Artificial “ping-pong” cascade of PIWI-interacting
RNA in silkworm cells
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ABSTRACT

PIWIl-interacting RNAs (piRNAs) play essential roles in the defense system against selfish elements in animal germline cells by
cooperating with PIWI proteins. A subset of piRNAs is predicted to be generated via the “ping-pong” cascade, which is mainly
controlled by two different PIWI proteins. Here we established a cell-based artificial piRNA production system using a
silkworm ovarian cultured cell line that is believed to possess a complete piRNA pathway. In addition, we took advantage of a
unique silkworm sex-determining one-to-one ping-pong piRNA pair, which enabled us to precisely monitor the behavior of
individual artificial piRNAs. With this novel strategy, we successfully generated artificial piRNAs against endogenous protein-
coding genes via the expected back-and-forth traveling mechanism. Furthermore, we detected “primary” piRNAs from the
upstream region of the artificial “ping-pong” site in the endogenous gene. This artificial piRNA production system
experimentally confirms the existence of the “ping-pong” cascade of piRNAs. Also, this system will enable us to identify the
factors involved in both, or each, of the “ping” and “pong” cascades and the sequence features that are required for efficient
PiRNA production.
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INTRODUCTION MitoPLD at a position downstream from the PIWI-protected
region (Ipsaro et al. 2012; Nishimasu et al. 2012; Han et al.
2015; Mohn et al. 2015). The 3’-end of the associated RNA
is then trimmed by PNLDCI, a homolog of PARN (called
Trimmer) in silkworms (Kawaoka et al. 2011a; Izumi et al.
2016) or PARN-1 in worms (Tang et al. 2016), which is cou-
pled with 3’-end modification by the methyltransferase
Henl (Horwich et al. 2007; Kirino and Mourelatos 2007;
Saito et al. 2007; Kamminga et al. 2010). Recently, Zucchini/
MitoPLD-dependent cleavage of the precursor RNA was
demonstrated to produce additional downstream piRNAs
(“phased” piRNAs) by defining their 5-ends (Han et al.
2015; Homolka et al. 2015; Mohn et al. 2015). These processes
are known as the primary pathway.

Bioinformatic analyses of large sets of piRNA sequences
suggest a model for the secondary piRNA biogenesis path-
way, which is known as the “ping-pong” amplification cycle
(Brennecke et al. 2007; Gunawardane et al. 2007; Li et al.

Animals possess a highly tuned defense system against a
diverse range of selfish, repeat elements, such as transposons.
In animal germline cells, PIWI-clade proteins and 23-30
nucleotide (nt)-long small RNAs that are associated with
PIWI proteins (piRNAs) play a major role in this immune
system. PIWI proteins possess a slicer activity that is guided
by piRNAs; therefore the PIWI-piRNA complex represses
transposon  activity by cleaving transposon RNAs
(Klattenhoff and Theurkauf 2008; Ghildiyal and Zamore
2009). The piRNA production is initiated by the fragmenta-
tion of long, single-stranded piRNA precursors that are
transcribed from piRNA clusters (Brennecke et al. 2007;
Li et al. 2013). This step is mediated by the Zucchini/
MitoPLD endoribonuclease (Ipsaro et al. 2012; Nishimasu
etal. 2012), and the fragmented RNAs are then incorporated
into a PIWI protein with a specific nucleotide preference for
uracil (1U) at their 5-ends (Cora et al. 2014). The PIWI-
loaded fragmented RNAs are also cleaved by Zucchini/
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Artificial piRNA “ping-pong” cascade

2009a; Malone et al. 2009). In this pathway, PIWI and 1U
PiRNA complexes cleave their complementary targets across
from nts 10 and 11 from the guide piRNAs (Brennecke et al.
2007; Gunawardane et al. 2007). The 3’ RNA fragments are in
turn incorporated into another subset of PIWI proteins and
again processed into mature secondary piRNAs with adenine
at the position 10 (10A), which precisely overlap with 1U
piRNAs by 10 nt and constitute the “ping-pong” signature
(Brennecke et al. 2007; Gunawardane et al. 2007). Next, these
secondary 10A piRNAs produce secondary 1U piRNAs
by cleaving their complementary target RNAs via coopera-
tion with another PIWI protein. This cleavage-dependent
piRNA biogenesis, called the “ping-pong” amplification cycle,
is supposed to be broadly conserved among many animals
including flies, mice, zebrafish, sponges, and silkworms
(Brennecke et al. 2007; Aravin et al. 2008; Grimson et al.
2008; Houwing et al. 2008; Kawaoka et al. 2009).

