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The two Gtsf paralogs in silkworms orthogonally activate
their partner PIWI proteins for target cleavage
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ABSTRACT

The PIWI-interacting RNA (piRNA) pathway is a protection mechanism against transposons in animal germ cells. Most PIWI
proteins possess piRNA-guided endonuclease activity, which is critical for silencing transposons and producing new
piRNAs. Gametocyte-specific factor 1 (Gtsf1), an evolutionarily conserved zinc finger protein, promotes catalysis by
PIWI proteins. Many animals have multiple Gtsf1 paralogs; however, their respective roles in the piRNA pathway are
not fully understood. Here, we dissected the roles of Gtsf1 and its paralog Gtsf1-like (Gtsf1L) in the silkworm piRNA path-
way. We found that Gtsf1 and Gtsf1L preferentially bind the two silkworm PIWI paralogs, Siwi and BmAgo3, respectively,
and facilitate the endonuclease activity of each PIWI protein. This orthogonal activation effect was further supported by
specific reduction of BmAgo3-bound Masculinizer piRNA and Siwi-bound Feminizer piRNA, the unique piRNA pair re-
quired for silkworm feminization, upon depletion of Gtsf1 and Gtsf1L, respectively. Our results indicate that the two

Gtsf paralogs in silkworms activate their respective PIWI partners, thereby facilitating the amplification of piRNAs.
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INTRODUCTION

PIWl-interacting RNAs (piRNAs) play a central role in trans-
poson silencing in animal germ cells, thereby maintaining
their genome integrity and ensuring their proper develop-
ment. piRNAs are ~24—31 ntin length and guide PIWI-clade
Argonaute (Ago) proteins to complementary targets, re-
pressing their expression at the transcriptional and post-
transcriptional levels (lwasaki et al. 2015; Ozata et al.
2019). Most PIWIs possess the endonuclease activity called
“slicer” and can directly cleave target RNAs (Brennecke etal.
2007; Gunawardane etal. 2007; De Fazio etal. 2011; Reuter
etal. 2011). PIWIl-catalyzed RNA cleavage not only silences
target transposons but also produces new piRNAs (Ozata
etal. 2019); target cleavage by a piRNA-guided PIWI protein
(e.g., Siwi in silkworms; Aubergine [Aubl] in flies) produces a
long precursor of a new complementary piRNA (called pre-
pre-piRNA), which is loaded into another PIWI protein (e.g.,
BmAgo3in silkworms; Ago3 inflies) with its 5 end anchored.
PIWI-loaded pre-pre-piRNAis then cleaved ata downstream
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position by the endonuclease Zucchini (Zuc) or by another
PiRNA-guided PIWI protein, resulting in the production of
a shorter precursor (called pre-piRNA) (Gainetdinov et al.
2018; Ozata et al. 2019; lzumi et al. 2020). The 3’ end of
pre-piRNA is further shortened by the exonuclease
Trimmer (PNLDC1 in mice) and methylated by the 2'-O-
methyltransferase Hen1 (HENMT1 in mice) to generate a
mature piRNA (Horwich et al. 2007; Kirino and Mourelatos
2007; Saito et al. 2007; lzumi et al. 2016; Ding et al. 2017;
Zhang et al. 2017; Nishimura et al. 2018). This piRNA bio-
genesis pathway, which depends on reciprocal target cleav-
age by a pair of PIWI proteins, is called the ping-pong cycle.
Since PIWI proteins cleave target RNAs at the specific posi-
tion across the 10th and 11th nucleotides of the guiding
PiRNA, piRNA pairs produced by the ping-pong cycle
show a 10-nt complementary overlap at their 5’ ends. In ge-
neral, “ping” PIWI proteins (e.g., Siwi in silkworms; Aub in
flies) preferentially bind piRNAs with 5’ uracil (1U), and their
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Orthogonal roles of Bombyx Gtsf paralogs

partner “pong” PIWI proteins (e.g., BmAgo3 in silkworms;
Ago3 in flies) are loaded with piRNAs bearing adenine at
the 10th nucleotide (10A) through the ping-pong cycle
(Brennecke et al. 2007; Gunawardane et al. 2007;
Kawaoka et al. 2009; Wang et al. 2014; Nishida et al.
2015). Coupled with the ping-pong cycle, the 3’ fragment
of the cleavage products by Zuc is loaded into the next
PIWI protein (e.g., Siwi in silkworms; Piwi and Aub in flies)
as a new pre-pre-piRNA, which is then cleaved at a down-
stream position again and processed into a mature piRNA.
As a result, a series of “trailing” piRNAs are consecutively
produced in the downstream region (Han et al. 2015;
Mohn et al. 2015; Gainetdinov et al. 2018; Ozata et al.
2019). PIWI proteins and other piRNA biogenesis factors of-
ten localize to perinuclear membrane-less granules (called
“nuage”), processing bodies (P-bodies), and/or mitochon-
drial surfaces (lwasaki et al. 2015; Ozata et al. 2019). Some
factors shuttle between different compartments during
PiIRNA biogenesis (Ge et al. 2019), and dynamic subcellular
partitioning of piRNA factors is important for the fidelity of
PiRNA production (Chung et al. 2021).

