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ABSTRACT

PIWI-interacting RNAs (piRNAs) are at the heart of the nucleic acid-based adaptive immune system against transposons in
animal gonads. To date, how the piRNA pathway senses an element as a substrate and how de novo piRNA production is
initiated remain elusive. Here, by utilizing a GFP transgene, we screened and obtained clonal silkworm BmN4 cell lines
producing massively amplified GFP-derived piRNAs capable of silencing GFP in trans. In multiple independent cell lines where
GFP expression was silenced by the piRNA pathway, we detected a common transcript from an endogenous piRNA cluster, in
which a part of the cluster is uniquely fused with an antisense GFP sequence. Bioinformatic analyses suggest that the fusion
transcript is a source of GFP primary piRNAs. Our data implicate a role for transcription from a piRNA cluster in initiating de

novo piRNA production against a new insertion.
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INTRODUCTION

Controlling transposon activity is essential for host ge-
nomes, especially in germ-line cells, to ensure an adequate
transmission of parental genomic information to the next
generation (Girard and Hannon 2008; Klattenhoff and
Theurkauf 2008; Ghildiyal and Zamore 2009; Malone and
Hannon 2009). To achieve this, organisms have evolved an
elegant defense system against transposons. In animal germ
lines, PIWTI proteins, a subclade of Argonaute family pro-
teins, and associated PIWI-interacting RNAs (piRNAs) are
at the center of this defense system. piRNAs are 23-30 nt
small RNAs that act as sequence-specific guides for PIWI
proteins that harbor target cleavage (slicer) activity. Muta-
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tions in the piRNA pathway-related genes cause derepression
of transposons and defects in germ-line development.

The biogenesis of piRNAs markedly differs from that of
siRNAs and microRNAs (miRNAs) in that it is Dicer inde-
pendent (Vagin et al. 2006; Houwing et al. 2007). The piRNA
biogenesis initiates with fragmentation of putative long,
single-stranded piRNA precursors. Resulting RNA fragments,
perhaps longer than mature piRNAs, are incorporated into
a subset of PIWI proteins, Siwi in silkworm (Kawaoka et al.
2008a), with a specific nucleotide preference for uracil (1U)
at the 5" end of associated RNAs (Brennecke et al. 2007;
Gunawardane et al. 2007; Girard and Hannon 2008;
Klattenhoff and Theurkauf 2008; Ghildiyal and Zamore
2009; Kawaoka et al. 2009, 2011a; Malone and Hannon
2009). 3’ ends of PIWI-associated RNAs are further trimmed
by a 3’ to 5’ exonuclease named Trimmer (Kawaoka et al.
2011a) to the mature length, followed by 2’-O-methylation
catalyzed by Henl (Horwich et al. 2007; Houwing et al.
2007; Kirino and Mourelatos 2007; Ohara et al. 2007; Saito
et al. 2007; Kawaoka et al. 2011a). This so-called primary
processing pathway generates primary piRNAs with 1U bias.
PIWI and primary piRNA complexes then cleave their
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complementary targets across from positions 10 and 11
from the guide piRNAs (Brennecke et al. 2007; Gunawardane
et al. 2007). 3’ fragments of cleavage products are then incor-
porated into another subset of PIWI proteins, BmAgo3 in
silkworm (Kawaoka et al. 2008a), which do not show a first-
nucleotide bias, and again processed into mature secondary
piRNAs with adenine at the position 10 (10A), overlapping
with primary 1U piRNAs precisely by 10 nt (Brennecke et al.
2007; Gunawardane et al. 2007; Girard and Hannon 2008;
Klattenhoff and Theurkauf 2008; Ghildiyal and Zamore 2009;
Kawaoka et al. 2009, 2011a; Malone and Hannon 2009).
These secondary 10A piRNAs can in turn generate second-
ary 1U piRNAs—in theory indistinguishable from primary
1U piRNAs—by cleaving their complementary targets.
Such a cleavage-dependent piRNA biogenesis is called
a ping-pong amplification cycle (Brennecke et al. 2007;
Gunawardane et al. 2007). In insects, primary and secondary
1U piRNAs are often antisense to transposons, while sec-
ondary 10A piRNAs tend to be sense to transposons. The
ping-pong amplification cycle is broadly conserved among
species, including flies, mice, zebrafish, and silkworm
(Aravin et al. 2008; Houwing et al. 2008; Kawaoka et al.
2009, 2011b).

