Piwi-piRNAs in Ambt-OSCs
Piwi was expressed in Ambt-OSCs to a similar extent to that in OSCs

(Figure 19A). In the two cell lines, Piwi-bound piRNAs were highly comparable in
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all aspects including piRNA origins, and nucleotide and strand biases (Figure
19-27). Thus, Piwi in Ambt-OSCs should be similarly functional in repressing
transposon activities compared with Piwi in OSCs. Indeed, Piwi was localized to
the nucleus in both Ambt-OSCs and OSCs (Figure 34A). The levels of
transposon mRNAs were not drastically changed by lack of /(3)mbt (R* = 0.988,
Figure 34B), suggesting that /(3)mbt is dispensable in transposon silencing in

ovarian somas.
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3.1 Establishment of Zuc-FLAG OSCs using the CRISPR/Cas9 system

Zuc is an endonuclease necessary for piRNA phasing (Mohn et al.
2015; Han et al. 2015). However, the precise mechanism of how Zuc produces
phase piRNAs remains elusive. Production of anti-Zuc antibodies has been
extensively attempted in the laboratory; however, such antibodies are still
unavailable. | thought that it would be very helpful if | produce cell line(s) that
express FLAG-tagged Zuc endogenously. | therefore with help from Dr.
Hirotsugu Ishizu attempted to establish new endogenous Zuc detectable OSCs
line by knocking in FLAG-tag sequence into zuc locus using the same method |
used for the establishment of Ambt-OSCs. Previous reports have shown that
knocking down of Ku70 led to increase of knock-in efficiency (Ma et al. 2014;
Chu et al. 2015), so we knocked down Ku70 in OSCs and transfected donor
DNA including FLAG-tag together with Cas9 and guide RNA. We succeeded in
obtaining a few FLAG knock in cell lines. Hereafter, | refer to these cells as
Zuc-FLAG OSCs (Figure 43A). Western blotting of Zuc-FLAG OSCs detected
Zuc by anti-FLAG antibody (Figure 43B), and Immunofluorescence in Zuc-FLAG
OSCs showed Zuc on the mitochondrion (Figure 43C). Insertion of FLAG-tag
sequence into Zuc gene does not affect expression of zuc, transposon
repression and piRNA maturation (Figure 44A,B). These results suggest that
endogenous Zuc detectable OSCs, Zuc-FLAG OSCs, is very helpful for piRNA

analysis.
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Discussion

1.1 Ambt-OSC accommodates the ping-pong pathway

| established a new ping-pong pathway activated cell line by /(3)mbt
depletion (Figure 45A). Previously an ex vivo Drosophila model system
amenable to biochemical analysis of the ping-pong pathway has not been
available, however the cell, Ambt-OSC, is a unique ping-pong pathway activated
cell line derived from Drosophila cell. Moreover gene expression and repression
in Ambt-OSC is easier than that in ovarian tissues. The cell is (and will be) very
helpful to facilitate the elucidation of the mechanism underlying secondary

piRNA biogenesis.

1.2 Transcription of the piRNA factors driven by I(3)mbt

Previous reports suggested that L(3)mbt is contained in LINT complex
and dREAM complex, and L(3)mbt manage piRNA factors transcription in
somatic cells (Meier et al. 2012; Lewis et al. 2004; Janic et al. 2010). Indeed,
many ping-pong pathway factors are expressed by /(3)mbt depletion in OSCs
(Figure 15,16). However effect of loss of /(3)mbt in S2 cells is partially (Figure
33). Why the difference is occurred? L(3)mbt plays key role in expression of
piRNA factors, however detailed mechanisms of regulation such as how to
recognize targets by L(3)mbt remains poorly understood. To solve these

questions, | started to produce L(3)mbt antibody. | produced L(3)mbt antigen
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containing Glutathione S-transferase (GST). The purified antigen was injected to
mice. In that time Hitomi Yamamoto was also interested in L(3)mbt function. She
took over my L(3)mbt study and produced the anti-L(3)mbt antibody. She has
already performed analysis such as co-IP and ChlP-seq (data will be shown
someday by her). | hope that she will reveal detailed mechanisms of regulation

of piRNA factors by L(3)mbt.