Gametocyte-specific factor 1 (Gtsf1), an evolutionarily
conserved small zinc finger protein, has been characterized
as an essential piRNA factor in mice and flies (lpsaro and
Joshua-Tor 2022). The Drosophila homolog of Gtsf1,
Asterix, binds Piwi and functions in Piwi-mediated transcrip-
tional silencing in the nucleus, while asterix mutant has no
apparent effects on the piRNA biogenesis (Dénertas et al.
2013; Muerdteretal. 2013; Ohtani etal. 2013). On the other
hand, mouse GTSF1 is required for the production of
MIWI2-bound piRNAs, and Gtsf1 knockout (KO) exhibits
similar phenotypes as Miwi2 KO (Yoshimura et al. 2009,
2018). In silkworms, loss of Gtsf1 causes defects in gameto-
genesis, sex determination, and transposon silencing ac-
companied by down-regulation of piRNAs (Chen et al.
2020). Recently, it was reported that mouse GTSF1 potenti-
atesthe otherwise poorendonucleolytic activity of MIWI and
MILI, and that silkworm Gtsf1 has a similar activity for Siwi but
notforBmAgo3 (Arif etal. 2022). Considering that sex deter-
mination in silkworms is mediated by a unique Siwi-bound
PiRNA called Feminizer (Fem) piRNA (Kiuchi et al. 2014),
the phenotypes observed in silkworm Gtsfl mutant may
be explained by the dysfunction of Siwi catalysis.

Many animals possess multiple Gtsf paralogs; flies have
four (Gtsf1/Asterix, CG14036, CG32625, and CG34283),
mice have three (GTSF1, GTSF1L, and GTSF2), and
silkworms have two (Gtsfl and Gtsfl-like [Gtsf1L])
(Supplemental Fig. 1A). However, their respective roles in
the piRNA pathway are not fully understood. Here, we dis-
sected the role of the two Gtsf paralogs in silkworms in the
PiIRNA pathway, using a silkworm ovarian cell line called
BmN4 and silkworm embryos. We found that Gtsf1 and
Gtsf1L preferentially bind the two silkworm PIWI proteins,
Siwiand BmAgo3, respectively, and promote the sliceractiv-
ity of each PIWI protein. Their orthogonal action on the part-

ner PIWI protein was further supported by specific reduction
of Masculinizer (Masc) and Fem piRNAs, the ping-pong pair
required for silkworm sex determination, in depletion of
Gtsf1 and Gtsf1L, respectively. These results suggest that
the two Gtsf paralogs in silkworms independently function
in the ping-pong cycle by facilitating the slicer activity of
the respective partner PIWI proteins.

RESULTS AND DISCUSSION

Gtsf1 and Gtsf1L bind and activate Siwi and
BmAgo3, respectively

Silkworms have two Gtsf1 paralogs, Gtsf1 and Gtsf1-
like (Gtsf1l), which have the characteristic tandem
CHHC-type zinc-finger domains and show 27.8% similarity
(Supplemental Fig. 1B). We have recently reported that silk-
worm Gtsf1 promotes the slicer activity of Siwi but not that of
BmAgo3 (Arif etal. 2022). Consistent with this, physical inter-
action between Gtsf1 and Siwi has been demonstrated
(Chen etal. 2020). On the other hand, the function of Gtsf1L
remains unclear. To see if Gtsf1L binds any PIWI protein(s),
we transiently expressed epitope-tagged Gtsf1 or Gtsf1L
in BmN4 cells and examined the interaction with endoge-
nous Siwi and BmAgo3. Gtsf1 was preferentially immuno-
precipitated with Siwi, while GtsflL more specifically
interacted with BmAgo3 (Fig. 1A). Although a small amount
of Gtsfl or GtsflL was also coimmunoprecipitated with
BmAgo3 or Siwi, respectively, the canonical interactions
(Siwi-Gtsf1 and BmAgo3-Gtsfil) were more resistant to
the RNase treatment than the noncanonical interactions
(BmAgo3-Gtsfl and Siwi-Gtsf1L). This orthogonal in-
teraction was also supported by AlphaFold-Multimer (Sup-
plemental Fig. 1C,D), and the carboxy-terminal structure
of Gtsf1 and Gtsf1L was predicted with higher reliability
when complexed with Siwi and BmAgo3, respectively (Sup-
plemental Fig. 1E,F). In contrast, interactions between Gtsf
proteins and AGO-clade Argonaute proteins, BmAgo1
and BmAgo2, were not predicted by AlphaFold-Multimer
(Supplemental Fig. 1C,D). As with mouse GTSF1, which
directly interacts with TDRD? [Spindle-E (SpnE) ortholog in
mice] (Yoshimura et al. 2018), SpnE was also preferentially
coimmunoprecipitated with Gtsf1 (Fig. 1A; Supplemental
Fig. 1G).

Considering this different binding preference, we reex-
amined the effect of recombinant Gtsf proteins on the slic-
er activity of Siwi or BmAgo3 in vitro. We first prepared a
target RNA complementary to an endogenous Siwi-bound
piRNA and monitored target cleavage by Siwi immunopre-
cipitates in the presence or absence of recombinant Gtsf1
or Gtsf1L (Fig. 1B; Supplemental Fig. 1H). As previously re-
ported (Arif et al. 2022), we confirmed that Gtsf1 but not
Gtsf1L promotes target cleavage by Siwi (Fig. 1B). In the
previous study, the target cleavage activity by BmAgo3
was extremely inefficient, making it difficult to conclusively
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FIGURE 1. Gtsf1 and Gtsf1L bind Siwi and BmAgo3, respectively,
and activate each PIWI protein. (A) Western blot analysis of immuno-
precipitated tagged-Gtsf1 and -Gtsf1L from BmN4 cells. After immu-
noprecipitation, the sample was divided into two and one half was
treated with RNase A. (B,C) In vitro target cleavage assay of immuno-
precipitated Siwi (B) or BmAgo3 (C) from BmN4 cells. Target RNA
against an abundant endogenous Siwi- (B) or BmAgo3-bound (C)
piRNA was used. The graphs show the fraction cleaved normalized
to that of the buffer-only sample. The values are means of three inde-
pendent experiments. Dots, individual values. Paired t-test with
Bonferroni adjusted P-values are 0.0046 (Buffer vs. Gtsf1 in B),
0.0049 (Gtsf1 vs. Gtsf1L in B), 0.04 (Buffer vs. Gtsf1L in C), and
0.039 (Gtsf1 vs. Gtsf1L in C). N.S., not significant.

examine the activity of Gtsf1L (Arif et al. 2022). We there-
fore searched for a better target sequence for an endoge-
nous BmAgo3-bound piRNA. By using this new target, we
could detect modest but significant enhancement of
BmAgo3-mediated target cleavage by Gtsf1L but not by
Gtsf1 (Fig. 1C). Taken together, these data suggest that
Gtsf1 and GtsfiIL specifically interact with Siwi and
BmAgo3, respectively, and facilitate the slicer activity of
each PIWI protein.