Previous genetic studies in flies showed that integration of
an exogenous cassette into a piRNA cluster in the telomeric-
associated sequence on the X chromosome (X-TAS) results in
production of piRNA-like 22-24 nt small RNAs and trans-
silencing against the element (Ronsseray et al. 1991, 1996,
2003; Todeschini et al. 2010). These phenomena require
piRNA pathway genes (Todeschini et al. 2010). Thus, it is
likely that integration of an element into TAS generated de
novo piRNAs to cause trans-silencing. However, the mo-
lecular nature of these de novo piRNAs is unknown and the
underlying mechanism in which a piRNA cluster recognizes
transposons to initiate de novo piRNA production remains
unclear. To gain insights into these issues, we utilized a
silkworm ovary-derived cell line, BmN4, which expresses
PIWI/piRNA complexes endogenously (Kawaoka et al. 2009),
and sought to see whether a GFP transgene can trigger de
novo piRNA production.

RESULTS AND DISCUSSION

Establishment of clonal cell lines with various GFP
expression levels

First, by using a piggyBac-based transposition system
(Mitsutake and Kobayashi 2011), we introduced a GFP-
containing cassette into the BmN4 genome (Fig. 1A; see
Materials and Methods for details). In this system, a trans-
gene between two inverted terminal repeats (ITRs), which
are excised by the piggyBac transposase, is integrated into
genomic TTAA loci. The cassette contained a puromycin-
resistant gene, allowing us to isolate transformants by contin-
uous puromycin treatment. We further semicloned eight
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puromycin-resistant cell lines (#1—#8). Microscopic analy-
sis revealed that one of the eight lines (#1) highly expressed
GFP, whereas five lines (#4—#8) showed no GFP expression.
The #2 and #3 lines contained both GFP-positive and GFP-
negative cells, indicating that these lines were composed of at
least two types of cells (Fig. 1B). To test whether transposition
occurred successfully, we performed inverse PCR, followed by
sequencing analyses. Our data confirmed that each line con-
tained at least one intact transgene with an intact inverted
terminal repeat (Supplemental Table S1). Furthermore, by ge-
nomic PCR analysis, we detected the full-length GFP se-
quence in #1-#8 (Supplemental Fig. S1). Collectively, GFP
expression was silenced in seven out of eight cell lines.

De novo production of piRNAs deriving
from a GFP transgene

To examine the molecular mechanism that silences GFP
expression in the series of BmN4 cell lines, we performed
Northern blot analysis with internally **P-radiolabeled GFP
probes (Fig. 2A). We detected abundant 26-30 nt small
RNAs, which precisely matched to the mature piRNA length
in BmN4 cells, in #3, #5, and #8. #8 expressed both antisense
and sense small RNAs deriving from GFP, whereas sense
GFP piRNAs were hardly detected in #3 and #5 in this con-
dition. In contrast to 26-30 nt small RNAs, we could not
detect 21-22 nt GFP-derived small RNAs, which corre-
spond to endogenous small interfering RNAs (endo-siRNAs)
(Ghildiyal and Zamore 2009).

The 3’ ends of piRNAs are 2'-O-methylated (Horwich
et al. 2007; Houwing et al. 2007; Kirino and Mourelatos 2007;
Ohara et al. 2007; Saito et al. 2007; Kurth and Mochizuki
2009; Kamminga et al. 2010). Modified 3'-ends are resistant
to B-elimination, followed by oxidation, allowing us to inves-
tigate the 3’-end modification state of GFP-derived small
RNAs. We found that GFP-derived 26-30 nt small RNAs
were resistant to B-elimination reaction (Fig. 2B). Hence,
we concluded that small RNAs present in #3, #5, and #8 were
de novo-generated canonical piRNAs.