Integration of an exogenous transgene into the active
piRNA clusters is supposed to be required for de novo pro-
duction of piRNAs with ping-pong signatures (Kawaoka
et al. 2012; Muerdter et al. 2012; Yamamoto et al. 2013).
Furthermore, the introduction of reporter cassettes contain-
ing single or multiple piRNA-dependent cleavage sites, which
are predicted to be cleaved by endogenous piRNA-PIWI
complexes, results in artificial piRNA production (Xiol et
al. 2014; Homolka et al. 2015; Mohn et al. 2015). However,
these studies do not provide solid evidence for the presence
of the entire piRNA “ping-pong” amplification cycle: (i)
Each artificial piRNA was not precisely tracked because
artificial piRNAs were produced from the entire reporter cas-
sette including promoter sequences (Kawaoka et al. 2012;
Muerdter et al. 2012; Yamamoto et al. 2013; Xiol et al.
2014; Itou et al. 2015; Kuramochi-Miyagawa and Nakano
2015; Shoji and Katsuma 2015); or (ii) artificial piRNAs
that were produced from the reporter with the piRNA-de-
pendent cleavage sites were not verified to act in production
of partner piRNAs with 10-nt overlaps; therefore, only half of
the “ping-pong” cascade was validated (Xiol et al. 2014;
Homolka et al. 2015; Mohn et al. 2015; Nishida et al.
2015). Collectively, the piRNA “ping-pong” cascade needs
to be verified by solid experimental results.

In 2014, we discovered that the primary determiner of sex
in the silkworm Bombyx mori is a female-specific, W chro-
mosome-derived piRNA (Kiuchi et al. 2014). This piRNA,
called Feminizer (Fem) piRNA, is loaded into the silkworm
PIWI protein Siwi, and the Fern piRNA-Siwi complex cleaves
a protein-coding mRNA called Masculinizer (Masc). This
cleavage leads to production of Masc-derived piRNA, which
is then loaded into another PIWI protein, BmAgo3. Because
Masc encodes a protein required for masculinization, cleav-
age of Masc mRNA by the Fem piRNA-Siwi complex leads
to feminization in the silkworm (Kiuchi et al. 2014). Based
on the loading preference of Femn and Masc piRNAs to the
two silkworm PIWI proteins and the presence of a ping-
pong signature between these piRNAs, these sex-determining

piRNAs are assumed to be produced by a “ping-pong” cycle
(Fig. 1A; Kiuchi et al. 2014). Fem is a repeat element on the
silkworm W chromosome, but Fem-derived piRNAs contain
almost identical sequences (Kiuchi et al. 2014). In addition,
Masc is a single copy, protein-coding gene on the Z chromo-
some, indicating that unlike most piRNAs, Fern and Masc
piRNAs are a unique one-to-one “ping-pong” piRNA pair.
Furthermore, this piRNA pair is present in the silkworm ova-
ry-derived BmN-4 cell line (Kiuchi et al. 2014), which has a
complete piRNA pathway (Kawaoka et al. 2009). Here, we es-
tablished an artificial piRNA production system in BmN-4
cells using the Fem—Masc piRNA pair and artificial piRNA
precursors for silkworm endogenous protein-coding genes.
This system adds experimental evidence for the presence of
the piRNA “ping-pong” cascade and will be useful for study-
ing the piRNA “ping-pong” biogenesis cascade.

