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Abstract

In Drosophila ovarian somatic cells (OSCs), Piwi represses transposons
transcriptionally to maintain genome integrity. Piwi nuclear localization
requires the N-terminal region and piRNA loading of Piwi. However, the
nuclear import machinery and the mechanism underlying the piRNA
loading-dependency remain unknown. Here we showed that Importina
(Impa) plays a pivotal role in Piwi nuclear localization and that Piwi has a
classical bipartite nuclear localization signal (NLS) at the N-terminal end.
Impa2 and Impa3 were fairly highly expressed in OSCs, whereas the last
member Impal was the least expressed. Loss of Impa2 or Impa3 in OSCs
caused mislocalization of Piwi, but not of SV40-NLS-cargo, to the
cytoplasm. The overexpression of Impal, Impa2, or Impa3 rectified Piwi
nuclear localization in the OSCs. Extension of Piwi-NLS by fusing an
additional Piwi-NLS led Piwi to be imported to the nucleus in a
piRNA-independent manner, whereas replacement of Piwi-NLS with
SV40-NLS failed to do so. Limited proteolysis analysis suggested that the
N-terminal approximately 200 residues of Piwi were hidden when not
loaded with piRNAs, but piIRNA loading triggered conformational change
in Piwi, exposing the N-terminus to the environment. These results suggest
that Piwi autoregulates its nuclear localization by exposing the NLS to

Impa exclusively upon piRNA loading.



Abbreviations



Abbreviations

Abbreviation Full name

Ago Argonaute

APS Ammonium Peroxodisulfate
ARM Armadillo

Armi Armitage

Aub Aubergine

BSA Bovine Serum Albumin
CBB Coomassie Brilliant Blue
DNA Deoxyribonucleic acid
DTT Dithiothreitol

EGFP Enhanced Green Fluorescent Protein
FBS Fetal Bovine Serum

FE Fly Extract

GST Glutathione S-transferase
HRP Horseradish peroxidase
IF Immunofluorescence
IgG Immunoglobulin G

IgM Immunoglobulin M

Imp Importin

1P Immunoprecipitation

kb Kilobase

KD Knock down

kDa Kilodalton

KOAc Potassium acetate

Luc Luciferase

MgOAc¢ Magnesium acetate
miRNA Micro RNA

mRNA Messenger RNA

ncRNA Non-coding RNA

n.i.

Non immune
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NLS

NP

NP40

nt

OSC
PAGE
piRNA
Piwi
pre-miRNA
pri-miRNA
RISC

RNA

RNAI

S2

SDS
SDS-PAGE
siRNA
SV40-NLS
TE
TEMED
T-PBS

Tris

Yb

Zuc

Nuclear Localization Signal
Nucleoplasmin

Nonidet P-40

Nucleotide

Ovarian Somatic Cell
Polyacrylamide gel electerophoresis
PIWI-interacting RNA

P-element induced wimpy testis
Precursor miRNA

Primary miRNA

RNA-induced silencing complex
Ribonucleic acid

RNA interference

Schneider 2

Sodium lauryl sulfate

(refer to each abbreviation)
Small-interference RNA

SV40 large T-antigen NLS
Transposable element
Tetramethylethylenediamine
Phosphate buffered saline with Tween20
Tris (hydroxymethyl) aminomethane
Female sterile (1) Yb

Zucchini
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Introduction

Small RNAs

Living cells of eukaryotes express a large variety of RNAs
including protein-coding mRNAs, ribosomal RNAs, transfer RNAs, small
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), and even
RNAs smaller than snRNAs and snoRNAs, which are collectively termed
“small RNAs”. The sizes of these small RNAs are normally 20-35
nucleotides (nts) long, and the size range may vary among organisms. For
example, Drosophila melanogaster, the experimental model system that I
have been using in the laboratory, small RNAs are normally 20-30 nts long.
The function of small RNAs is to repress gene expression. Without the
function of small RNAs, living organisms cannot develop properly, which
1s often life threatening. Therefore, small RNAs are indispensable for
maintaining the life of organisms. Small RNAs in animals can be divided
into three groups, microRNAs (miRNA), small interference RNAs
(siRNAs) and PIWI-interacting RNAs (piRNAs) (Eulalio et al. 2008;
Iwasaki et al. 2009) (Figure 1). To perform gene silencing, all these small
RNAs individually form RNA-induced silencing complexes (RISCs) with