GFP-derived piRNAs mediate silencing in trans

To know how GFP-derived piRNAs function, we trans-
fected a pIZ vector-based GFP reporter (see Materials and
Methods) into wild-type (WT) BmN4 cells, those cell lines
expressing GFP-derived piRNAs (#3, #5, and #8), and #4,
which expressed neither GFP-derived piRNAs nor GFP
proteins (Fig. 3). When compared with WT BmN4, the
three lines expressing GFP-derived piRNAs showed a
marked trans-silencing activity for GFP expression (Fig. 3).
On the other hand, #4 exhibited no trans-silencing activity.
We quantitatively measured GFP expression in these condi-
tions, and confirmed that #3, #5, and #8, but not #4,
exhibited trans-silencing activity (Supplemental Fig. S2).
Collectively, our data suggested that GFP-derived piRNAs
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FIGURE 1. Establishment of clonal cell lines with various GFP expression levels. (A)
Schematic representation for a piggyBac-based transposition system. (B) Eight lines with
various GFP expressions. Note that #2 and #3 did not seem to be genuine clonal lines. (BF)

Bright field. See also Supplemental Figure S1.

act in trans to silence GFP expression, and that #4 may use
a distinct mechanism that can act only in cis to achieve
GFP silencing.

GFP-derived piRNAs are amplified through
the ping-pong cycle

To determine the nature of GFP-derived piRNAs, we deeply
sequenced piRNAs of #3, #5, and #8. Sequenced reads were
mapped to the silkworm genome for normalization and
mapped to an annotated transposon data set and the GFP-
containing transgene cassette. The cassette contains two regu-
latory regions: puromycin-resistant gene (pac) under the
control of heat shock protein 70 (hsp70) promoter and EGFP
under actin3-derived promoter and an intronic region (Fig.
4A). We found that many piRNAs were mapped to the GFP-
containing cassette, while the abundance of piRNAs matching

Integration into BmN4 genome

PAC was much less (Fig. 4A), suggest-
ing that puromycin selection might
have eliminated the cells where the
piRNA pathway had efficiently silenced
PAC expression. piRNAs were also gen-
erated from backbone sequences, pro-
moters, and the actin3 intronic region
(Fig. 4A; Supplemental S3), but their abun-
dance was generally much lower than
exonic piRNAs (~1/10-fold).
Consistent with our Northern blot
data (Fig. 2A), the relative expression of
GFP-derived piRNAs was the strongest
in #8, and GFP-derived piRNAs were
antisense biased (~2.3-fold more anti-
sense piRNAs than sense piRNAs) (Fig.
4B). Antisense piRNAs from these three
lines had a strong U bias at their 5’ ends
(Fig. 4C). In contrast, the 10th position
of sense GFP-derived piRNAs was highly
enriched for A (Fig. 4C). These were also
true for piRNAs matching other regions
of the cassettes (data not shown). Visu-
alization of GFP-derived piRNA map-
ping pattern and bioinformatic analyses
showed that the perecentage of ping-
pong participants observed in GFP-de-
rived piRNAs was very high—more than
90% of antisense piRNAs overlapped
with sense piRNAs precisely by 10 nt
(Fig. 4D). Moreover, Siwi preferentially
incorporated 1U antisense GFP-derived
piRNA, while 10A sense GFP piRNA
was enriched in BmAgo3 (Supplemen-
tal Fig. S4). These features are represen-
tative for PIWI-mediated cleavage-de-
pendent piRNA production, suggesting
that GFP-derived de novo primary an-
tisense piRNAs cleave sense GFP mRNAs driven by actin3
promoter to produce sense piRNAs, forming a ping-pong
amplification cycle against the newly introduced transgene.

= : transgene

Transcription of antisense GFP RNA
from an endogenous piRNA cluster

How were GFP-derived primary piRNAs generated? Given
that we detected antisense piRNAs from #3, #5, and #8,
antisense GFP RNA must have been expressed under the
control of an endogenous promoter(s). If so, such antisense
transcription might have triggered de novo production of
primary 1U piRNAs. To test this possibility, we performed
strand-specific quantitative RT-PCR, and found that anti-
sense transcription of GFP was not limited to #3, #5, and #8
(data not shown). Therefore, antisense transcription per se
is not sufficient to cause piRNA-based transgene silencing.
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FIGURE 2. De novo production of piRNAs deriving from a GFP
transgene. (A) Total RNAs were subjected to Northern blot analysis with
internally **P-U-radiolabeled antisense or sense GFP probes. (B) Chem-
ical characterization of the 3’ end of GFP-derived antisense piRNAs in
#8. Northern blot analysis was performed against total RNAs treated with
NalO,-mediated oxidation, followed by a B-elimination reaction. let-7,
an endogenous miRNA in BmN4 cells, served as a control.