RESULTS AND DISCUSSION

Design of a “ping-pong”-dependent artificial piRNA
production system using silkworm cells

We established an artificial piRNA production system using
the silkworm ovary-derived cell line BmN-4, which has a
complete “ping-pong” amplification pathway (Kawaoka
etal. 2009). We also used the silkworm primary sex determi-
nation cascade in which a unique one-to-one ping-pong pair,
Fem piRNA and Masc piRNA, function to trigger sexual dif-
ferentiation in both silkworm embryos and BmN-4 cells
(Katsuma et al. 2014; Kiuchi et al. 2014). Fermn piRNA prefer-
entially binds to Siwi, a silkworm PIWI protein, whereas Masc
piRNA preferentially binds to BmAgo3, another PIWI pro-
tein (Fig. 1A). The Femn piRNA-Siwi complex cleaves Masc
mRNA, and the resulting 3" Masc mRNA fragment is loaded
into BmAgo3, thereby producing a Masc piRNA-BmAgo3
complex (for simplicity, we refer to this cascade as “ping”)
(Fig. 1A). In turn, the Masc piRNA-BmAgo3 complex cleaves
Fem RNA, and the cleaved 3’ Fern RNA fragment is then re-
cruited into Siwi, thereby completing the Fern piRNA-Siwi
complex (we refer to this cascade as “pong”) (Fig. 1A).

We designed a plasmid expressing the piRNA precursor
(pre-piRNA-I) with a perfect 10-nt overlap with Fem
piRNA (Fig. 1B,D). Artificial piRNA (piRNA-I) will be pro-
duced by cleavage of pre-piRNA-I with the endogenous Femn
piRNA-Siwi complex (Fig. 1D). The pre-piRNA-I was de-
signed to contain a sequence that extensively matched the
coding region of an endogenously expressed gene,
Importin-5. When piRNA-I is successfully produced and
loaded into BmAgo3, the piRNA-I-BmAgo3 complex will
cleave Importin-5 mRNA, thereby producing Importin-5-de-
rived piRNA (piRNA-J) and piRNA-J-Siwi complex (Fig. 1B,
D). If these experimental results are obtained, we have shown
both “ping” (piRNA-I production by the Fern piRNA-Siwi
complex) and “pong” (piRNA-] production by the piRNA-
[-BmAgo3 complex) cascades.
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FIGURE 1. Conceptual diagrams of the artificial piRNA production system using silkworm BmN-4 cells. (A) The silkworm sex determination path-
way via a unique one-to-one ping-pong pair, Fern piRNA and Masc piRNA. (B,C) The artificial piRNA production system targeting the silkworm
Importin-5 gene. The silkworm ovary-derived cell line BmN-4 was transfected with plasmids expressing pre-piRNA-I (B) or pre-piRNA-I-nc (C).
pre-piRNA-I mRNA is cleaved by the Fern piRNA-Siwi complex, whereas pre-piRNA-I-nc mRNA is not cleaved, due to sequence incompatibility.
The resulting 3" pre-piRNA-I fragment is loaded into BmAgo3, producing the piRNA-I-BmAgo3 complex, which recognizes and cleaves silkworm
Importin-5 mRNA. The cleaved 3’ fragment is then loaded into another PIWT protein, Siwi, thereby producing the piRNA-J-Siwi complex. (D,E)
Sequence design for artificial piRNA precursors. The pre-piRNA-I is designed to be cleaved by the endogenous Femn piRNA-Siwi complex, whereas
pre-piRNA-I-nc mRNA contains nontargeted nucleotide sequences. (F,G) Normalized piRNA-I (F) and piRNA-]J (G) reads in total piRNA libraries
from BmN-4 cells transfected with pre-piRNA-expressing plasmids. Mapping reads against 1811 transposons were used for normalization.

Characterization of artificial piRNAs produced not to be targeted by the Fern piRNA-Siwi complex, Fig.
by a ping-pong cascade in silkworm cells 1C,E) and generated total piRNA libraries from the trans-

fected cells (Supplemental Fig. S1). By deep sequencing of
We transfected BmN-4 cells with plasmids expressing pre-  total piRNA libraries, we found that the peak length dis-
piRNA-I or pre-piRNA-I-nc (negative control; designed  tribution was 27-28 nt (Supplemental Fig. S2A,B), which
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is identical to that observed in naive BmN-4 cells
(Kawaoka et al. 2009; Izumi et al. 2013). We clearly de-
tected piRNA-I in pre-piRNA-I transfected BmN-4 cells
but not in pre-piRNA-I-nc transfected cells (Fig. 1F;
Supplemental Fig. S3), indicating that pre-piRNA-I is tran-
scribed and cleaved by endogenous Femn piRNA-Siwi com-
plex to produce piRNA-I. With transfection of pre-
piRNA-I, we also detected piRNA-J production in BmN-
4 cells (Fig. 1G). This indicates the production of the
piRNA-I-PIWI complex targeting Importin-5 mRNA
(Fig. 1B).