20 RNA (2023) Vol. 29, No. 1

Gtsf1 and Gtsf1L accumulate in the complex
of catalytically inactive Siwi and BmAgo3,
respectively

Because both Gtsf1 and Gtsf1L are expected to function in
the catalytic process of PIWI proteins (Fig. 1B,C; Arif et al.
2022), we next examined their interaction with PIWI cata-
lytic mutants. We coexpressed epitope-tagged Gtsf1
and wild-type (WT) or catalytically inactive (D670A) Siwi
in BmN4 cells, and immunoprecipitated Gtsf1. Compared
to Siwi-WT, Siwi-D670A showed markedly increased asso-
ciation with Gtsf1 (Fig. 2A). Although Gtsf1 was broadly
distributed in the nucleus and cytoplasm with little coloc-
alization with Siwi-WT, Gtsf1 showed partial but clear
colocalization with Siwi-D670A granules (Fig. 2B), suggest-
ing that Siwi-D670A traps Gtsf1. We previously reported
that Siwi-D670A localizes to P-bodies with SpnE (Chung
etal. 2021). In addition, in mouse gonocytes, GTSF1 local-
izes to piP-bodies (Yoshimura et al. 2018), which share
components with P-bodies, together with MIWI2, TDRD?
(SpnE ortholog in mice) and MAEL (Aravin et al. 2009).
Since Gtsf1 interacts with SpnE and Mael (Fig. 1A), we
expected that Gtsf1 trapped by Siwi-D670A is localized
to P-bodies. Indeed, we observed granular colocalization
among Siwi-D670A, Gtsf1, and Dcp2, a P-body marker
(Fig. 2C). In contrast, colocalization between Gtsf1 and
Dcp2 was not detected when Siwi-WT was expressed
(Fig. 2C). Thus, Gtsf1 is not a stable resident of P-
bodies but can be trapped in P-bodies by catalytically inac-
tive Siwi.

We next investigated the association between Gtsf1L
and the catalytic mutant of BmAgo3 (D697A). We coex-
pressed epitope-tagged BmAgo3-WT or -D697A and
Gtsf1L in BmN4 cells, and immunoprecipitated BmAgo3.
The steady-state level of Gtsf1L was greatly increased by
the coexpression of BmAgo3-D697A (Fig. 2D, input).
Correspondingly, coimmunoprecipitation of Gtsf1L with
BmAgo3-D697A was markedly higher than that with
BmAgo3-WT (Fig. 2D). Unlike Gtsf1, Gtsf1L was well colo-
calized with BmAgo3 granules regardless of the catalytic
activity of BmAgo3 (Fig. 2E). The catalytic mutation of
BmAgo3 slightly intensified the BmAgo3-Gtsf1L granules,
and also increased the granule formation of Siwi, a part of
which partially overlapped with BmAgo3 and Gtsf1L (Fig.
2E, BmAgo3-D697A).

We next examined the behavior of Gtsf1L in Siwi knock-
down (KD), where the handover of RNAs from BmAgo3 to
Siwi in the ping-pong cycle is inhibited (Nishida et al.
2020), thereby creating an analogous situation as the cat-
alytic inactivation of BmAgo3. Similar to the overexpres-
sion of BmAgo3-D697A, Siwi-KD increased the steady-
state abundance of GtsflL and its association with
BmAgo3 (Supplemental Fig. 2A). Given that Siwi-KD is re-
ported to cause accumulation of BmAgo3-mediated cleav-
age fragments in the BmAgo3 complex (Nishida et al.
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FIGURE 2. Gtsf1 and Gtsf1L show increased association with catalytically inactive Siwi and BmAgo3, respectively. (A) Western blot analysis of the
interaction between Gtsf1-FLAG and HA-tagged wild-type (WT) Siwi or catalytically inactive Siwi-D670A. (B) Subcellular localization of Gtsf1-
FLAG coexpressed with mCherry-Siwi or -Siwi-D670A. Scale bar, 5 um. (C) Subcellular localization of Gtsf1-FLAG coexpressed with mCherry-
Siwi or -Siwi-D670A, and HA-Dcp2, a P-body marker. Scale bar, 5 pm. (D) Western blot analysis of the interaction between Gtsf1L-HA and
FLAG-tagged wild-type (WT) BmAgo3 or catalytically inactive BmAgo3-D697A. (E) Subcellular localization of Gtsf1L-HA coexpressed with

mCherry-BmAgo3 or -BmAgo3-D697A. Scale bar, 5 pm.