Next, we sought to identify the transcription start sites
(TSSs) that transcribed antisense GFP RNAs in #1, which
expresses GFP proteins abundantly; #3, #5, and #8, which
show GFP silencing with GFP-derived piRNAs; and #2, #4,
#6, and #7, which exhibit GFP silencing without expressing
piRNAs. We identified 13, 48, and 62 redundant TSSs from
each category, respectively. Interestingly, #3, #5, and #8
utilized one common TSS on chromosome 11 (chr 11) to
generate antisense GFP RNA. This TSS is embedded within
a large endogenous piRNA cluster, herein named as torimochi
(birdlime in Japanese; our transgene was trapped in this
locus) (14/62 TSSs). We found that an endogenous forimochi-
related sequence was fused with antisense GFP RNAs (Fig. 5);
an endogenous GU site in torimochi-derived exon acted as
a splicing donor; and an exogenous AG site in the poly(A)
signal served as a splicing acceptor to generate a fusion tran-
script. The torimochi-antisense GFP fusion was not detected
in #1 (0/13), and #2, #4, #6, and #7 (0/48 in total). The region
that served as an intron within the antisense poly(A) signal
sequence generated much less piRNAs (Fig. 5; Supplemental
Fig. S5A). These observations led us to hypothesize that
antisense transcription from the torimochi locus is responsible
for triggering de novo production of GFP-derived piRNAs.

If fusion transcription from torimochi triggered de novo
piRNA production, the transcript would produce a “chime-
ric” piRNA that matches both exogenous and endogenous
sequences. Careful examination of piRNAs deriving from #3,
#5, and #8 lines identified two types of chimeric piRNAs that
were completely absent in the WT BmN4 cell line: 2-nt chi-
meric piRNAs and 3-nt chimeric piRNAs (Fig. 5; Supplemen-
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tal Fig. S5B). The 2 or 3 nt at the 3" end of the 2-nt or 3-nt
chimeric piRNAs, respectively, matched exogenous sequence
(corresponding to the antisense poly(A) signal sequence),
and the remainder of the chimeric piRNAs corresponded to
the endogenous forimochi sequence. The 3-nt chimeric
PpiRNAs matched perfectly with the spliced mature mRNA,
but not the pre-mRNA. Thus, 3-nt chimeric piRNAs were
probably derived from mature mRNA after splicing, although
we cannot exclude the possibility that 3-nt chimeric piRNAs
were generated by the addition of U to 2-nt chimeric piRNAs
by a terminal uridylyltransferase. For 2-nt chimeric piRNAs, the
overlapping 2-nt was exactly the same as the 2-nt sequence
from the GU site of pre-mRNAs, making it difficult to deter-
mine whether 2-nt chimeric piRNAs came from an endog-
enous or exogenous sequence. However, given that no 2-nt
chimeric piRNAs were found in a WT BmN4 library (Sup-
plemental Fig. S5B) and that intronic piRNAs are generally less
abundant than exonic piRNAs (Supplemental Fig. S5A), at
least a part of 2-nt chimeric piRNAs should be derived from
mature torimochi-GFP fusion mRNAs exclusively expressing in
#3, #5, and #8. Taken together, we envision that insertion into
the torimochi cluster, followed by antisense transcription from
endogenous torimochi-associated TSS, generated a torimochi-
antisense GFP fusion transcript, which serves to produce
de novo GFP-derived primary piRNAs. Although identi-
fication of =4-nt chimeric piRNAs would strengthen our