1.3 Dual-strand clusters expression in Ambt-OSCs

In Ambt-OSC, Aub-piRNAs and AGO3-piRNAs have ping-pong
signatures, and loss of Vasa, a ping-pong essential factor, leads to lack of
ping-pong-dependent piRNAs, however dual-strand clusters are not expressed
(Figure 19-21,24-27). One reason might be that RDC complex, an essential
complex for expression of dual strand clusters, is defected. In Ambt-OSC
Deadlock is expressed, however Rhino is slightly expressed and Cutoff is not
detected (Figure 15). Forced expression of Deadlock and Cutoff might make

dual strand clusters be expressed.

1.4 AGO3 piRNA derivation in Ambt-OSCs

My result showed that AGO3-bound piRNA originated from sense
strand transposon (Figure 21A). Where do transposon mRNAs that give rise to
AGO3-bound piRNAs came from in Ambt-OSCs? Previous study showed that

overexpression of Myc-Aub in OSCs caused a slight but significant increase in
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the levels of mdg1 and DM297, which are targets of Piwi in OSCs (Sato et al.
2015). This de-repression of transposons could be because Myc-Aub competes
with endogenous Piwi for primary piRNAs, impairing the Piwi-mediated
transcriptional silencing activity. Indeed, AGO3-bound piRNAs included piRNAs
originating from mdg1 and DM297 mRNAs (Figure 21A). These results raise the
intriguing idea that both transcriptional and post-transcriptional transposon
silencing (i.e., the ping-pong pathway) occur in Ambt-OSCs, mediated by
nuclear Piwi-piRNA and cytoplasmic Aub-piRNA complexes, respectively, as in

germ cells in fly ovaries.

1.5 sDMA modification regulator of AGO3

| showed that AGO3 was sDMA-modified in Ambt-OSCs, as in ovaries,
while Myc-AGO3 in OSCs was sDMA free (Figure 26). Krimp is crucial for sDMA
modification and secondary piRNA association in AGO3 (Olivieri et al. 2012;
Sato et al. 2015). The result indicated that in Ambt-OSCs, AGO3 loading with
secondary piRNAs might be under the control of Krimp. However, | wonder how
the beginning of secondary piRNA biogenesis is recognized and Krimp starts to
promote AGO3 sDMA modification. In OSCs Krimp bodies are generally present
at a frequency of one per cell and expressed AGO3 is localize to the bodies
(Figure 30A; Olivieri et al. 2012; Sato et al. 2015). However, in Ambt-OSCs,
AGO3-positive granules were more numerous than one per cell and some could

be superimposed with Aub-positive or Krimp-positive granules (Figure 29C,30A).
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These results make me imagine that the beginning of secondary piRNA
biogenesis affect localization of AGO3 and Krimp. The factor(s) affected their

localization directly need to be examined in detail.

1.6 piRNA factors localization

In Ambt-OSCs, nuage is formed, and piRNA factor(s) are localized
there as previous reports showed in germ cell (Figure 29-31; Findley et al. 2003;
Nagao et al 2011). This means that the cell is help for studying piRNA factors
localization. The nuage localization hierarchy was previously shown, however
the relation between protein function and localization is mainly unknown.

Ambt-OSCs might clarify meaning of nuage localization of these factors.
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3.1 Zuc-FLAG OSC, a helpful for Zuc study cell line

| established Zuc-FLAG OSCs, a Zuc detectable OSC line (Figure 45C).
In the cell, FLAG Immunostaining showed more correct and clear Zuc
localizations (Figure 43A). Previously anti-Zuc antibody was not available, so
functional studies of Zuc have been confirmed by over-expression of Zuc in
OSCs or E.coli. Although Zuc is largely essential for phased piRNA biogenesis,
a recently found piRNA biogenesis pathway, studies for the pathway were
difficult using previous systems. The cell line must be so helpful for studying
phased piRNA biogenesis. | have already obtained various co-factor of Zuc and |
am analyzing these co-factors. This cell will reveal detailed endogenous Zuc

activity.