To determine whether correct piRNA loading occurred
in this artificial system, we sequenced piRNAs that were im-
munoprecipitated (IPed) with Siwi antibody or BmAgo3
antibody from BmN-4 cells transfected with plasmids ex-
pressing pre-piRNA-I or pre-piRNA-I-nc (Supplemental
Fig. S1). Siwi-bound and BmAgo3-bound piRNAs had a
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peak length distribution of 28 nt and 27 nt, respectively
(Supplemental Fig. S2C-F), which is consistent with the re-
sults of our previous study (Izumi et al. 2013). Siwi-bound
piRNAs showed 1U enrichment, whereas BmAgo3-bound
piRNAs lacked this bias (Fig. 2A-D). In contrast, 10A enrich-
ment was observed in BmAgo3-bound piRNAs (Fig. 2C,D).
In addition, we found that Fem piRNA preferentially binds
to Siwi, whereas Masc piRNA preferentially binds to
BmAgo3 in cells transfected with each pre-piRNA expression
plasmid (Supplemental Table S1). We counted the piRNA-I
and piRNA-J reads in each IPed library. piRNA-I preferen-
tially bound to BmAgo3, whereas piRNA-J preferentially
bound to Siwi in pre-piRNA-I transfected cells (Fig. 2E,F;
Supplemental Table S2). As observed in total piRNA libraries
(Fig. 1F,G), both artificial piRNAs were barely detected in the
IPed library from pre-piRNA-I-nc transfected cells (Fig. 2E,
F; Supplemental Table S2). These results indicate that
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FIGURE 2. Analyses of Siwi-bound and BmAgo3-bound artificial piRNAs. (A-D) Nucleotide bias in each IPed piRNA library. (E,F) Normalized
piRNA-I (E) and piRNA-]J (F) reads in anti-Siwi- or anti-BmAgo3-IPed libraries from BmN-4 cells transfected with pre-piRNA-expressing plasmids.

Mapping reads against 1811 transposons were used for normalization.
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artificial piRNAs are correctly loaded into PIWI proteins in
this artificial system.

Cleavage of the target mRNA by artificial piRNAs
in silkworm cells

To determine whether an artificial piRNA, piRNA-I, cooper-
ates with BmAgo3 to correctly cleave Importin-5 mRNA, we
first mapped total piRNA libraries onto the coding region of
Importin-5 to highlight the 5'-end of mapped piRNAs. We
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observed an obvious ping-pong signature between piRNA-I
and piRNA-J in pre-piRNA-I transfected cells (Fig. 3A),
but not in pre-piRNA-I-nc transfected cells (Fig. 3B), show-
ing that our artificial piRNA biogenesis system works as de-
signed (Fig. 1B,C). We next performed a modified 5’ rapid
amplification of cDNA ends (modified RACE) to determine
whether correct cleavage of Importin-5 mRNA occurs.
We found that almost all the cloned 5-ends (11/12) of
Importin-5-derived RNA fragments from pre-piRNA-I trans-
fected cells (Fig. 3C) exactly mapped to the predicted piRNA-
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FIGURE 3. Artificial piRNA production from the silkworm Immportin-5 gene. (A,B) Artificial piRNAs derived from the Importin-5 gene. The start sites
of piRNAs mapped to the Importin-5 gene are indicated. (C,D) Identification of the cleavage site of Importin-5 mRNA by the piRNA-I-BmAgo3 com-
plex. Importin-5 mRNA-derived fragments were amplified by a modified RACE method using total RNA from BmN-4 cells transfected with plasmids
expressing pre-piRNA-I (C) or pre-piRNA-I-nc (D). The RACE adaptor and cloned 5'-end sequences are indicated. Twelve 5’ -ends were determined,
with 11 clones showing identical sequences. (E) Expression level of Importin-5. Expression of Importin-5 mRNA was examined by RT-qPCR. Data
shown are mean + standard deviation (1 = 5). Data were subjected to Student’s t-test (one-sided). NS, not significant (P = 0.3412).
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I cleavage site. In contrast, the cloned fragments from pre-
piRNA-I-nc transfected cells did not map to the putative
cleavage site of the Importin-5 gene (Fig. 3D), indicating
that artificially produced piRNA-I targets and cleaves
Importin-5 mRNA with BmAgo3. Finally, we examined the
expression level of Importin-5 in BmN-4 cells producing ar-
tificial piRNA for Importin-5. We performed RT-qPCR and
found that Importin-5 mRNA levels in pre-piRNA-I trans-
fected cells were comparable to those in pre-piRNA-I-nc
transfected cells (Fig. 3E). These results indicate that produc-
tion of a single, gene-specific artificial piRNA has little effect
on mRNA levels of the endogenous Importin-5 gene in our
BmN-4 system, yet the mRNA is cleaved by the piRNA-
PIWI complex.