2020), Gtsf1L may stay bound to BmAgo3 after the target
cleavage until the cleavage fragments are handed over to
Siwi. In agreement with the increased association, Gtsf1L
strongly accumulated in the enlarged BmAgo3 granules in
Siwi-KD (Supplemental Fig. 2B). In contrast to Gtsf1L, nei-
ther the Gtsf1-Siwi interaction nor their colocalization was
changed by BmAgo3-KD (Supplemental Fig. 2C,D). The dif-
ferent behavior of Gtsf1 and Gtsf1L in BmAgo3-KD or Siwi-
KD may reflect the fact that Siwi, but not BmAgo3, can op-
erate homotypic ping-pong, especially in the absence of
the counterpart PIWI protein (N Izumi, K Shoji, T Kiuchi, S
Katsuma, and Y Tomari, unpubl.) similarly to Aub:Aub homo-
typic ping-pong in ago3 mutant flies (Li et al. 2009a). In sum,
our observations that Gtsf1 and Gtsf1L accumulate in the
complex of their catalytically inactive PIWI partner under-
score their roles in the PIWI catalytic process.

Loss of Gtsf1 and Gtsf1L reduces Masc
and Fem piRNAs, respectively

In silkworms, the ping-pong cycle normally operates be-
tween Siwi and BmAgo3 (Kawaoka et al. 2009; Nishida
et al. 2015). If Gtsf1 and Gtsf1L promote the slicer activity
of Siwi and BmAgo3, respectively, loss of Gtsf1 and Gtsf1L
should differently affect Siwi- and BmAgo3-bound piRNAs.
We therefore sequenced small RNAs from BmN4 cells treat-
ed with dsRNA for Gtsf1 or Gtsf1L. Either knockdown mod-
estly decreased total mature piRNAs and the strength of the
ping-pong signature, suggesting the impairment of the
ping-pong cycle (Supplemental Fig. 3A,B). Because Siwi-
and BmAgo3-bound piRNAs have the 1U and 10A bias, re-
spectively (Kawaoka et al. 2009; Nishida et al. 2015), we next
examined the change in 1U (but not 10A) and 10A (but not
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1U) piRNAs. Gtsf1-KD modestly decreased both 1U- and
10A-piRNAs, while Gtsf1L-KD caused more severe reduc-
tion of 1U-piRNAs than 10A-piRNAs (Fig. 3A,B). The ping-
pong piRNAs are generally mapped densely in discrete ge-
nomic loci and their production can be heavily influenced by
neighboring piRNAs; the 3" end processing of a piRNA is of-
ten mediated by another piRNA-guided cleavage in the
downstream region (Hayashi et al. 2016; Izumi et al. 2020).
Therefore, we focused on an isolated, well-defined ping-
pong pair, Femand Masc piRNAs, which determine female-
ness in silkworms (Fig. 3C). Fem piRNA, deriving from the W
chromosome, is exclusively loaded into Siwi and cleaves
Masc mRNA, leading to the reduction of Masc protein and
the suppression of masculinization (Kiuchi et al. 2014).
Fem piRNA-mediated cleavage of Masc mRNA produces
BmAgo3-bound Masc piRNA, which in turn cleaves Fem
RNA and amplifies Fem piRNA via the ping-pong cycle (Kiu-
chietal. 2014). No other evident ping-pong pair is found on
FemRNA and Masc mRNA, thus the effect from neighboring
PiRNAs can be ignored. Strikingly, Gtsf1-KD and Gtsf1L-KD
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specifically decreased Masc piRNA and Fem piRNA, respec-
tively (Fig. 3C). This data supports the idea that Gtsf1 acti-
vates Siwi to promote the production of BmAgo3-bound
Masc piRNA, while Gtsf1L activates BmAgo3 to promote
the production of Siwi-bound Fem piRNA. Considering
that both Fem and Masc piRNAs are reduced in Gtsf1 knock-
out (KO) silkworms (Chen et al. 2020), our transient knock-
down method is probably more suitable to observe the
direct (first-round) effect of the two Gtsf proteins on the piR-
NA biogenesis.

Gtsf1 and Gtsf1L independently function in the
ping-pong cycle in vivo

In the early embryonic stages of silkworms, maternally inher-
ited piRNAs initiate acute and massive amplification of new
PiRNAs via the ping-pong cycle (Kawaoka etal. 2011). In this
regard, silkworm embryos may be better suited to monitor
the effect of Gtsf proteins in the ping-pong cycle, compared
to the cell line BmN4, where piRNAs are constantly
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FIGURE 3. Knockdown of Gtsf1 and Gtsf1L decreases Masc and Fem piRNAs, respectively. (A) Normalized reads of 1U (but not 10A) or 10A (but
not 1U) small RNA from BmN4 cells transfected with dsRNA for Renilla luciferase (Rluc, control), Gtsf1 or Gtsf1L. (B) Box plots showing the expres-
sion change of 1U (but not 10A) and 10A (but not 1U) piRNAs by knockdown of Gtsf1 or Gtsf1L relative to control knockdown in BmN4 cells.
Center line, median; box limits, upper and lower quartiles; whiskers, 1.5 x interquartile range; points, outliers. (C) Schematic representation of
the production of Fern and Masc piRNAs via the ping-pong cycle (left). The expression of Fem and Masc piRNAs in Gtsf1- or Gtsf1L-knockdown