members of Argonaute family of proteins in a stoichiometric manner
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(Siomi et al. 2011). Then, small RNAs guide the protein partners, i.e.,
Argonaute proteins, to RNA transcripts arising from target genes through
RNA-RNA base-pairings to accomplish the target gene repression (Figure
1).

RISCs containing miRNAs are called miRISCs, which repress
protein-coding genes in a spatial-temporal manner, by blocking translation
of target mRNAs or facilitating mRNA decay (Vagin et al. 2006; Saito et al.
2006). Exogenous siRNAs such as those arising from viral RNAs upon
infection to living cells or double-stranded RNAs artificially introduced
into cells can also target protein-coding genes and/or non-coding RNAs,
and silence the target genes by cleaving the target gene transcripts. Living
cells often express siRNAs endogenously, which are known as
endo-siRNAs (Ghildiyal et al. 2009; Kawamura et al. 2008; Watanabe et al.
2008). In Drosophila, endo-siRNAs are expressed ubiquitously and mainly
repress transposons in somatic cells (Kawamura et al. 2008). However,
their abundance is low and so loss of endo-siRNAs only slightly
upregulates transposons. piRNAs assemble piRISCs with PIWI proteins
(i.e., germline-specific Argonaute proteins). Drosophila expresses three
members of PIWI proteins, Piwi, Aubergine (Ago3) and Ago3 (Cox et al.

1998; Schmidt et al. 1999; Li et al. 2009; Nagao et al. 2011).
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piRNAs

While miRNAs and siRNAs are expressed ubiquitously, piRNAs
are expressed specifically in the germline. The sequences of piRNAs are
mostly complementary to transposon mRNAs, particularly in Drosophila,
so piRNAs act as antisense oligos to repress transposons. A small fraction
of piRNAs is complementary to protein-coding mRNAs. For example,
piRNAs arising from the repetitive suppressor of stellate [su(ste)] locus in
the Drosophila genome, on chromosome X, are complementary to Stellate
mRNA encoding a protein homologous to B-subunit of Casein Kinase II
(Livak 1990). Although Stellate mRNAs are expressed in fly testis,
accumulation of Stellate protein in testis severely interferes with
spermatogenesis. To avoid such unwanted situation, su(ste)-piRNAs
assemble piRISCs with Aub and repress the Stellate gene by cleaving
Stellate mRNAs 1n the cytoplasm.

piRNAs targeting transposons are primarily produced from
intergenic DNA elements termed piRNA clusters, which are filled with
transposon remnants. Those transposon fragments are embedded into
piIRNA clusters in a direction against the direction of transcription.
Therefore, piRNAs arising from the piRNA clusters become naturally
antisense, after maturation, to parental transposon mRNAs. piRNA clusters

are transcribed by RNA polymerase II. Therefore, the resultant transcripts,
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1.e., piRNA precursors are single-stranded. Therefore, piIRNA processing
occurs independent of Dicer, the RNase III domain-containing nuclease
necessary for siRNA and miRNA biogenesis (Bernstein et al. 2001). The
precursors of siRNAs and miRNAs are long double-stranded (ds) RNAs
and pre-miRNAs (i.e., precursors of miRNAs), the latter of which form
unique hairpin structures, respectively. Dicer processes long dsSRNAs from
both ends to ~21 nt-long siRNAs. miRNAs are produced from the stem
regions of hairpin structures within pre-miRNAs. pre-miRNAs arise from
pri-miRNAs (i.e., primary miRNA precursors), the nascent transcripts of
miRNA genes, in a manner depending on Drosha, another RNase III
domain-containing nuclease. Conversion of pre-miRNA to mature miRNA
requires Dicer.