3.2 The method of genome editing using the CRISPR/Cas9 system
| with help form Dr. Hirotsugu Ishizu, established Zuc-FLAG OSC using

the CRISPR/Cas9 system, also | established Ambt-OSC. These results showed
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that knock-in/out method for OSC is available. The method of knock-in/out for

OSC is surely helpful for piRNA biogenesis analysis.
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Figure 1

Argonaute protein small RNA
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Figure 1. The small RNA biogenesis and function. Small RNAs bind Argonaute
proteins. The complex termed RISC represses their targets in transcriptional or
post-transcriptional levels.
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Figure 2
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Figure 2. Drosophila has five Argonaute proteins. The Argonaute proteins are
divided into two subfamilies; AGO subfamily and PIWI subfamily. Their binding
the small RNAs bound to them and their functions are diffident each type.
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Figure 3
A

somatic cell germ cell

somatic cells germ cells

Figure 3. The expression of PIWI proteins in Drosophila. (A) Drosophila ovary
contains germ cells and somatic cells surrounding the germ cells. (B) In germ
cells not only Piwi but also Aub and AGO3 are expressed and the ping-pong
pathway is activated, while Piwi is expressed in somatic cells.

85



Figure 4
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Figure 4. The piRNA transcription. (A) Uni-strand clusters are transcribed in one

fixed direction, while dual-strand clusters are transcribed in both directions.
Genic piRNAs are derived from UTR of some protein coding gene. (B) The
rhino-deadlock-cutoff (RDC) complex is accumulated in the dual strand cluster.
Rhi/Del/Cuff indicates Rhino/Deadlock/Cutoff each.
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Figure 5
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Figure 5. The available stable cell lines for piRNA biogenesis studies. OSCs are
derived from Drosophila ovarian somatic cell, which have only somatic primary
pathway. Also, BmN4 cells are derived from Bombyx mori germ cells, which
have ping-pong pathway. In BmN4 cells, PIWI protein translocating to nucleus
(e.g. Piwi in Drosophila) is absent.
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Figure 6

Figure 6. The mechanism of primary pathway in somatic cells. Piwi-piRNAs are
processed by Yb body and mitochondrion components. The piRNA RISCs
(piRISCs) are translocated to the nucleus and repress transposons together with

nuclear factors.
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Figure 7

Figure 7. The mechanism of ping-pong pathway. The pathway represses
transposon with cleaving it and processes cleavage product to piRNA. The red
lines indicate antisense piRNAs. The blue lines indicate sense piRNAs.
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Figure 8
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Figure 8. The mechanism of phased piRNA biogenesis pathway. Piwi- and Aub-
piRNAs are cleaved by Zuc. The 3’ end side of product is processed to a new
Piwi-piRNA. This system is continued for a few times.
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Figure 9
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Figure 9. The model of Krimp activities. Krimp promotes its binding AGO3’s
sDMA modification and AGO3 localization to nuage.
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Figure 10
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Figure 10. Vasa domain mapping. The N-terminal region contains disorder
region and the region is methylated. Previously report showed that the region
played important role to form granules. The Core region contains DEAD-box
helicase region. The crystal structure was revealed in only the Core region.
Black boxes indicate the domain of RNA binding and ATPase. Red asterisks

indicate the methylated arginine.
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Figure 11
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Figure 11. Genome editting by CRISPR/Cas9 system. Cas9-sgRNA complex
cleaves genome DNAs, then endogenous repair systems, non-homologous
end-joining (NHEJ) and homology-directed repair (HDR) are activated. These
systems sometimes lead to genome editing.
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Figure 12
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Figure 12. The current model of gene expression regulated by L(3)mbt. L(3)mbt
forms LINT complex which regulates expression of MBTS genes.
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Figure 13

Relative expression levels (normalized to rp49)