(right).
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produced and influencing each other in a steady state. To
see if Gtsf1 and Gtsf1L function in a PIWI-type specific man-
ner in vivo, we injected siRNAs against Gtsf1 or Gtsf1L into
silkworm embryos (Supplemental Fig. 4A) and examined
PIRNA production after 120 h post-injection. We prepared
small RNA libraries from the embryos with two biological

replicates per each knockdown condition. Consistent
with the result in BmN4 cells, Gtsf1-KD and Gtsf1L-KD re-
duced the strength of the ping-pong signature (Supplemen-
tal Fig. 4B). Moreover, Masc and Fem piRNA were
specifically decreased by Gtsf1-KD and Gtsf1L-KD, respec-
tively (Fig. 4A), confirming the orthogonal functions of the
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FIGURE 4. Gtsf1 and Gtsf1L separately function in the ping-pong cycle in vivo. (A) The expression of Fem and Masc piRNAs in silkworm embryos
injected with siRNAs for GFP (control), Gtsf1 or Gtsf1L. The values are means of two biological replicates. Dots, individual values. (B) Normalized
reads of 1U (but not 10A) or 10A (but not 1U) small RNA from silkworm embryos injected with siRNAs for GFP (control), Gtsf1 or Gtsf1L. The values
are means of two biological replicates. Dots, individual values. (C) Box plots showing the expression change of 1U (but not 10A) and 10A (but not
1U) piRNAs by knockdown of Gtsflor Gtsf1L relative to GFP (control) knockdown in embryos. Center line, median; box limits, upper and lower
quartiles; whiskers, 1.5 x interquartile range; points, outliers. (D) Heatmap representation of relative changes in the 1U/10A strand bias between
six samples for each transposon. The 1U/10A strand bias tends to increase (i.e., relative reduction of 10A-biased BmAgo3 piRNA) and decrease
(i.e., relative reduction of 1U-biased Siwi piRNA) in Gtsf1- and Gtsf1L-knockdown, respectively. Two biological replicates per each knockdown
condition. (E) A model for the role of two silkworm Gtsf proteins in the ping-pong cycle. Gtsf1 and Gtsf1L contribute to the production of
BmAgo3- and Siwi-piRNAs by facilitating target cleavage of Siwi and BmAgo3, respectively.
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two Gtsf paralogs in vivo. We also observed that, in general,
1U (but not 10A) piRNAs are down-regulated by Gtsf1L-KD,
whereas 10A (but not 1U) piRNAs are decreased by Gtsf1-
KD (Fig. 4B,C). In silkworms, each transposon shows
different strand bias of 1U piRNAs (predominantly Siwi-piR-
NAs) and 10A piRNAs (predominantly BmAgo3-piRNAs)
(Kawaoka et al. 2009). Therefore, we focused on 775 trans-
posons in which 1U (but not 10A) piRNAs are disproportion-
ally enriched on either of the two strands (“1U strand”) while
10A (but not 1U) piRNAs are reciprocally enriched on the oth-
er strand (“10A strand”). We then calculated the ratio of
mapped piRNA reads on the 1U and 10A strands (“1U/10A
strand bias”) for each transposon and monitored the change
of the bias (Z-score) upon Gtsf1-KD or Gtsf1L-KD (Fig. 4D).
We found that, for nearly all the transposons analyzed,
Gtsf1-KD increased the 1U/10A strand bias (i.e., 10A [but
not 1U] piRNAs were more reduced than 1U [but not 10A]
piRNAs), while Gtsf1L-KD decreased the 1U/10A strand
bias (i.e., 1U [but not 10A] piRNAs were more down-regulat-
ed). These results strengthen the idea that Gtsf1 and Gtsf1L
orthogonally activate the target cleavage by Siwi and
BmAgo3, thereby promoting the production of BmAgo3-
bound and Siwi-bound piRNAs, respectively, in vivo.

In this study, we revealed that the two Gtsf paralogs in silk-
worms, Gtsf1 and Gtsf1L, individually function in the ping-
pong cycle by promoting the slicer activity of Siwi and
BmAgo3, respectively (Fig. 4E). In mice, GTSF1 accelerates
the target cleavage by MILI and MIWI, while the other two
GTSF paralogs, GTSF1L and GTSF2, can potentiate the cat-
alytic activity of MIWI, at least in vitro (Arif et al. 2022). How-
ever, double knockout mice of Gtsf1l and Gtsf2 exhibit no
defects in spermatogenesis and retrotransposon silencing
(Takemoto et al. 2016), suggesting that GTSF1 alone is
shared by MIWI and MILI for their catalytic activation in
mice. Onthe other hand, we found that the two Gtsf proteins
in silkworms have specific preferences for the two PIWI pro-
teins, respectively, and cannot compensate for each other.
Thus, silkworm Gtsf proteins have evolved to specialize for
each PIWI protein. Both Gtsf1 and Gtsf1L orthologs are
found in lepidoptera and mosquitos, therefore their sepa-
rate roles in the ping-pong cycle may be widely conserved
in these insects. Sequence comparison of Gtsf homologs
in multiple species has suggested that the diversity in their
carboxy-terminal unstructured region is involved in the
PIWI specificity (Arif et al. 2022). In agreement with this hy-
pothesis, the carboxy-terminal structures of Gtsfl and
Gtsf1L were predicted with higher confidence when com-
plexed with Siwi and BmAgo3, respectively, by AlphaFold-
Multimer (Supplemental Fig. 1E). Considering that the
steady state abundance of Gtsf1L is markedly increased by
coexpression of catalytically inactive BmAgo3 (Fig. 2D),
binding to BmAgo3 may stabilize the Gtsf1L protein itself.

How do Gtsf proteins accelerate target cleavage by PIWI?
A recent structural study in Ephydatia fluviatilis PIWI re-
vealed that after recognition of target RNA, extensive base
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pairing between piRNA and target RNA induces a confor-
mational change in PIWI (Anzelon et al. 2021). Accordingly,
ithas been proposed that such a catalytic competent state of
PIWI is stabilized by Gtsf1 (Arif et al. 2022). Indeed, Alpha-
Fold-Multimer predicts that both Gtsf proteins locate
around the catalytic PIWI domain (Supplemental Fig. 1F).
Moreover, the first zinc finger motif of mouse GTSF1, which
has RNA binding activity, is required to promote PIWI slicing
(Ipsaro etal. 2021; Arif et al. 2022). Therefore, it is likely that
Gtsf binds to the PIWI domain and the target RNA simulta-
neously to stabilize the catalytic competent conformation
of PIWI proteins. The observation that both silkworm Gtsf1
and Gtsf1L accumulate in the catalytically inactive PIWI com-
plex also supports the idea that Gtsf proteins have a higher
affinity to the target-bound state of PIWI proteins. Future
structural analysis of the Gtsf-PIWI complex is awaited to un-
derstand how Gtsf binding contributes to the structural
change of PIWIs during the target cleavage.

