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Bi0ﬁhemical approaches to understanding the reaction platforms of the piRNA
pathway
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We have developed unique biochemical systems that take out the entire
reaction platforms" for piRNAs from cells into test tubes with retaining their proper functions. We
have also developed bioinformatic frameworks that can extract the "rules" behind those biochemical
reactions. By combining these two approaches, we uncovered how piRNA precursors are processed into
mature piRNAs on the outer membrane of mitochondria. Moreover, we discovered a new reaction platform

for piRNAs in silkworms and proposed its biological significance. We have also identified novel
accessory factors that highly accelerate the piRNA biogenesis reaction. Finally, we carefully
characterized a representative "piRNA cluster,”™ the genomic region from which piRNAs are produced.

pPiRNA PIWI-interacting RNA



RNA Argonaute RNA-induced silencing complex

(RISC) mRNA
RNA
RNA (=RNA ) small interfering RNA
(SRNA) microRNA (miRNA)
PIWI-interacting RNA (piRNA) 3
1998 RNA siRNA miRNA mMRNA
piRNA
sRNA  miRNA
pPiRNA
piRNA
pPiIRNA PIWI (Argonaute
)
piRNA
siRNA miRNA
piRNA ?
piRNA
(
)
siRNA
miRNA
piRNA ?
piRNA
piRNA piRNA
piRNA piRNA
piRNA
piRNA
1 1
piRNA piRNA
piRNA
2

piRNA



) PIRNA

BmN4
piRNA piRNA
BmN4 pPiRNA
(RNA 2009) piRNA (Mol
Cell 2011; RNA 2013; Mol Cell 2014; Cdll 2016; PNAS 2017) piRNA
piRNA
piRNA
piRNA
Trimmer PNLDC1
(Nagirnajaet a., N Engl J Med. 2021)
piRNA
(1) Zucchini pPiRNA
pPiRNA
26 30 piRNA RISC
PIWI pre-pre-piRNA 5!
RNA PIWI
pre-pre-piRNA PIWI 3’
RNA 5 PIWI
Trimmer (PNLDC1) 26 30
Henl 3
2'-O- piRNA
pPiIRNA Pre-pre-piRNA
pre-piRNA ?
Zucchini
(V)
(Han et al., Science 2015a; Mohn et a., Science
2015b) Zucchini RNA

(Nishimasu et a., Nature 2012a; Ipsaro et al., Nature 2012b; Nishida et al., Nature 2018)

pPiIRNA Zucchini pre-piRNA
Zucchini
Trimmer
piRNA
pre-pre-piRNA pre-piRNA Trimmer
3’ pre-piRNA
CRISPR/Cas9 BmN4 Trimmer
pre-piRNA
Trimmer BmN4
PIWI pre-pre-piRNA Zucchini
pre-piRNA

pre-pre-piRNA pre-piRNA Zucchini



pre-pre-piRNA

u 1 Zucchini ATP
Armitage 3 piRNA
Zucchini
Trimmer BmN4 pre-piRNA
pre-piRNA  Zucchini ( )PIWI
2
Zucchini
Zucchini Zucchini
U
2
Zucchini
Zucchini
Zucchini
Zucchini
2
(Nature 2020)
(2) PiRNA
piRNA
2 PIWI Siwi  BmAgo3
pPiRNA
piRNA
2 PIWI piRNA
3  piRNA piP-body
pi P-body RNA
Processing body (P-body) RNA piRNA
Siwi
piP-body
piRNA
Siwi piRNA piRNA
piP-body PiRNA
Siwi piRNA
pPiRNA
MRNA piRNA
piRNA piRNA
piRNA
piP-body pPiRNA
pPiRNA
piP-body
piRNA
(EMBO Rep., 2021)
3) GTSF1
pPiRNA piRNA RNA

PIWI

PiRNA



RNA

piRNA
1 2007 15
piRNA
piRNA RNA
PIWI
University of
Massachusetts  Phillip Zamore ScrippsResearch Ingtitute  lan MacRae
PIWI GTSFL
(Nature2022) GTSF1 PIWI CHHC Zn
GTSF1 piRNA 1)
GTSF1 RNA 2)GTSF1  PIWI
RNA PIWI /piRNA
(pre-catalytic state) GTSF1
PIWI (catalytic state)
GTSF1
GTSF1 GTSFIL GTSF2 3 Gtsfl  Gtsfl-
like(Gtsf1L) 2
BmAgo3-piRNA
Gtsfl  Siwi RNA BmAgo3
GisfIL  BmAgQo3 RNA O-7 ™N
Siwi BmAgo3
(RNA 2022) GTSF1 »_ Gtsf1 GtsfiL < _4
pl RNA Promote k Promote
Y -1
Siwi-piRNA
(4) piRNA torimochi
piRNA piRNA
( )
BmN4 torimochi piRNA
piRNA (RNA 2012)
torimochi
2019 MinlON
DNA torimochi
torimochi LTR
BmN4
piRNA
6 torimochi BmN4
piRNA
torimochi piRNA
piRNA (PLOS Genetics 2023)
piRNA
piRNA
piRNA
piRNA
(Gebert et a., Mol Cell 2021) torimochi
piRNA
piRNA