Loss-of-function mutations of PIWI proteins and piRNA factors
cause defects in the genome surveillance system, leading to transposon
derepression, failures in gametogenesis, and infertility (Grimson et al.

2008; Khurana and Theurkauf 2010) (Figure 2).

piRNA biogenesis

Transposon-targeting piRNAs are primarily produced from piRNA

clusters. The piRNA clusters in Drosophila are divided into un-strand and
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dual-strand piRNA clusters. Uni-strand clusters, which are transcribed in
one fixed direction, are used mainly in the ovarian somatic cells, while
dual-strand clusters, which are transcribed in both directions, are used
mainly in the germ cells (Malone et al. 2009; Yamashiro and Siomi 2018).
In both cases, nascent transcripts of the clusters serve as piIRNA precursors.
How each cluster is selected as the piIRNA genomic source in the cells
remains largely unknown.

In ovarian somatic cells, RNA transcripts of uni-strand piRNA
clusters are selectively bound with fs(1)Yb protein (Yb) and processed into
piRNAs at Yb body, perinuclear foci known as piRNA processing center
(Figure 4). Yb recognizes and binds the cis-regulatory elements embedded
in the cluster transcripts. Multiple piRNA factors including Armitage,
Vreteno and Zucchini (Zuc) are involved in the piRNA processing
(Nishimasu et al. 2012). The mature piRNAs are loaded onto Piwi protein
and the resultant piRISC i1s transcolated to the nucleus to repress
transposons at the transcriptional levels. piIRNAs are not loaded onto Aub
and Ago3 in ovarian somatic cells because they are not expressed in the
cells (Figure 3).

In germ cells, RNA transcripts of the dual-strand piRNA clusters
give rise to primary piRNAs. How the RNA transcripts are selected to be
piRNA precursors and how the processing occurs largely remain unknown.

The primary piRNAs are loaded onto Piwi and Aub. Piwi-piRISC is
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transported to the nucleus, as in ovarian somatic cells, and silence
transposons at the transcriptional levels. Aub-piRISC remains to be in the
cytoplasm and represses transposons by cleaving the mRNAs using its own
endonuclease activity known as Slicer. Cleaved RNAs now serve as
precursors of secondary piRNAs, which are loaded onto Ago3. Aub- and
Ago3-bound piRNAs are mainly antisense and sense to transposon-coding
sequences, respectively, and Aub and Ago3 reciprocally cleave transposon
mRNAs and antisense transcripts, respectively. As indicated above, the
resultant RNA fragments are further processed to mature piRNAs; thereby,
Aub/Ago3-Slicer-dependent transposon silencing in germ cells is
considered to be coupled with piIRNA biogenesis (Brennecke et al. 2007;

Gunawardane et al. 2007; Nishida et al. 2007; Li et al. 2009).

Transcriptional transposon silencing by Piwi

Piwi in both germ cells and ovarian somatic cells is localized to
the nucleus and silences transposons transcriptionally by inducing
heterochromatinization at the target loci with co-factors such as
Panoramix/Silencio, Asterix/GTSF1, Maelstrom and linker histone H1
(Kalmykova et al. 2005; Saito et al. 2006; Saito et al. 2010; Sienski et al.

2012; Czech et al. 2013; Donertas et al. 2013; Handler et al. 2013; Le
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Thomas et al. 2013; Muerdter et al., 2013; Ohtani et al. 2013; Sienski et al.
2015; Yu et al. 2015; Iwasaki et al. 2016) (Figure 5). Piwi nuclear
localization requires both the N-terminal region of Piwi and piRNA loading
onto Piwi (Saito et al. 2009; Olivieri et al. 2010; Klenov et al. 2011). This
layered, “gatekeeping” mechanism ensures Piwi-piRISC-mediated nuclear
transposon silencing, because piRNA-free Piwi in the nucleus would be
useless without no ability to find its targets, while piRNAs left alone in the
cytoplasm are destined to be degraded due to lack of Piwi, the binding
partner (Ishizu et al. 2011). However, how piRNA loading-dependent Piwi
nuclear localization is regulated mechanistically is still unclear. The
nuclear import machinery required for Piwi nuclear import also remains to

be undetermined.