MATERIALS AND METHODS

Cell culture, plasmid transfection, and dsRNA
transfection in BmN4 cells

BmN4 cells were cultured at 27°C in IPL-41 medium (AppliChem)
supplemented with 10% fetal bovine serum. For immunoprecipita-
tion experiments, a total of 5-7.5 pg of plasmid and dsRNAs were
transfected into BmN4 cells (2-2.5 x 10° cells per 10 cm dish) with
X-tremeGENE HP DNA Transfection Reagent (Sigma), and the trans-
fected cells were harvested after 4 d. For cotransfection experiments,
the second transfection was performed 2 d after the first transfection,
and the cells were harvested after an additional 4 d. For immunoflu-
orescence experiments, a total of 0.4 pg of plasmid and dsRNAs
were transfected into BmN4 cells (4-6 x 10* cells per glass bottom
35 mm dish) with X-tremeGENE HP DNA Transfection Reagent
(Sigma), and cells were fixed 4 d later. For Supplemental Figure 2,
transfection was repeated 2 d later and cells were fixed 4 d after
the second transfection. For library preparation, 5 pg of dsRNAs
were transfected into BmN4 cells (8 x 10° cells per 10 cm dish)
with X-tremeGENE HP DNA Transfection Reagent (Sigma) every 3
d four times. dsRNA preparation was described previously (lzumi
et al. 2020). Template DNAs were prepared by PCR using primers
containing T7 promoter listed in Supplemental Table 1.

Plasmid construction

plZ-FLAG-BmAgo3, plZ-mCherry-Siwi, plZ-mCherry-Siwi-D670A,
plZ-mCherry-BmAgo3, and plZ-mCherry-BmAgo3-D697A were
described previously (Kawaoka et al. 2009; Chung et al. 2021).
The primer sequences for plasmid construction are listed in
Supplemental Table 1.

plExZ-Gtsf1-FLAG

cDNA fragment of Gtsf1 was amplified by RT-PCR from BmN4 to-
tal RNAs and cloned into plExZ vector (Izumi et al. 2020) by an In-
Fusion Cloning Kit (Takara).
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plZ-Gtsf1L-HA

A cDNA fragment of Gtsf1L was amplified by RT-PCR from BmN4
total RNAs and cloned into plZ vector by an In-Fusion Cloning Kit
(Takara).

plZ-HA-Siwi, Siwi-D670A, plZ-FLAG-BmAgo3-D697A

A DNA fragment coding HA-tagged Siwi was amplified by PCR
and cloned into plZ vector (Thermo Fisher/Invitrogen) by an In-
Fusion Cloning Kit (Takara). plZ-Siwi-D670A and plZ-BmAgo3-
D697A mutants were generated by site-directed mutagenesis.

plExZ-HA-Dcp2

A DNA fragment coding HA-tagged Dcp2 was amplified by PCR
and cloned into plEXZ vector (Izumi et al. 2020) by an In-Fusion
Cloning Kit (Takara).

pCold-Gtsf1-7His, pCold-Gtsf1L-6His

A DNA fragment coding carboxy-terminally His-tagged Gtsf1
or GtsflL was amplified by PCR and cloned into pCold
vector (Takara) by an In-Fusion Cloning Kit (Takara). For Gtsf1L,
the coding sequence was codon-optimized to Bombyx mori
using  EMBOSS Backtranseq (http://www.ebi.ac.uk/Tools/st/
emboss_backtranseq/), and a synthesized DNA fragment (Gen-
Script) was used as PCR template.

Antibodies and western blotting

Rabbit anti-Siwi, anti-BmAgo3, and anti-Mael antibodies were de-
scribed previously (Chung et al. 2021; Izumi et al. 2020). Rabbit
anti-SpnE antibody was generated by immunizing amino-termi-
nally His-tagged recombinant SpnE (aa 2-124). Anti-FLAG (M2,
Sigma), anti-HA (3F10, Roche), anti-a-Tubulin (B-5-1-2, Sigma) an-
tibodies were purchased. For Supplemental Figure 2, the anti-
BmAgo3 antibody was biotinylated using the Biotin Labeling
Kit-NH, (DOJINDO). Chemiluminescence was induced by
Luminata Forte Western HRP Substrate (Millipore) and images
were acquired by Amersham Imager 600 (GE Healthcare).

Immunoprecipitation

BmN4 cells were resuspended in buffer A [25 mM Tris-HCI (pH
7.4), 150 mM NaCl, 1.5 mM MgCl,, 0.15% Triton X-100, 0.5
mM DTT, 1x Complete EDTA-free protease inhibitor (Roche),
1x PhosSTOP (Roche)] and incubated on ice for 20 min. The
cell suspension was centrifuged at 17,000g for 30 min at 4°C.
The supernatant was incubated with Dynabeads Protein G
(Thermo Fisher/Invitrogen) preconjugated with anti-FLAG anti-
body (M2, Sigma). For HA-immunoprecipitation, the supernatant
was preincubated with anti-HA antibody (3F10, Sigma) at 4°C for
30 min, and then Dynabeads Protein G (Thermo Fisher/
Invitrogen) was added. After incubation at 4°C for 1 h, the immu-
noprecipitated beads were divided into two and incubated in
buffer A with/without 200 pg/mL RNase A (Qiagen) at 30°C for
15 min. The beads were washed with buffer B [25 mM Tris-HCI
(pH 7.4), 150 mM NaCl, 1.5 mM MgCl,, 0.5% Triton X-100, 0.5

mM DTT] five times, and the immunopurified complexes were
eluted with 3x FLAG peptide (Sigma) or HA peptide (MBL).