Figure 13. Ectopic expression of piRNA factors in /(3)mbt-depleted OSCs.
(A) Genomic structure of the /(3)mbt locus and siRNA target sites. (B) qRT-PCR
shows that vasa and ago3 were up-regulated in OSCs by /(3)mbt depletion. In
contrast, the piwi mRNA expression was unchanged by /(3)mbt depletion. rp49
was used as an internal control. N = 3; error bars indicate SEM.
(C) Western blotting shows up-regulation of Aub, AGO3, and Vasa by /(3)mbt
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Figure 14
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Figure 14. CRISPR-mediated generation of Ambt-OSCs. (A) Genomic structure
of I(3)mbt locus in OSCs and Ambt-OSCs. SgRNAs E2 and GM76 targeting
I(3)mbt exon 5 are indicated by arrowheads. Sequences at the /(3)mbt locus in
OSCs and Ambt-OSCs are also shown (sgRNA and PAM sequences are shown
in blue and red, respectively). CDS, protein coding DNA sequence; MBT domain,
malignant brain tumor domain; SAM domain, sterile alpha motif domain; UTR,
untranslated region. (B) Genomic PCR fragments amplified using a primer set
shown by arrows in (A) are indicated by arrowheads (OSC, 772 nt; Ambt-OSC,
214 nt). UM and LM indicate Upper Marker and Lower Marker, respectively.
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Figure 15
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Figure 15. mRNA expression of piRNA factors in Ambt-OSC. (upper) Scatter plot
comparing transcript abundance (mMRNA-seq) of small RNA biogenesis genes in
OSCs and Ambt-OSCs. Classification of the factors to four clades, Germ specific,
Germ + Soma, Soma specific, and RNAi/miRNA was carried out with reference
to Handler et al. (Handler et al. 2013). (lower) Transcript abundance of small
RNA biogenesis factors (germ specific, germ + soma, and soma specific)
(Handler et al. 2013) in OSCs and Ambt-OSCs counted by mRNA-seq. FPKM:
Fragments per kilobase of exon per million mapped sequence reads.
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Figure 16
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Figure 16. Protein expression of piRNA factors in Ambt-OSC. Western blotting

shows protein expression of piRNA factors in OSCs and Ambt-OSCs. Tubulin

(BTub) was detected as a loading control.
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Figure 17
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Figure 17. mRNA expression of MBTS in Ambt-OSC. (upper) Scatter plot
comparing transcript abundance (mMRNA-seq) of MBTS and non-MBTS genes in
OSCs and Ambt-OSCs. Classification of MBTS and non-MBTS genes was
carried out with reference to Janic et al. (Janic et al. 2010). (lower) Transcript
abundance of MBTS and non-MBTS genes in OSCs and Ambt-OSCs counted
by mRNA-seq. FPKM: fragments per kilobase of exon per million mapped
sequence reads.
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Figure 18
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Figure 18. Real-time monitoring of cell proliferation speed. Cell-sensor
impedance was expressed as an arbitrary unit called the Cell index. The Cell
index values were plotted against time.
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Figure 19
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Figure 19. PIWI proteins bound piRNAs. (A) 32P-labeled piRNAs (upper panel)
associated with Piwi (lower panel) in OSCs and Ambt-OSCs.
(B) 32P-labeled piRNAs (upper panel) associated with Aub and AGO3 (lower
panel) in Ambt-OSCs. n.i., nonimmune IgG.
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Figure 20
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Figure 20. Sequence logos of Piwi/Aub/AGO3-bound piRNAs in Ambt-OSCs
and Piwi-bound piRNAs (top: OSC-Piwi) in OSCs (Ishizu et al. 2015) mapped to

transposons.
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Figure 21

Figure 21 piRNAs for transposon in Ambt-OSC. (A) Heatmaps of piRNA strand
bias. Strand bias of transposon-derived piRNAs in Piwi/Aub/AGO3 bound RNA
libraries from Ambt-OSCs is shown. Strand bias of Piwi-bound piRNAs in OSCs
(Ishizu et al. 2015) is also shown. (B) (upper) Scatter plot showing correlation of
antisense Piwi-bound piRNA reads in OSCs (%) (y axis) with those in
Ambt-OSCs (%) (x axis). (lower) Correlation of antisense Aub- (pink dots) and
antisense AGO3- (blue dots) bound piRNA reads in Ambt-OSCs (%) (y axis) with
antisense Piwi-bound piRNA reads in Ambt-OSCs (%) (x axis) is also shown.
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Figure 22
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Figure 22. Pie charts summarizing the annotation of small RNA populations in
total small RNAs, and Piwi/Aub/Ago3-bound piRNAs.
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Figure 23
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Figure 24
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Figure 24. Mapping of Piwi/Aub/Ago3-bound piRNAs in Ambt-OSCs and
Piwi-bound piRNAs in OSCs (Ishizu et al. 2015) to flam, tj, and 42AB.
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Figure 25
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Figure 25. Mapping of Piwi/Aub/Ago3-bound piRNAs in Ambt-OSCs and
Piwi-bound piRNAs in OSCs (Ishizu et al. 2015) to DM412, DM297, and mdg1
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Figure 26
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Figure 26. sDMA modification in Ambt-OSC. (A) Western blotting shows that
AGO3 in Ambt-OSCs is symmetrical dimethylated, as in ovaries. (B) Myc-AGO3

background signals.