Possibility of Impa involved in the Piwi nuclear localization

The N-terminal region of Piwi, which has been shown to be
necessary for its nuclear import, is rich in basic residues, a characteristic
typical of classical nuclear localization signals (NLSs) whose nuclear
import is mediated by an Importin o/ (Impo/p) heterodimer (Gorlich et al.
1998; Stewart et al. 2007) (Figure 6). The NLS of SV40 large T antigen

(SV40-NLS) (PKKKRKYV) (Kalderon et al. 1984) and that of Xenopus
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laevis nucleoplasmin (NP-NLS) (KRPAATKKAGQAKKKK) (Robbins et
al. 1991) are the prototypic monopartite and bipartite NLSs, respectively
(Goldfarb et al. 2004; Stewart et al. 2007) (Figure 6). Monopartite NLSs
consist of a single stretch of basic residues, while bipartite NLSs contain
two stretches of basic residues with a linker region between them. In the
Impo/p pathway, the adaptor molecule Impa protein first binds cargos in
the cytoplasm through their NLSs. Then, Impp associates with the
heterodimer through the Impf binding (IBB) domain of Impa to assemble
a NLS-cargo/Impo/Impf3 trimeric complex, which facilitates the
nucleocytoplasmic translocation of the complex across the nuclear pores
located on the nuclear envelope (Figure 6). Upon transport, RanGTP in the
nucleus binds and disassembles the complex, releasing the cargos to the
nucleoplasm where they exert their nuclear functions (Gorlich 1998;
Stewart et al. 2007). Interestingly, these transport system mediated by
Impo and Impf is highly conserved for not only human, mouse or rat but

also worm, fly or yeast.

Drosophila Impao.

Impa firstly purified from Xenopas laevis and 44% of its sequence

was the same as Srpl of yeast, which is known as Impa of yeast and
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localized near nuclear pore complex (Gorlich et al. 1994). Generally
speaking, members of the Impa family of proteins can be divided into three
phylogenetic clades al, a2, and a3 (Mason et al. 2009; Pumroy and
Cingolani 2015) (Figure 7). Drosophila contains a single representative of
each clade, Impal, Impa2, and Impa3 (Kussel and Frasch1995; Torok et
al. 1995; Mason et al. 2002; Mason et al. 2003; Goldfarb et al. 2004)
(Figure 7). All Impa proteins contain one IBB domain at the N-terminal
end, and the rest of the sequence contains ten Armadillo (ARM) repeats,
which were originally identified in the protein encoded by the Drosophila
segment polarity gene armadillo (Riggleman et al. 1989). While the IBB
domain binds Impp during nuclear import through the nuclear pore, the
ARM repeats assemble a scaffold structure that can accommodate
monopartite or bipartite NLS (Conti et al. 1998; Fontes et al. 2003). When
the ARM repeats are not bound with cargos, the IBB domain binds the
ARM repeats intramolecularly, autoinhibiting nuclear import of cargo-free
Impa. (Kobe 1999; Stewart 2007). Drosophila possibly contains a fourth
Impa. member, Impa4, which, however, lacks the IBB domain and is testis
specific (Phadnis et al. 2011). A single /mpf gene known as ketel was
found in the Drosophila genome (Lippai et al. 2000). Drosophila Impol
null flies developed to adulthood, but showed severe defects in
gametogenesis and infertility (Ratan et al. 2008). Similarly, homozygous

Impa?2 mutants developed normally to adulthood, but mutant females, and
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not males, were completely sterile (Mason et al. 2002). Impa3 mutants
showed embryonic lethality (Mason et al. 2003). Here I mainly described
Drosophila Impa, however these systems and characters are highly

conserved on many species.