BF GFP

BmN4

#3 |

#5

Cells with GFP-derived piRNAs

#

#4

Cells without
GFP-derived piRNAs

FIGURE 3. GFP-derived piRNAs mediate silencing in trans. A pIZ
vector-based GFP reporter was transfected into WT BmN4, and #3,
#5, and #8, which expressed GFP piRNAs, and #4, which expressed
neither GFP proteins nor GFP piRNAs. Trans-silencing activity was
monitored based on GFP expression. (BF) Bright field. See also
Supplemental Figure S2.
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FIGURE 4. GFP-derived piRNAs are amplified through the ping-pong cycle. (A) Density plot of pPIGA3-derived piRNAs. (B) Strand bias of
GFP-derived piRNAs. (C) 1U and 10th A bias of GFP-derived piRNAs. (D) Density plot of GFP-derived piRNAs. Percentage of ping-pong
participants of GFP-derived piRNAs are indicated (see Materials and Methods). Relative nucleotide position (x-axis) indicates the nucleotide
position relative to the reference sequences in the same scale. See also Supplemental Figures S3 and S4.

model, we could not find such chimeric piRNAs from
the current data set. More rigorous conclusions will be
obtained by further studies with the aid of modified
transgenes, which would generate different sets of chi-
meric piRNAs.

Detection of torimochi-GFP chimeric antisense piRNAs
covering the splicing junction exclusively in #3, #5, and #8
(Fig. 5; Supplemental Fig. S5B) suggests that primary
PiRNA production can, in part, occur after splicing. This is
consistent with previous studies showing that 3" UTR of genic
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FIGURE 5. Transcription of antisense GFP RNA from torimochi, an endogenous piRNA
cluster. (Blue circle) Transcription start site (TSS) embedded with an endogenous piRNA
cluster named forimochi. In #3, #5, and #8, this TSS-expressed antisense GFP fused with the
torimochi-derived sequence. The fusion occurred in a splicing-dependent mechanism. We
identified two types of “chimeric” piRNAs, which covered the junction between exogenous
and endogenous sequences. Total abundances of each chimeric piRNA in three libraries are
indicated. Chimeric piRNAs were not found in the WT BmN4-derived library. Density of
piRNAs was normalized as described previously (Brennecke et al. 2007; Kawaoka et al. 2008b).

See also Supplemental Figure S5.

mRNAs can produce sense primary piRNAs (Aravin et al.
2007; Robine et al. 2009; Saito et al. 2009). However, we also
detected piRNAs from the region that served as an intron
within the antisense poly(A) signal sequence, albeit with
lower abundance than exonic piRNAs (Fig. 5; Supplemental
Fig. S5A). Therefore, it appears that primary piRNAs could
be produced both before and after splicing. In contrast, con-
sidering that the ping-pong amplification cycle is thought to
occur mainly in the cytoplasm, secondary piRNAs should be
generated preferentially from spliced mRNAs. The fact that
actin3 intronic piRNAs were much less abundant than exonic
piRNAs, especially in sense orientation, supports this view
(Fig. 4; Supplemental Fig. S3).

CONCLUSION

Here, we established multiple independent BmN4 cell lines
that produce de novo piRNAs with significant ping-pong
signatures against a nonrepetitive protein-coding sequence.
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2-nt chimeric piRNAs
228 reads

3-nt chimeric piRNAs

In these cell lines, we detected a common

transcript from an endogenous piRNA

cluster, in which a part of an endogenous

piRNA cluster, torimochi, is uniquely

fused with an antisense GFP sequence.
TSS Identification of chimeric piRNAs, which
covered the junction site between exoge-
nous and endogenous sequences in the
fusion transcript, confirmed that the
fusion transcript is a source of de novo
piRNAs. Collectively, we envision that de
novo piRNA production is triggered when
an exogenous sequence is trapped and tran-
scribed from endogenous piRNA cluster
loci, and that the “piRNA-generating sig-
nal” should be encoded in piRNA cluster
loci. Transposon-controlling loci (e.g., fla-
menco/COM, X-TAS) are well character-
ized in flies (Ronsseray et al. 1991, 1998;
Pelisson et al. 1994; Prud’homme et al.
1995; Roche and Rio 1998; Marin et al.
2000; Stuart et al. 2002; Desset et al. 2003;
Brennecke et al. 2007). Our current study
and Muerdter et al. (2012) collectively dis-
covered a functional piRNA cluster in flies,
silkworm, and mice, probing evolutionary
conservation of such master loci that can
produce de novo piRNAs. Interestingly,
despite functional conservation to pro-
duce de novo piRNAs, sequence natures
of these master loci are completely dif-
ferent among flies and silkworm. This
raises a new question: What defines trans-
poson-controlling loci in the eukaryotic
genome?