overexpressed in OSCs by transfection is sDMA free. Asterisks indicate
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Figure 27
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Figure 27. Depiction of the ping-pong signature between antisense Aub-bound
piRNAs and sense AGO3-bound piRNAs defined as the value at position 10 nt.
Graphs indicate the relative frequency that a complementary piRNA exists with a
5' end (y axis) at the indicated distance (x axis).
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Figure 28
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Figure 28. Characterization of phased piRNAs in Ambt-OSCs. (A) Analyses of
phased piRNAs in total small RNAs, and Piwi/Aub/AGO3-bound piRNAs in
Ambt-OSCs. The distance between the 3' end of the upstream piRNA and the 5'
end of downstream piRNAs on the same genomic strand was analyzed.
(B) Comparison of phased piRNAs in Piwi-bound piRNAs in OSCs (Ishizu et al.
2015) and Ambt-OSCs. (C) Analyses of phased piRNAs in AGO3-bound piRNAs
in Ambt-OSCs and Myc-AGO3-bound piRNAs in OSCs (Sato et al. 2015).
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Figure 29
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Figure 29. Nuage-like granules in Ambt-OSCs. (A) Immunostaining shows that
Aub and Vasa coincide at nuage-like granules in Ambt-OSCs.
(B) Co-expression of Myc-Aub with Myc-Vasa exogenously in OSCs by
transfection. Immunostaining was performed using anti-Vasa and anti-Aub
antibodies. (C) AGO3 colocalizes with Aub in Ambt-OSCs at nuage-like granules.

Scale bars indicate 10 pm.
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Figure 30
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Figure 30. Nuage-like granules in Ambt-OSCs. (A) AGO3 partially colocalizes

OSC

Ambt-OSC

OSC

Ambt-OSC

with Krimp in Ambt-OSCs at nuage-like granules. (B) Aub and Yb only
occasionally coincide in Ambt-OSCs at granules. Scale bars indicate 10 pm.
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Figure 31
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Figure 31. Localization effect of Vasa depletion in Ambt-OSCs. (A) RNAI
efficiently reduced the amount of Vasa in Ambt-OSCs. siLuc was used as a
negative control. (B) Depletion of Vasa in Ambt-OSCs caused Aub to be
scattered in the cytoplasm in Ambt-OSCs. Scale bars indicate 10 pm.
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Figure 32
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Figure 32. piRNA biogenesis effect of Vasa depletion in Ambt-OSCs. AGO3, but
not Aub, associates with fewer secondary piRNAs in Ambt-OSCs upon Vasa
depletion. siEGFP was used as a negative control. n.i., nonimmune IgG.
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Figure 33
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Figure 33. Expression levels of piRNA factors in S2 cells upon /(3)mbt depletion
by RNAI. (A) Western blotting showed some factors up-reguration (B) gRT-PCR
shows that RNAI treatment repressed /(3)mbt expression in S2 cells. rp49 was
used as an internal control. N = 2; error bars indicate SEM. dsEGFP (siEGFP)
was used as a negative control.
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Figure 34
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Figure 34. Piwi maintains its transposon silencing functions in Ambt-OSCs.
(A) Immunofluorescence reveals that Piwi is localized in the nucleus of
Ambt-OSCs. Scale bar indicates 10 uym. (B) Scatter plot comparing transcript
abundance (MRNA-seq) of transposons in OSCs and Ambt-OSCs.
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Figure 38
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Figure 43
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Figure 43. Zuc detactable OSC was established. (A) Genomic PCR fragments

Zuc-FLAG OSC

amplified with a primer set flanking of sgRNA target. (B) Western blot analysis of
Zuc-FLAG OSC with anti-FLAG and anti-B-Tubulin after transfection with siRNA
targeting luciferase or zuc. Correct integration of FLAG tag was confirmed by
significant reduction of signal after zuc knockdown. (C) Localization of Zuc in
Zuc-FLAG OSC. Scale bars indicate 10 um.
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Figure 44
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Figure 44. Effect of FLAG insersion to zuc locus. (A) Zuc and transposon
expression analysis by RT-qPCR. These expression levels were unchanged.
rp49 was used as an internal control. N = 3; error bars indicate SEM. (B) Piwi
binds mature piRNA in Zuc-FLAG OSC. n.i., nonimmune IgG.
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Figure 45
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Figure 45. The new cell lines are established. (A) Establishment of Ambt-OSC.
(B) The model of Vasa activity in the ping-pong pathway. (C) Establishment of
Zuc-FLAG OSC.
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Table 1

Table 1. List of primers and siRNAs. RNA is shown in italics.