The aim of this study

On the basis of all these earlier findings, I speculated that Impa
might be responsible for Piwi nuclear localization. To test this speculation,
I first examined the levels of Impa proteins in cultured OSCs. To this end,
I produced monoclonal antibodies for each Impa member and performed
western blotting, which revealed that Impa2 and Impa3 were fairly highly
expressed in OSCs, whereas Impal was the least expressed. Loss of Impa2
or Impa3 by RNAi treatment disturbed nuclear localization of Piwi.
However, nuclear localization of SV40-NLS-cargo was not affected,
suggesting that Piwi-NLS may have lower nuclear localization efficiency
than SV40-NLS. I defined the N-terminal 36 residues of Piwi as a bipartite
NLS. Interestingly, bipartite NP-NLS-cargo behaved similarly to Piwi in
OSCs lacking Impa?2 or Impa3. Impa proteins may prioritize monopartite
NLSs over bipartite NLSs, at least in OSCs. Replacement of Piwi-NLS

with SV40-NLS failed to obviate the requirement of piRNA loading in
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Piwi nuclear localization. However, Piwi was imported to the nucleus
piRNA-independently upon duplication of the Piwi-NLS. Limited
proteolysis assays showed that about 200 residues in the N-terminal end of
Piwi were inaccessible when Piwi was free from piRNAs, but piRNA
loading made the region accessible to the environment, most likely through
a conformational change in Piwi. Thus, Piwi autoregulates its nuclear
localization by exposing the NLS to Impa upon piRNA loading. Addition
of Piwi-NLS caused the otherwise cytoplasmic Aub to be imported to the
nucleus in a piRNA-dependent manner, as was Piwi. The piRNA
loading-driven exposure of the N-terminal region may be a common

feature in PIWI proteins.

Summary of this study

By performing biochemical analyses using cultured Drosophila
ovarian somatic cells OSCs, what were unveiled are as follows:
1) Nuclear localization of Piwi is mediated by Impa
2) Piwi-NLS is 36 amino acids of Piwi N-terminus.
3) Piwi-NLS is a bipartite NLS.
4) When Piwi does not form piRISC, Piwi itself hides its NLS

intramolecularly and prevents binding to Impa.
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5) Once piRNA is loaded onto Piwi, structural change might occur. Then,
its NLS exposes and can be recognized by Impa.

The character of Piwi-NLS is different from that of SV40-NLS and the

reason why Piwi-NLS shows strong sensitivity to Impa3 KD is unclear.

However, the protein fused with the representative example of a bipartite

NLS, Nucleoplasmin NLS, also showed the strong sensitivity to Impa3 KD.

These results suggest that Impo imports the cargo protein having a

monopartite NLS preferentially to the nucleus.
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Materials and Methods

Cell culture

OSCs were generated in my laboratory (Saito et al. 2009). The OSC
medium has a special ingredient, called fly extract (FE) (Saito et al. 2009).
The composition is here: 50mL of FE, 50mL of FBS (ATLAS
BIOLOGICALS), 5SmL of Glutathione (Sigma Aldrich), SmL of Insulin
(Wako) and 500mL of Shields and Sang M3 insect medium (Sigma
Aldrich). OSCs were cultured by this medium on 26°C and passaged twice
a week. S2 cells were cultured by Schneider’s insect medium (Sigma
Aldrich) that is added 50mL of FBS and 5SmL of Penicillin-Streptomycin
(Gibco) into 500mL of the medium on 26°C. S2 cells were also passaged

twice a week.