Generation of artificial piRNAs targeting other
endogenous genes

We next asked if artificial piRNAs for endogenous silkworm
genes other than Importin-5 are produced in our cell-based
system. We designed an artificial piRNA precursor for
Calcineurin mRNA. Unlike the piRNA-I for Importin-5, the
5’-end nt of the Fem piRNA sequence is not identical to the
corresponding nt of the Calcineurin mRNA sequence (Fig.
4A), which has been shown not to affect the cleavage efficien-
cy by PIWI proteins (Wang et al. 2014). We performed deep
sequencing of total piRNA libraries prepared from BmN-4
cells transfected with plasmids expressing pre-piRNA-C
and pre-piRNA-C-nc (negative control, Fig. 4B). The length
distribution was almost the same as that of naive BmN-4 cells
(Supplemental Fig. S2G,H; Kawaoka et al. 2009; Izumi et al.
2013). We detected production of huge amounts of pre-
piRNA-C-derived piRNA (piRNA-C), whereas much less
Calcineurin-derived piRNA (piRNA-D) was observed (Fig.
4C,D). The 10-nt overlap between piRNA-C and piRNA-D,
i.e., a ping-pong signature, was also detected (Fig. 4E). In ad-
dition, both piRNA-C and piRNA-D were barely detected in
pre-piRNA-C-nc transfected cells (Fig. 4F). Collectively, sim-
ilar to the artificial piRNA for Importin-5, Calcineurin
mRNA-derived piRNAs can be produced by a “ping-pong”
cascade in BmN-4 cells, although the efficiency of piRNA-
D production from Calcineurin mRNA is very low.

Finally, we asked whether the artificial “ping-pong” cas-
cade can be recapitulated in BmN-4 cells from the “pong”
cascade mediated by cleavage with the Masc piRNA-
BmAgo3 complex instead of the Fern piRNA-Siwi complex,
which controls the “ping” cascade. We designed an artificial
piRNA precursor that can be cleaved by the endogenous Masc
piRNA-BmAgo3 complex (Fig. 5A). We constructed a plas-
mid expressing an artificial piRNA precursor (pre-piRNA-A)
for Actin A3 mRNA. We performed deep sequencing of total
piRNA libraries from pre-piRNA-A and pre-piRNA-A-nc
(negative control that was designed not to be targeted by
the Masc piRNA-BmAgo3 complex, Fig. 5B) and found
that the length distribution of total piRNAs was normal in

both libraries (Supplemental Fig. S2I,J; Kawaoka et al.
2009; Izumi et al. 2013). Additionally, piRNA sequencing re-
vealed production of pre-piRNA-A-derived piRNA (piRNA-
A) and Actin-derived piRNA (piRNA-B) in pre-piRNA-A
transfected cells (Fig. 5C-E). Production of piRNA-B was
rarely observed in pre-piRNA-A-nc transfected cells (Fig.
5D,F). These results demonstrate that the piRNA biogenesis
cascade from “pong” to “ping” is recapitulated in our BmN-
4-based system, providing additional experimental evidence
for the existence of the piRNA “ping-pong” cascade in this
piRNA-expressing cell line.