Purification of recombinant proteins

pCold-Gtsf1-7His or Gtsf1L-6His was transformed into Rosetta 2
(DE3) competent cells (Novagen). The cells were cultured at 37°C
until the ODygo reaches ~0.6, and then cooled on ice for 30 min.
Protein expression was induced with 1 mM IPTG at 15°C for
15 h. The cell pellets were resuspended in TALON lysis buffer [50
mM Hepes-KOH (pH 7.4), 300 mM NaCl, 15 mM imidazole, 0.2
mM TECP, 10 ug/mL leupeptin, 10 ug/mL aprotinin, 1 ug/mL pep-
statin A, 1x EDTA-free protease inhibitor cocktail (Roche)] and son-
icated with Bioruptor Il (CosmoBio). The cell lysate was centrifuged
at 17,000g at 4°C for 20 min. The cleared lysate was added to
TALON CellThru Resin (Takara) and incubated at 4°C for 1
h. After washing the resin with TALON lysis buffer, the bound pro-
teins were eluted with elution buffer [50 mM Hepes-KOH (pH
7.4), 150 mM NaCl, 300 mM imidazole, 0.2 mM TECP]. Peak frac-
tions were pooled and dialyzed with PBS overnight.

In vitro cleavage assay

For Siwi and BmAgo3 immunoprecipitation, BmN4 cells were re-
suspended in buffer C [25 mM Tris-HCl (pH 7.4), 150 mM NaCl,
1.5 mM MgCly, 1% Triton X-100, 0.5 mM DTT, 1x Complete
EDTA-free protease inhibitor (Roche), 1x PhosSTOP (Roche)] and
incubated on ice for 20 min. The cell suspension was centrifuged
at 17,000g for 30 min at 4°C. The supernatant was preincubated
with anti-Siwi or anti-BmAgo3 antibody at 4°C for 1 h, and then
Dynabeads Protein G (Thermo Fisher/Invitrogen) was added. The
mixture was further incubated at 4°C overight. The beads were
washed with buffer C five times, rinsed with buffer D [30 mM
Hepes-KOH (pH 7.4), 100 mM KOAc, 2 mM Mg(OAc),, 0.5 mM
DTT], and divided for different target cleavage conditions. Target
cleavage assay was performed at 28°C for 2 h in a 10 pL reaction
containing 3 pL of 40x reaction mix (Haley et al. 2003), 100 nM re-
combinant proteinsand 1 nM *2P cap-radiolabeled target RNA. The
target RNAwas purified by EtOH precipitation following proteinase
K treatment and run on 8% denaturing polyacrylamide gel. The im-
ages were acquired with the FLA-7000 imaging system (Fujifilm Life
Sciences) and quantified using ImageJ/Fiji. The target RNA against
an abundant endogenous Siwi or BmAgo3 piRNA was prepared by
in vitro transcription as described previously (Yoda et al. 2010).
Primers used for target RNA preparation were described in Supple-
mental Table 1.

RNA: in silkworm embryos

siRNA-mediated embryonic knockdown was performed as previ-
ously described (Kiuchi et al. 2014; Kiuchi and Katsuma 2022). In
brief, ~5 nL of 100 uM siRNA (FASMAC) was injected into a
Bombyx mori N4 strain embryo within 3 h after oviposition using
IM 300 Microinjector (Narishige). The embryos were incubated at
25°C in a humidified petri dish for 120 h. Approximately 12 em-
bryos were collected as one sample and total RNA was extracted.
siRNA sequences are listed in Supplemental Table 1.
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RNA extraction and quantitative real-time PCR

Total RNAs prepared by TRI Reagent (Molecular Research Center)
were used for real-time PCR and preparation of small RNA librar-
ies. Five hundred nanograms of total RNA was reverse transcribed
by a PrimeScript RT Reagent Kit with gDNA Eraser (Takara), and
gRT-PCR was performed using KAPA SYBR FAST Master Mix
(2x) Universal (Kapa Biosystems) and the Thermal Cycler Dice
Real Time System (Takara). The primer sequences for real-time
PCR are listed in Supplemental Table 1.

Immunofluorescence

BmN4 cells were fixed with 4% paraformaldehyde in PBS at room
temperature for 10 min, then the cells were permeabilized with
0.3% Triton X-100 in PBS for 5 min. After preincubation with block-
ing buffer [PBS supplemented with 1% BSA (Sigma) and 0.1% Triton
X-100] at room temperature for 1 h, the cells were incubated with
primary antibodies [anti-FLAG antibody (M2, Sigma, 1/250), anti-
HA antibody (3F10, Roche, 1/300), anti-Siwi antibody (1/400),
anti-BmAgo3 antibody (1/250)] in blocking buffer at 4°C overnight.
Alexa Fluor 488 donkey anti-mouse IgG, Alexa Fluor 488 donkey
anti-rat 1gG, Alexa Fluor 647 donkey anti-rabbit IgG, and Alexa
Fluor 647 goat anti-rat IgG secondary antibodies (Thermo Fisher/
Invitrogen) were used for detection. For Supplemental Figure 2,
BmAgo3 was probed with biotinylated anti-BmAgo3 antibody after
incubation with the secondary antibody, and the BmAgo3 signal
was detected by Cy3-Streptavidin (Jackson ImmunoResearch).
Images were captured using the Olympus FV3000 confocal laser
scanning system with a 60x oil immersion objective lens
(PLAPON 60XO, NA 1.42, Olympus) and processed FV31S-SW
Viewer software and Adobe Photoshop Elements 10.