Plasmid transfection and RNAIi

OSCs were transfected by three ways, siRNA transfection, plasmids
transfection or siRNA and plasmids simultaneous transfection. Firstly,

siRNA transfection method is shown here. siRNAs were designed by
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siDirect (http://sidirect2.rnai.jp/) and purchased from Sigma Aldrich.
siRNAs used in this study are shown in Tablel. To perform RNAi, 3 X 10°
OSCs and 200 pmol of siRNAs were mixed with 20uL of SF Cell Line
Solution (Lonza). These cells were transfected by electropolation by
Nucleofector 96-well Shuttle system (Lonza). Secondly, plasmids
transfection method is shown here. Plasmids used in this study are shown
in Table2. Primers used to make these plasmids are also shown in Table2.
Procedure of making plasmids was shown at the section ‘Plasmid
Construction’. OSCs were re-spread to be a half-confluent of the dish area
on next day. 4 / 8 / 16 pg of plasmids per 2.5cm / 6cm / 10cm dish were
mixed with 96 / 192 / 284 uL of Xfect Transfection Reagent (Clontech).
1.2/2.4/3.6 uL of Xfect Polymer (Clontech) was diluted with 98.8 / 197.6
/ 296.4 uL of the same buffer. Then the two solutions were mixed and
incubate for 10 minutes. After that, the mixture was dropped onto the cells.
Lastly, simultaneous siRNA and plasmid transfection method is shown. 3
X 10° OSCs, 200 pmol of siRNAs and 4 / 8 / 16 pg of plasmids were mixed
with 100pL of Cell Line Nucleofector™ Solution V (Lonza). These cells

were transfected by electropolation by Nucleofector 2b (Lonza).
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Production of monoclonal antibodies for Importinal,

Importine2 and Importina3

The first step of antibody production is to inject recombinant proteins into
the abdominal cavity of mice. Concretely, each recombinant protein, which
1s Glutathione S-transferase (GST)-Impal, GST-Impa2 and GST-Impa3
was purified from E.coli. The plasmids used for this experiment were
shown in the section ‘Plasmid Construction’. These GST recombinant
proteins were injected into mice once in two weeks, three times for
immunization. After that, a little amount of blood was collected from
caudal vein. Then, serum was obtained from blood and checked the
reactivity by western blotting using OSC lysates. Once the reactivity was
confirmed, these recombinant proteins were injected to knee lymph node to
increase the reactivity; this procedure is called ‘boost’. A week later from
‘boost’, the spleen was removed and the cells were fused with mouse
myeloma to make hybridoma; this procedure is called ‘fusion’. A week
later, I performed ELISA for checking the reactivity of hybridomas using
supernatant, this is called 1% screening’. The 2™ screening was performed
by western blotting. The antibody was also checked by
immunofluorescence (IF) and immunoprecipitation (IP) using OSCs.
Finally, ‘monoclonalization’ was performed. The positive hybridomas

were diluted and grown up in 96-well plates. The wells that are grown up
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from one hybridoma cell were selected and cultured in large scale. Then,

cultured media containing monoclonal antibodies were obtained.

Immunofluorescence

OSCs were spread onto MICRO COVER GLASS (MATSUNAMI) and
fixed by formaldehyde (Wako) diluted to 4% by PBS for 15 minutes. Then,
cells were permeabilized by 0.1% Triton™ X-100 (Sigma Aldrich) for 15
minutes. The primary antibody was applied to cells for 30 minutes. Primary
antibodies used in this study were cultured supernatants of anti-Impal
hydridoma cells, anti-Impa2 hybridoma cells, anti-Impa3 hybridoma cells,
a rabbit polyclonal antibody of myc-tag (1:500 dilution) (Sigma Aldrich),
anti-Yb mouse monoclonal antibody (1:500 dilution) (Murota et al. 2014).
After that, cells were washed for 10 minutes three times. The secondary
antibody was applied for 30 minutes. Secondary antibodies used in this
study were Alexa 488-conjugated anti-mouse IgM (Abcam), Alexa
488-conjugated anti-mouse IgG (Molecular Probes), Alexa 546-conjugated
anti-rabbit IgG (Molecular Probes). Then, cells were washed for 10
minutes three times. Finally cells were mounted by Vectashield with DAPI
(Vector labroatories) on MICRO SLIDE GLASS (MATSUNAMI) and

observed by LSM710 (ZEISS).
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Western blotting