In our system, the amount of Importin-5 mRNA was barely
affected with transfection of the piRNA precursor (Fig. 3E).
On the other hand, Calcineurin and Actin A3 mRNA levels
were slightly but significantly reduced by transfecting plas-
mids expressing piRNA precursors (Figs. 4G, 5G). Because
the amount of piRNA-I was comparable to that of piRNA-C
(Figs. 1F, 4C), there are other factors that are involved in si-
lencing efficiency by artificial piRNAs. Based on previous
studies (Kawaoka et al. 2012; Itou et al. 2015), introduction
of long antisense transgenes is more efficient to knockdown
endogenous genes by artificial piRNAs compared with ex-
pression of specific piRNA precursors that produce a single
artificial piRNA. We also observed that the amount of
Calcineurin-derived piRNA (piRNA-D) was much less than
that of the Importin-5-derived piRNA (piRNA-J), although
the level of piRNA-C, which produces piRNA-D by cooperat-
ing with BmAgo3, was comparable to that of piRNA-I
(Figs. 1F,G, 4C,D). These results suggest that efficiency of
piRNA production might be dependent on the target se-
quence but not the amount of Siwi-loaded artificial
piRNAs. Alternatively, Calcineurin mRNA may contain se-
quences that inhibit efficient production and/or stability of
mature piRNAs. Using the Calcineurin mRNA as a model,
we are now attempting to identify the sequence properties
buried in piRNA precursors that determine the cleavage effi-
ciency or amount of the resulting mature piRNAs.

Primary piRNA production from the upstream
region of the artificial piRNA production locus
in an endogenous gene

Recent studies in Drosophila and mice revealed that Zucchini/
MitoPLD cleaves piRNA precursors and produces the 3’-end
of the upstream primary piRNA and downstream “phased”
primary piRNAs (Han et al. 2015; Homolka et al. 2015;
Mohn et al. 2015). Primary piRNA production from the up-
stream region of the “ping-pong” loci of the exogenous re-
porter was also observed in BmN-4 cells transfected with
reporter cassettes containing multiple piRNA-dependent
cleavage sites (Homolka et al. 2015). We investigated whether
primary piRNAs are similarly produced from the artificial
piRNA production locus in an endogenous gene Importin-
5. Three kinds of 1U primary piRNAs were produced from
~40-nt upstream of the “ping-pong” site of this gene in
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BmN-4 cells transfected with pre-piRNA-I but not pre-
piRNA-I-nc (Fig. 6A,B). Production of downstream
“phased” primary piRNAs was not observed in transfected
cells (Fig. 6A,B). We did not clearly detect primary piRNAs
from the upstream region of the artificial piRNA production
loci in Calcineurin and Actin A3 presumably because of low
production of the artificial piRNA from these genes (Figs.
4D, 5D).

Defining the base-pairing required for target
sequence recognition by the piRNA-PIWI
protein complex

Base-pairing of nts 2-22 at the 5-end of piRNA target se-
quence is sufficient for efficient target cleavage by the PTWI
protein in mice (Reuter et al. 2011). We aimed to define pre-
cisely the base-pairing required for target sequence recogni-
tion by the piRNA-PIWI protein complex using our
system. We constructed 15 plasmids expressing pre-piRNA-
I derivatives, which contained sequential nucleotide mis-
matches in complementary sequences of Importin-5 (Fig.
7A). We transfected BmN-4 cells with plasmids expressing
pre-piRNA-I, pre-piRNA-I-nc, or pre-piRNA-I derivatives,
prepared small RNA fractions and performed RT-qPCR for
piRNA-J. We found that 17-nt base-pairing of the 5'-end is
necessary and 22-nt base-pairing is sufficient for piRNA-J
production (Fig. 7B). These results clearly demonstrate that
this system is a powerful tool to identify the factors required
for piRNA production.