Small RNA library preparation

Small RNA libraries were constructed from 20—50 nt total RNAs ac-
cording to the Zamore lab’s open protocol (https:/www.dropbox
.com/s/r5d7aj3hhyaborg/) with some modifications (Fu et al.
2018). Ten synthetic 22-nt oligoribonucleotides (GeneDesign)
(Williams et al. 2013) were spiked in all samples for normalization.
The 3’ adapter was conjugated with an amino CA linker instead of
dCC at the 3’ end (GeneDesign) and adenylated using a 5 DNA
adenylation kit at the 5" end (NEB). To reduce a ligation bias, four
random nucleotides were included in the 3’ and 5 adapters [(5'-
rAppNNNNTGGAATTCTCGGGTGCCAAGG/amino CA linker-3)
and (5'-GUUCAGAGUUCUACAGUCCGACGAUCNNNN-3)] and
the adapter ligation was performed in the presence of 20% PEG-
8000. After the 3’ adapter ligation at 16°C for >16 h, RNAs were
size-selected by urea PAGE. For RNA extraction from a polyacryl-
amide gel, ZR small-RNA PAGE Recovery Kit (ZYMO Research)
was used. Small RNA libraries were sequenced using the lllumina
HiSeq 4000 platform to obtain 50-nt single-end reads.

Sequence analysis of small RNA library

After removal of the adaptor sequences by cutadapt (Martin
2011), 20—-45 nt reads without any ambiguous bases were used
for the following analyses. These piRNA libraries were normalized
by the read count of spikes.
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Definition of 1U and 10A piRNAs

The RPM of each piRNA was calculated based on an assumption
that if 1-26 nt sequences were identical, they were the same
PiRNA. For piRNA analysis of BmN4 cells and embryos, only
highly expressed piRNAs (RPM > 1) in any of the three BmN4 li-
braries and six embryo libraries were extracted and used. The
common parts (1-26 nt) of these piRNAs were mapped to trans-
posons allowing two mismatches with Bowtie (Osanai-Futahashi
etal. 2008; Langmead et al. 2009). The mapped piRNAs, includ-
ing 16,734 species of 1U (but not 10A) piRNAs and 6869 species
of 10A (but not 1U) piRNAs for BmN4 cell libraries, and 22,374
species of 1U (but not 10A) piRNAs and 8533 species of 10A
(but not 1U) piRNAs for embryo libraries, were extracted and
used. Sam files were converted to bam files by SAMtools (Li
et al. 2009b) and then to bed files by BEDTools (Quinlan and
Hall 2010). The length and 5'-end position for each piRNA were
obtained from the bed files using custom R programs.

Analysis of Fem and Masc piRNAs

Each piRNA library was mapped to sequences of Fem RNA and
Masc mRNA (Kiuchi et al. 2014) with Bowtie (Langmead et al.
2009) allowing one mismatch. Sam files were converted to bam
files by SAMtools (Li et al. 2009b) and then to bed files by
BEDTools (Quinlan and Hall 2010). The length and 5'-end posi-
tion for each piRNA were obtained from the bed files using cus-
tom R programs.

Calculation of 1U/10A-strand bias per transposon

1U/10A-strand bias was calculated for 750 transposons with RPM
greater than 10 for both the sense and antisense strands in the
siGFP#1 library of embryos. For each transposon, the 1U bias
and 10A bias for each strand were calculated, and then the strand
with superior 1U bias (1U strand) and the strand with superior 10A
bias (10A strand) were defined. As a result, 330 transposons had
more 1U (but not 10A) piRNAs in the sense strand and 345 trans-
posons had more 1U (but not 10A) piRNAs in the antisense strand.
The 1U strand piRNA/10A strand piRNA of each transposon was
then calculated for each small RNA library, and the z-scores
were calculated by the scale function of R. The “fields” package
of R was used to plot the heatmaps.

Calculation of ping-pong Z-score

The calculation of Z-score was based on a previous study (Zhang
et al. 2011), with some modifications. The ping-pong Z-score is
the difference between the mean of the scores for each overlap
from nucleotides 1 to 21 divided by the standard deviation of
the background distance scores, defined as the distances 1-9
and 11-21. The calculation of the Z-scores was performed sepa-
rately for 1U (but not 10A) piRNAs and 10A (but not 1U) piRNAs
on the sense strands of transposons.

Prediction of the Gtsf-PIWI/AGO complexes

Protein structures were predicted using AlphaFold ver. 2.1.2
(Evansetal. 2021; Jumper etal. 2021) installed on a local comput-
er via Docker, CUDA Toolkit 11.1. full_dbs was used as a data-
base, and max_template_date was defined as 2021-07-14. Two
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protein sequences and a multimer model were used to predict
protein complexes (Evans et al. 2021). The heatmaps of predicted
aligned errors were made using the pae2png.py script (https
://github.com/CYP152N1/plddt2csv). Visualization of the predict-
ed structure was done using PyMOL.

DATA DEPOSITION

The sequencing data is deposited at the DDBJ database (https://
www.ddbj.nig.ac.jp) under accession number DRA014298.
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piRNAs play a vital role in protecting the germline genome from
transposons. Endonucleolytic cleavage of piRNA-complementary
target RNAs by PIWI proteins is one of the central strategies for
transposon silencing. The PIWI-catalyzed target cleavage is also
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small RNA analysis showed that Gtsf1 depletion affected the
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