Experiment

Sequence

Discription

Casg vector

TCTAGAGATCTTCCATACCTACC

inverse PCR forward primer

C CTTTTTTGCCTGGCC

inverse PCR reverse primer

GGCGGCCAC TGGCCAGG
CAAAAAAGAAAAAGGAAGGACGGGGAT
CGTTGCTCACATGCGGCGATGTCGAGG
AGAATCCCGGACCTATGGCCAAGCCTT
TGTCTCAAGAAGAATCCACCCTCATTGA
AAGAGCAACGGCTACAATCAACAGCAT

CCCCATCTCTGAAGACTACAGCGTCGC
CAGCGCAGCTCTCTCTAGCGACGGCC

GCATCTTCACTGGTGTCAATGTATATCAT
TTTACTGGGGGACCTTGCGCAGAACTC
GTGGTGCTGGGCACTGCTGCTGCTGC

GGCAGCTGGCAACCTGACTTGTATCGT
CGCGATCGGAAATGAGAACAGGGGCAT
CTTGAGCCCCTGCGGACGGTGCCGAC
AGGTTCTTCTCGATCTGCATCCTGGGAT
CAAAGCCATAGTGAAGGACAGTGATGG
ACAGCCGACGGCAGTTGGGATTCGTGA
ATTGCTGCCCTCTGGTTATGTGTGGGA

GGGCTAATCTAGAGATCTTCCATACCTA
CCAGTTCTGCGCCTGCAGC

gBlock,
T2ABlasticidin resistance gene

CAGCTGCACCGTTTTAGAGCTAGAAAT;
GC

T3)mbt sgRNA E2 Torward

TAAAGCGCGCTAGAGAAACG

S omology arm, genome PCH
forward primer

CTTGAGCTGGATTTGGCTCC

5 hiomology arm, genome PCR
reverse primer

AAATCAATTGATTTAATGTATGACT

3 Fomology arm, genome PCH
forward primer

TTITTG GCCATTCACCA

3 hiomology arm, genome PCR
reverse primer

AARACGACGGCCAGTGAATTCGAGCTCG
GTACCCGGGGATCTAAAGCGCGCTAGA
GAAACG

B homalogy arm, 2nd PCR
forward primer with homologous
overlap region

TGTCATGATCTTTATAATCACCGICAIGG
TCTTTGTAGTCCTTGAGCTGGATTTGGC

Fomology arm, 2nd PCR
reverse primer with homologous
overlap region

CGCCGCCGGGATCACTCTCGGCATGGA
CGAGCTGTACTAGAAATCAATTGATTTAA
TGTATGACT

3" homology arm, 2nd PCH
forward primer with homologous
overlap region

ACGCCAAGCTTGCATGCCIGCAGGICG
ACTCTAGAGGATC G GCCATT
CACCA

T hiomology an, i
reverse primer with homologous
overlap region

GACTACAAAGACCATGACGGTGATTATA
AAGATCATGACATCGATTACAAGGATGA
CGATGACAAGGAAGGACGGGGATCGTT
GCTCACATGCGGCGATGTCGAGGAGAA
TCCCGGACCTGTGAGCAAGGGCGAGG
AGCTGTTCACCGGGGTGGTGCCCATCC
TGGTCGAGCTGGACGGCGACGTAAAC
GGCCACAAGTTCAGCGTGTCCGGCGA