Recently, it was reported that piRNAs target protein-cod-
ing genes in spite of low stringent interactions (Vourekas
etal. 2016). In our artificial system, we detected cleaved, ma-

pre-piRNA-I

61.37
A

>

piRNA-J

UggUgACgUACAgUUNGCAgOCgEcuge

start sites (normalized)
00 05 1.0 15 20

ture piRNAs by piRNA sequencing or RT-qPCR, whereas
Vourekas’s study detected the piRNA-mRNA interactions
but not their cleavage events. Also, we designed piRNA target
sequences with nucleotide mismatches after completely
identical sequences (Fig. 7A), which might not be consistent
with most of the interactions observed between piRNAs and
endogenous targets. To verify whether less stringent interac-
tions between piRNAs and mRNAs are sufficient for piRNA
production, further experiments are required by transfecting
more plasmids with other types of nucleotide mismatches in
pre-piRNA sequences in our artificial system.

Conclusions

Transgenic insertion and expression of reporter cassettes into
a specific piRNA cluster or unknown piRNA-generating loci
produced piRNAs from both strands of the entire transgene
cassette, including the plasmid backbone (Kawaoka et al.
2012; Ttou et al. 2015; Kuramochi-Miyagawa and Nakano
2015; Shoji and Katsuma 2015). These artificial piRNAs
have “ping-pong” signatures; however, such systems do not
completely trace the behavior of each artificial piRNA. In
our system, we used a one-to-one ping-pong pair, Fern and
Masc piRNAs, and succeeded in producing a predesigned,
specific artificial piRNA that individually enabled us to mon-
itor artificial piIRNAs. We were also able to separately observe
the active “ping” and “pong” cascades (Fig. 8A,B). Using this
monitoring system for artificial piRNAs, it might be possible
to identify the factors involved in both, or each, of the “ping”
and “pong” cascades as well as the sequence properties re-
quired for efficient production of “ping-pong” piRNAs and
“ping-pong”-triggered primary piRNAs.

MATERIALS AND METHODS

Design and construction
of plasmids expressing piRNA
precursors

The piRNA precursors for artificial piRNAs
were designed as shown in Figures 1, 4, 5,

Importin-5 (2812-2912)

m

pre-piRNA-I-nc

start sites (normalized)
00 05 10 15 20

Importin-5 (2812-2912)

FIGURE 6. Primary piRNA production from the upstream region of the artificial piRNA pro-
duction locus in the silkworm Importin-5 gene. Three 1U primary piRNAs were detected at
~40 nt upstream of the artificial “ping-pong” site of the Importin-5 gene.
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and 7. The oligonucleotides listed in
Supplemental Table S3 were annealed and
cloned into BamHI and HindIII sites of the
pIEX-4 vector (Novagen).

Cell line and transfection

BmN-4 cells were cultured at 27°C in IPL-41
medium (Applichem) supplemented with
10% fetal bovine serum. Transfection of
BmN-4 cells with plasmid DNAs was per-
formed using FuGENE HD (Promega).
Three days after transfection, cells were har-
vested and used for total RNA or piRNA
preparation.
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FIGURE 7. 3’ Sequences required for target recognition by the piIRNA—
PIWI complex. (A) Nucleotide sequences of piRNA-I derivatives pos-
sessing identical (green) and different (blue) nucleotides to those of a
complementary sequence of Importin-5 (red). (B) Expression levels of
piRNA-J in BmN-4 cells transfected with pre-piRNA-I derivatives. The
piRNA-J amounts were measured by RT-qPCR and normalized to those
of let-7. Data shown are mean + standard deviation (n=4). (*) P<0.05
with the Mann-Whitney U test followed by the Benjamini-Hochberg
correction method to control the false discovery rate.

Preparation of small RNA libraries

Total RNA was prepared from BmN-4 cells using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. Ten micro-
grams of total RNA was loaded onto 15% denaturing polyacryl-
amide gels containing 10 M urea, separated by electrophoresis,
and then stained with SYBRGold (Invitrogen). Small RNAs were re-
covered using the ZR small-RNA PAGE Recovery Kit (ZYMO
Research). Small RNA libraries were constructed using the small
RNA Cloning Kit (TaKaRa). DNA sequencing was performed using
the Ilumina HiSeq 2500 platform.