5 reads

; 197

MATERIALS AND METHODS

Cell culture

BmN4 cells were cultured at 27°C in IPL-41 (Thermo Scientific)
or TC-100 (Applichem) supplemented with 10% fetal bovine
serum.

Establishment of multiple clonal cell lines

BmN4 cells were transfected with pPIGA3 (GenBank accession no.
AB593377), which encodes EGFP, in the presence of piggyBac
transposase and Cellfectin reagent (Invitrogen) (Fig. 1A) as de-
scribed in Mitsutake and Kobayashi (2011). The cells were further
selected by puromycin treatment, and the resultant line was used as
the parental line to establish clonal cell lines. The parental cells were
diluted to three to four cells per well in a 96-well plate. Cell growth
was monitored by microscopy to isolate a line where a single cell
grew. We established eight lines, two of which (#2 and #3) were not
genuine clonal lines. After establishment, cells were cultured without
puromycin.
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Inverse PCR and genomic PCR

A total of 500 ng of genomic DNA from BmN4 cells and #1-#8
lines were digested with PstI (TaKaRa Bio, Inc.) overnight at 37°C.
Resulting fragments were circularized by T4 DNA ligase (TaKaRa
Bio, Inc.) for 16 h at 16°C. Circularized DNA was subjected to PCR
reaction with DhspF (5'-AATAGAGGCGCTTCGTCTAC-3") and
RLR (5'-CAGTGACACTTACCGCATTGACAAGCACGC-3') for
the 5" ITR region, and PRF (5'-CCTCGATATACAGACCGATAA
AAACACATGC-3') and PRR (5'-AGTCAGTCCAGAAACAACTT
TGGCACATATC-3') for the 3" ITR region. The amplified fragments
were cloned and sequenced. Primers used for genomic PCR exper-
iments were GFP-F (5'-GTCACTAAATAGATGGACGC-3'), GFP-R
(5"-ATGTTTCAGGTTCAGGGGGA-3'), GAPDH-F (5'-TGTTGAG
GGCTTGATGAC-3'), and GAPDH-R (5'-ACCTTACCCACAGCT
TTG-3").

Northern blot

Northern blot was performed as described previously (Kawaoka et al.
2009). Radiolabeled sense and antisense GFP probes were prepared by
using MaxiScript kit (Ambion) and [a->P]UTP. For the detection of
let-7, a DNA probe (5'-TACTATACAACCTACTACCTCA-3") was
radiolabeled with T4 polynucleotide kinase (Takara Bio, Inc.) and
[y->*P]ATP.

Analysis of RNA 3’ ends

A NalOy, reaction was performed by incubating total RNA in 100 wL
of borax/boric acid buffer (pH 8.6) containing 25 mM NalO, for
30 min at room temperature. Ten pL of glycerol was added to quench
unreacted NalO,. B-elimination was then performed by adding
10 pL of 500 mM NaOH, followed by incubation for 90 min at
45°C. The resultant RNA was collected by ethanol precipitation.

Transfection for testing trans-silencing activity

plZ/V5-His vector, which possesses the ie2 promoter of Orgyia
pseudotsugata nucleopolyhedrovirus for the constitutive expres-
sion of a gene of interest in insect cell lines, was used for testing
trans-silencing activity. The coding region of GFP was inserted
into pIZ vector (pIZ/GFP). Next, 5 X 10°> BmN4 cells were trans-
fected with 1 pg of pIZ/GFP in the presence of 5 wL of FuGENE
HD reagent (Roche). After transfection for 12 h, cells were cul-
tured in normal medium for 60 h. GFP expression levels were mon-
itored by using BX51 microscopy (Olympus). Plasmid transfection
efficiency was measured by using a Luciferase (Luc)-expressing
plasmid (a modified pGL3-basic vector in which a luciferase gene
is driven by the baculovirus ie-1 promoter), which was used to
normalize GFP expression. In short, protein concentration of each
lysate was determined by using Coomassie Plus Protein Assay
Reagent (PIERCE), and the luminescence from Luc expression
was measured by ARVO (Wallac). Prior to the Western blot, the
loading amount of each lysate was normalized according to the
value of Luc luminescence/total protein concentration. GFP
expressions were determined by Western blot with anti-GFP
antibody (1:1000) as described elsewhere (Kawaoka et al. 2009).