imer
HDR vector
T@mbY SgRNA EZ feverse GGGCGAGGGCGATGCCACCTACGGCA
AACCCGGTAACAGTATTGAGG
primer AGCTGACCCTGAAGTTCATCTGCACCA
sgRNA vector for Lmbt [ ACTTGCTATTGTTTTAGAGCTAGAAATA [L{3)mbt sgRNA GM75 Torward CCGGCAAGCTGCCCGTGCCCTGGCCC
GC imer ACCCTCGTGACCACCCTGACCTACGGC
TEmbT SgRNA GM76 Teverse GTGCAGTGCTTCAGCCGCTACCCCGAC
CCAACTGAAGCAGTATTGAGG primer CACATGAAGCAGCACGACTTCTTCAAG
TCCGCCATGCCCGAAGGCTACGTCCAG
I CTTCGAGCTGGATTTGGCTCCOCT SgRNA sense for Zuc knockin AR GOACaAG | gBlock,
or Zue SGRNA anfsenss Tor 200 GGCAACTACAAGACCCGCGCCGAGGT |3xFLAGT2A.EGFP
MACAGGGGAGCCAATCCAGCTC | ynockin GAAGTTCGAGGGCGACACCCTGGTGA
- ACCGCATCGAGCTGAAGGGCATCGACT
TTTGGCGGATTCAATAAAGC Zuc forward primer e rpe vl bpviaalisid
CACAAGCTGGAGTACAACTACAACAGC
Mutation detection assay of | SCCACTCCTTTGTGTGTGAA 2uc reverse primer CACAACGTCTATATCATGGCCGACAAGC
Zuc - AGAAGAACGGCATCAAGGTGAACTTCA
TAGGACTTCTGGGTGAACGC I(3)mbt forward primer R o e e,
GCGTGCAGCTCGCCGACCACTACCAG
GACATCCCTCCACATCGCAA I(3)mbt reverse primer I vl
CGTGCTGCTGCCCGACAACCACTACCT
DACM.EGFP vector GGGCCCTTCGAAGGTAAGCC PACE-F GAGCACCCAGTCCGCCCTGAGCAAAG
ACCCCAACGAGAAGCGCGATCACATGG
GGTACCAAGCTTCTTGTACAGCTC PACE-R O o
GACGAGCTGTACAAGARGCTIGGTACT [Earp vasar GGGATCACTCTCGGCATGGACGAGCTG
EGFP-Vasa ATGTCTGACGACTGGGATGATGA TACTAG
ACCTTCI CCTTAATCCCATTGC PAM silent mutation,
TCTTCTTCCTCGACATTGGTGG EGFP-vasa R GGAGGGGAGCCAAATCCAGCT inverse PCR forward primer
CAGGCCGATCGCATGCTAGA Tverse PCR Torward primer Tor GTOTTOOCAAAAGOCOGOCA AN STlent mutation,

E£400Q Vasa inversed PCR E£400Q Vasa inverse PCR reverse primer
ATCCAGCACAACGAATCGAGTGT E oG Vesa roverse prmerTor GGCAAGCUGACCCUGAAGUTT SIRNA sense for EGFP
GCCGAGCAGGCCTTGC D v forward pAme for ACUUCAGGGUCAGCUUGCCTT SIRNA antisense for EGFP

R528A Vasa inversed PCR Paé; -

TTGACTCTGGAGACGATCGCC ;;“5’;’;: Vaon reverse primer for CCUCUGGAGAUGUCCGUAATT SIRNA sense for L(3)mbt-1
éTiﬁﬁg:ﬁ(‘jrbr‘c:;% A‘;‘ﬁ(‘:‘; GTACCG | Egrp-cG7194-F UUACGGACAUCUCCAGAGGTT SIRNA antisense for L(3)mbt-1
PACM-EGFP-CG7194 | errmareTT: CCTTAATTIGG
RGN S EGFP-CG7194-R CCACCGGUGGUCAAGGAAATT SIRNA sense for L(3)mbt-2
;gﬁ}%jfg&géﬁ’;@ég%?"m A pAct-F UUUCCUUGACCACCGGUGGTT SIRNA antisense for L(3)mbt-2
PAGF inversed PCR |80 e TG TTTT
T:TA(‘;.F’CT;C C‘;Tga‘;‘égc‘;:;“ CCT pacti-R CGUACGCGGAAUACUUCGATT SIRNA sense for Luc
‘é;’;‘(‘:gge‘; AX AG‘; A‘é‘;gé‘*“" GTTTA Tnupass-F UCGAAGUAUUCCGCGUACGTT SiRNA antisense for Luc
PACF-Nup3s8 SIS S RNAi
‘C’.‘r‘é'a cc%r‘é CT% e CCTTATG Nup358-R GCAUUGCCGUCAGCACUGUTT SIRNA sense for Vasa
AGCCGTCCAACGATGCA vasa forward primer AACUUCGUAUAUGGUCUGCTT SIRNA antisense for Vasa
AACATCGCTGCCGGTCA vasa reverse primer GCCAGUGCAUUGGACAACATT SIRNA sense for Ku70
CTGCATTTGTGGCCTCCATA ‘ag03 forward primer UGUUGUCCAAUGCACUGGCTT SIRNA antisense for Ku70
o p
CGGGAGTTTGCOATTCCTTT ag0s roverse primer UGUCUGAGCAAUACAAAGCTT SIRNA sense for CG7194
GRT-PCR GCUUUGUAUUGCUCAGACATT SIRNA antisense for CG7194