Sequence analysis of cloned small RNAs

Mlumina HiSeq 2500 sequencing generated small RNA reads of 36 nt
in length. The 3’-adaptor sequences were identified and removed,
allowing for up to two mismatches. Reads shorter than 23 nt or lon-
ger than 32 nt were excluded, thereby obtaining reads of 23-32 nt.
Mapping small RNAs to the Bombyx genome (International
Silkworm Genome Consortium. 2008) or 1811 Bombyx transposons
(Osanai-Futahashi et al. 2008) was performed using bowtie

(Langmead et al. 2009). Reads that could be aligned to the genome
or transposons up to one mismatch were used to calculate the map-
ping rate of each library (Supplemental Table S4). Mapping rates
against 1811 transposons were used for normalization. Sam files
were converted to bam files by SAMtools (Li et al. 2009b) and
then to bed files by BEDTools (Quinlan and Hall. 2010). 5’-End po-
sitions for each piRNA were obtained from bed files using hand-
made R programs. Basic information on each piRNA library is
provided in Supplemental Tables S1, S2, and S4.

Immunoprecipitation of Siwi-bound
and BmAgo3-bound piRNAs

Immunoprecipitation of Siwi-bound and BmAgo3-bound piRNAs
was performed using anti-Siwi and anti-BmAgo3 antibodies

A
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piRNA-I
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Fem piRNA
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pre-piRNA-I
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cycle

ping

Actin A3

FIGURE 8. Proof-of-concept evidence for the piRNA “ping-pong” am-
plification cascade. (A) Artificial piRNA production triggered from the
“ping” cascade. Exogenous pre-piRNA-I mRNA is cleaved by the endog-
enous Fem piRNA-Siwi complex. The resulting 3’ pre-piRNA-I mRNA
fragment is loaded into BmAgo3, thus producing the piRNA-I-BmAgo3
complex. The piRNA-I-BmAgo3 complex cleaves the endogenous silk-
worm Importin-5 mRNA. The 3’ fragment of the cleaved Importin-5
mRNA is loaded into another PIWI protein Siwi, thus producing the
piRNA-J-Siwi complex. (B) Artificial piRNA production triggered
from the “pong” cascade. Exogenous pre-piRNA-A mRNA is recognized
and cleaved by the endogenous Masc piIRNA-BmAgo3 complex. The re-
sulting 3’ pre-piRNA-A mRNA fragment is loaded into Siwi, thus pro-
ducing the piRNA-A-Siwi complex. The piRNA-A-Siwi complex
recognizes and cleaves the endogenous silkworm Actin A3 mRNA. The
3’ fragment of the cleaved Actin A3 mRNA is loaded into another
PIWI protein BmAgo3, thus producing the piRNA-B-BmAgo3 complex.
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(Kawaoka et al. 2009), respectively. IPed piRNAs were isolated using
TRIzol reagent, electrophoresed and stained with SYBRGold. Small
RNA libraries were constructed as described above. Basic informa-
tion on each IPed piRNA library is provided in Supplemental
Tables S1, S2, and S4.

Modified RACE

5'-Ends of mRNA-derived RNA fragments were determined by a
modified RACE procedure (Watanabe et al. 2011), with the primers
listed in Supplemental Table S3.

RT-gPCR

Total RNA was subjected to reverse transcription with avian myelo-
blastosis virus reverse transcriptase and oligo(dT) primer (TaKaRa).
RT-qPCR was performed using the KAPA SYBR FAST qPCR Kit
(Kapa Biosystems) and the specific primers listed in Supplemental
Table S3.

Small RNA fractions were enriched with the aid of a mirVana
miRNA Isolation Kit (Ambion) according to the manufacturer’s in-
struction. Reverse transcription and following qPCR for piRNA-J
and let-7 were performed as described previously (Kawaoka et al.
2011b) with the specific primers listed in Supplemental Table S3.

DATA DEPOSITION

Deep sequencing data obtained in this study are available under the
accession number DRA004111 (DDBJ).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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