Collected cells were centrifuged at 5000 X g, 4°C, for 5 minutes.
Supernatant was discarded and cells were mixed with 2 X Sample buffer (4
X Sample buffer [37.5% glycerol, 8mL of 0.5% Tris-HCI pH6.8 (Upper
Tris), 1.6g of SDS and 8mg of Bromophenol blue in 20mL scale], IM DTT,
Distilled water). After 95°C treatment to the cells for 5 minutes,
SDS-PAGE was performed. The composition of the gel of SDS-PAGE is
shown here. The running gel is composed of 30w/v % Acrylamide / Bis
Mixed Solution (Wako), N, N, N’, N’-Tetramethylenediamine (TEMED)
(Wako), 10% Ammonium peroxodisulfate (APS) (Wako) and 1.5M
Tris-HCl pH 8.8 (called Lower Tris). The stacking gel is composed of
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 (called Upper
Tris). The electrophoresis was performed at 200V for 70 minutes and then
the gel was transferred to the nitrocellulose membrane (Wako) at an
approximate current for 70 minutes. After transfer, the membrane was
soaked to 5% skim milk (Morinaga Milk Industry) in T-PBS [0.1% tween
20, 1L of PBS, 9L of distilled water in 10L scale] for 30 minutes. After
removing the milk, primary antibodies were applied. The primary

antibodies used for western blotting were the cultured supernatants of
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anti-Impal hydridoma cells, anti-Impa2 hybridoma cells, anti-Impa3
hybridoma cells, a mouse monoclonal antibody of myc-tag (1:1,000
dilution) (obtained from the Developmental Studies Hybridoma Bank), a
mouse monoclonal antibody of Flag-tag (1:10,000 dilution) (MBL) and a
mouse monoclonal antibody of anti-B-Tubulin (1:1,000 dilution) (obtained
from the Developmental Studies Hybridoma Bank). The treatment of
primary antibody was for 60 minutes. Then, the antibody was washed for 5
minutes three times. Next, the secondary antibodies were applied. The
secondary antibodies used for western blotting were anti-mouse [gG HRP
(Cappel) and Mouse TrueBlot ULTRA Anti-Mouse Ig HRP
(DOCKLAND). The treatment of secondary antibody was for 30 minutes.
Membranes were then washed for 5 minutes four times. The membranes
were treated with Clarity™ Western ECL Substrate (BIORAD) and the
signals were detected with Molecular Imager ChemiDoc™ XRS+ Imaging

System (BIORAD).

Plasmid rescue assay

To knockdown Impal, Impa2 or Impo3 in OSCs, Impal-siRNAs,
Impa2-siRNAs, and Impa3-siRNAs were introduced separately into OSCs.

2 days later, Impal, Impa2 or Impa3 were knockdowned again to raise the
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RNAI effect. Then, plasmid to overexpress flag-Piwi, together with each
RNAi-resistant myc-Impal, myc-Impa2 or myc-Impa3, was co-introduced
in OSCs. 1 day later, cells were fixed by 4% formaldehyde and performed

Immunofluorescence experiments whose method was described above.

Immunoprecipitation

OSCs were collected and washed twice by PBS. Then, PBS was removed
and ImL of IP buffer (30mM Hepes-KOH (pH 7.3), 5mM DTT, 2mM
Mg(OAc),, 0.1% NP-40, 150mM KOACc and protease inhibitor) was added.
The cells were mixed by 25G FLOW MAX (NIPRO) ten times and 30G
Disposable needle (Dentronics) five times with syringe (TERUMO). After
that, broken cells were centrifuged for 15 minutes at 13,500rpm, 4°C. The
supernatant was collected as lysate. Next, Dynabeads' protein G
(Invitorgen) that was the resins for Inmunoprecipitation was washed by IP
buffer twice. To bind beads and antibodies, after adding the antibodies,
microtubes were rotated for 30 minutes at room temperature. The
antibodies used here were the cultured supernatants of anti-Impal
hydridoma cells, anti-Impa2 hybridoma cells, anti-Impa3 hybridoma cells,
anti-Impp hydridoma cells and mouse IgG as a negative control. After 30