CAAGGCCGGATAATTGGACA piwi forward primer GCAUUGCCGUCAGCACUGUTT SIRNA sense for Zuc

ACAGUGCUGACGGCAAUGCTT SIRNA antisense for Zuc
CCATCGCTCGGAGTGGTAAG piwi reverse primer

TAATACGACTCACTAT TTC |dsRNA against I{3)mbt forward
GCCCCCGAGAATATCAGACG I(@)mbt forward primer GAGCTGAATGAG imer

p RNAI in 52

TAATACGACTCACTAT TCT [ dsRNA agamnst BBl reverse

AGGAGACGTCTTTCGCTTGG I(3)mbt reverse primer CGAAGCAGTTGG primer
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Table 2
Table 2. List of Gene Ontology terms of the biological process category

associated with differentially expressed genes in OSCs and Ambt-OSCs.
OSC < Ambt-OSC

Term PValue

G0:0055114~oxidation reduction 1.41E-04
G0:0007155~cell adhesion 0.004
G0:0045727~positive regulation of translation 0.006
G0:0006026~aminoglycan catabolic process 0.008
G0:0022610~biological adhesion 0.009
G0:0046012~positive regulation of oskar mRNA translation 0.009
G0:0000272~polysaccharide catabolic process 0.010
G0:0006928~cell motion 0.011
G0:0042461~photoreceptor cell development 0.013
G0:0060429~epithelium development 0.014
G0:0009792~embryonic development ending in birth or egg hatching 0.019
G0:0007398~ectoderm development 0.019
G0:0042462~eye photoreceptor cell development 0.021
G0:0048729~tissue morphogenesis 0.022
G0:0010648~negative regulation of cell communication 0.023
G0:0007422~peripheral nervous system development 0.025
G0:0001700~embryonic development via the syncytial blastoderm 0.026
G0:0007354~zygotic determination of anterior/posterior axis, embryo 0.028
G0:0034329~cell junction assembly 0.031
G0:0046530~photoreceptor cell differentiation 0.034
GO0:0007127~meiosis | 0.034
G0:0006032~chitin catabolic process 0.034
G0:0032270~positive regulation of cellular protein metabolic process 0.034
G0:0051247~positive regulation of protein metabolic process 0.034
G0:0042067~establishment of ommatidial polarity 0.037
GO0:0007164~establishment of tissue polarity 0.038
G0:0002009~morphogenesis of an epithelium 0.038
G0:0007561~imaginal disc eversion 0.039
G0:0048598~embryonic morphogenesis 0.039
G0:0009952~anterior/posterior pattern formation 0.042
G0:0008544~epidermis development 0.043
G0:0001754~eye photoreceptor cell differentiation 0.044
G0:0030178~negative regulation of Wnt receptor signaling pathway 0.045
G0:0001745~compound eye morphogenesis 0.045
G0:0009880~embryonic pattern specification 0.046
G0:0048610~reproductive cellular process 0.047
G0:0007411~axon guidance 0.048
G0:0016477~cell migration 0.050
G0:0048134~germ-line cyst formation 0.050

OSC > Ambt-OSC

Term PValue

G0:0000022~mitotic spindle elongation 0.010
G0:0051231~spindle elongation 0.011
G0:0006412~translation 0.015
G0:0007052~mitotic spindle organization 0.017
G0:0007051~spindle organization 0.038
G0:0000278~mitotic cell cycle 0.041
G0:0006350~transcription 0.048
G0:0009303~rRNA transcription 0.050
G0:0008272~sulfate transport 0.050
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