Establishment of #8 lines stably expressing Flag-Siwi
or Flag-BmAgo3

The #8 derivative lines stably expressing Flag-Siwi or Flag-
BmAgo3 were generated as described previously (Kawaoka et al.

2009). In short, BmN4 cells were transfected with pIZ/Flag-Siwi
or Flag-BmAgo3, and transformants were further selected by con-
tinuous zeocin selection.

Immunoprecipitation and quantitative PCR

Lysate from #8 lines expressing Flag-Siwi or Flag-BmAgo3 were
subjected to immunoprecipitation with anti-Flag antibody. Small
RNA fractions were extracted from the immunoprecipitates with
the aid of a miRVana miRNA isolation kit (Ambion) according to
the manufacturer’s instruction. Reverse transcription and follow-
ing qPCR were performed as described previously (Kawaoka et al.
2011c). Primers used in this experiment were 5'-TGAACTTCAG
GGTCAGCTTGCCGTAGGT-3’ for antisense GFP piRNA-1, 5'-
CTGAAGTTCATCTGCACCACCGGCAAGC-3' for sense GFP
piRNA-1, and 5'-TACTATACAACCTACTACCTCA-3' for let-7.

PiRNA library construction

Total RNA was prepared using Trizol reagent (Invitrogen) accord-
ing to the manufacturer’s protocol. The total RNA (10 wg) was
loaded onto a 15% denaturing polyacrylamide gel containing 8 M
urea, electrophoresed, and then stained with SYBRGold (Invitrogen).
Signals were visualized using LAS-1000 film (Fujifilm). Small RNA
libraries were constructed using a small RNA cloning kit (Takara).
DNA sequencing was performed using the Solexa genetic analysis
system (Illumina) (Kawaoka et al. 2009). One nanogram of the
prepared cDNA was used for the sequencing reactions with the
Ilumina GA; 10,000-15,000 clusters were generated per ‘“tile”;
and 36 cycles of the sequencing reactions were performed. The
protocols of the cluster generation and sequence reactions were per-
formed according to the manufacturer’s instructions.

Sequence analysis

Solexa sequencing generated reads of up to 36 nt in length. The 3’
adaptor sequences were identified and removed, allowing for up to two
mismatches. Reads without adaptor sequences were discarded. Reads
shorter than 23 nt or longer than 30 nt were excluded, resulting in
reads of 23-30 nt. Alignment to the B. mori genome (International
Silkworm Genome Consortium 2008), 121 annotated transposons, and
1668 ReAS clones were performed with SOAP2 (ver. 2.20), allowing no
mismatch (Li et al. 2009). To compare the reads among different data
sets, reads were expressed in reads per million (RPM) by normalizing
to the total number of perfect genome mapping. In addition, we
evaluated ping-pong significance by calculating the likelihood for
average piRNA mapping to an element to have a complementary
ping-pong partner (percentage of ping-pong participants) (Brennecke
et al. 2008; Malone et al. 2009; Kawaoka et al. 2011b).

RACE

GeneRacer kit (Invitrogen) was used to identify transcription start sites
that transcribed antisense GFP RNA according to the manufacturer’s
instructions. Primers used in this experiment were described as follows:
asGFP_1st (5'-ACGGCAGCGTGCAGCTCGCC-3") for first PCR, and
asGFP_nest (5'-CCTGAGCAAAGACCCCAACG-3') for nested PCR.

DATA DEPOSITION

PiRNAs sequenced in this study are deposited in DRA000374
(DNA Data Bank of Japan; DDB]J).
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SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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