minutes later, buffer was removed and lysates were added there. The tubes
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were rotated for 3 hours. 3 hours later, beads were washed 5 times by IP
buffer and immunoprecipitated proteins that were caught by beads were
extracted by 45uL of 2 X SB for 10 minutes at 70°C. IP was completed. To
analyze, 10uL of sample was applied to SDS-PAGE and western blotting

was performed as described above.

Estimation of Impa protein levels in OSCs

Recombinant GST-Impa proteins isolated from E. coli and BSA (NEB)
were run on protein gels. Protein concentrations of full-length GST-Impa
in each solution were estimated by staining them with CBB to draw the
standard curve by using Image] (NIH) and comparing them with BSA
stained with CBB. Western blotting was then performed using anti-Impa
monoclonal antibodies (produced in this study, shown above) on
GST-Impa and OSC whole lysates. Signal intensity was calculated using

ImageJ and amount was estimated from drawn standard curve.
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Limited proteolysis assay

To obtain piRNA-free Piwi, Piwi with no tags was expressed in S2 cells by
transfection and then immunoprecipitated using anti-Piwi antibody 3G11.
Piwi-piRISC was immunoprecipitated from OSCs using 3G11. After
extensive washing, chymotrypsin was added to both immunoprecipitated
samples to give a final concentration of 2.0 ng/mL. After incubation at
37°C for 30 min, the bead fractions were separated from the supernatants,
and both fractions were subjected to western blotting using the other
anti-Piwi antibody 4D2. Western blotting was performed as described

above.

Epitope analysis

To determine which regions in the Piwi sequence is the epitopes of
anti-Piwi monoclonal antibodies 4D2 (Saito et al. 2009), myc-Piwi-AN1-20,
myc-Piwi-AN1-47, myc-Piwi-AN20-73, and myc-Piwi-AN47-73 were first
individually expressed in OSCs by transfection. Myc-Piwi peptides were
then immunoprecipitated from each cell lysate using anti-myc antibody and
subjected to western blotting using anti-myc-antibody, 3G11 and 4D2.

Immunoprecipitation was performed as described above. 3G11 and 4D2
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were raised against Piwi N-terminus, Met1-11e200 (Saito et al. 2009). Then,
to determine more detail of the 4D2 antibody epitope,
GST-Piwi-NLS-72-120, GST-Piwi-NLS-90-160 and
GST-Piwi-NLS-130-200 were purified from E.coli. Western blotting was
performed by using anti-GST (Cell Signaling) and anti-Piwi 4D2 as
described above. GST-Piwi-NLS-200 and GST-Impal were applied as a

positive control and a negative control respectively.

Detection of small RNAs associated with Piwi

OSCs were treated with Impa3-siRNAs, or EGFP-siRNAs as a negative
control, to knockdown Impa3. Myc-Piwi was then expressed in the cells,
and immunoprecipiated using anti-myc monoclonal antibody as described
above. After extensive washing, RNAs in the immunoprecipitated materials
were isolated using Isogen (Sigma) and visualized by **P-labeling.
Typhoon FLA 9500 (GE Healthcare) was used for the detection of RI

signal.
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Plasmid construction

I used plasmids pAcM-Piwi and pAcM-EGFP that were constructed and
used previously (Saito et al. 2009) to express myc-Piwi and myc-EGFP in
OSCs. To yield pAcF-Piwi for expressing flag-Piwi in OSCs and S2 cells,
the region encoding a myc peptide in pAcM-Piwi was exchanged with a
DNA fragment encoding a flag peptide using NEBuilder HiFi DNA
Assembly Master Mix (NEB). The PCR primers used were
F-Piwi-I-F/F-Piwi-I-R and F-Piwi-V-F/F-Piwi-V-R (T