piRNA 2



20 20 4 8

Chen Shirui Liu Wei Naganuma Masahiro Tomari Yukihide Iwakawa Hiro-oki 50

Functional specialization of monocot DCL3 and DCL5 proteins through the evolution of the PAZ 2022

domain

Nucleic Acids Research 4669 4684
DOl

10.1093/nar/gkac223

Yamaguchi Sonomi Naganuma Masahiro Nishizawa Tomohiro Kusakizako Tsukasa Tomari Yukihide 607

Nishimasu Hiroshi Nureki Osamu

Structure of the Dicer-2?R2D2 heterodimer bound to a small RNA duplex 2022

Nature 393 398
DOl

10.1038/s41586-022-04790-2

Arif Amena Bailey Shannon lIzumi Natsuko Anzelon Todd A. Ozata Deniz M. Andersson Cecilia 608

Gainetdinov Ildar MacRae lan J. Tomari Yukihide Zamore Phillip D.

GTSF1 accelerates target RNA cleavage by PIWI-clade Argonaute proteins 2022

Nature 618 625
DOl

10.1038/s41586-022-05009-0

Shen Shuting Naganuma Masahiro Tomari Yukihide Tadakuma Hisashi 202232509

Revisiting the Glass Treatment for Single-Molecule Analysis of ncRNA Function 2022

Methods Mol Biol 209 231

DOl
10.1007/978-1-0716-2380-0_13




Izumi Natsuko Shoji Keisuke Kiuchi Takashi Katsuma Susumu Tomari Yukihide 29

The two Gtsf paralogs in silkworms orthogonally activate their partner PIWI proteins for target 2022

cleavage

RNA 18 29
DOl

10.1261/rna.079380.122

Liu Wei Shoji Keisuke Naganuma Masahiro Tomari Yukihide Iwakawa Hiro-oki 50

The mechanisms of siRNA selection by plant Argonaute proteins triggering DNA methylation 2022

Nucleic Acids Research

12997 13010

DOl
10.1093/nar/gkac1135

Shoji Keisuke Umemura Yusuke Katsuma Susumu Tomari Yukihide 19

The piRNA cluster torimochi is an expanding transposon in cultured silkworm cells 2023

PLOS Genetics 1010632
DOl

10.1371/journal .pgen.1010632

Iwakawa Hiro-oki Lam Andy Y.W. Mine Akira Fujita Tomoya Kiyokawa Kaori Yoshikawa Manabu 35

Takeda Atsushi Iwasaki Shintaro Tomari Yukihide

Ribosome stalling caused by the Argonaute-microRNA-SGS3 complex regulates the production of 2021

secondary siRNAs in plants

Cell Reports

109300 109300

DOl
10.1016/j .celrep.2021.109300




Naganuma Masahiro Tadakuma Hisashi Tomari Yukihide 12

Single-molecule analysis of processive double-stranded RNA cleavage by Drosophila Dicer-2 2021

Nature Communications 4268
DOl

10.1038/s41467-021-24555-1

Shigematsu Megumi Kawamura Takuya Morichika Keisuke lIzumi Natsuko Kiuchi Takashi Honda 12

Shozo Pliatsika Venetia Matsubara Ryuma Rigoutsos Isidore Katsuma Susumu Tomari Yukihide

Kirino Yohei

RNase Kk promotes robust piRNA production by generating 2' ,3' -cyclic phosphate-containing 2021

precursors

Nature Communications 4498
DOl

10.1038/s41467-021-24681-w

Sakurai Yuriki Baeg Kyungmin Lam Andy Y. W. Shoji Keisuke Tomari Yukihide Iwakawa Hiro-oki 118

Cell-free reconstitution reveals the molecular mechanisms for the initiation of secondary siRNA 2021

biogenesis in plants

Proceedings of the National Academy of Sciences 2102889118
DOl

10.1073/pnas.2102889118

Iwakawa Hiro-oki Tomari Yukihide 82

Life of RISC: Formation, action, and degradation of RNA-induced silencing complex 2022

Molecular Cell 30 43

DOl
10.1016/j .molcel .2021.11.026




Brechin Vincent Shinohara Fumikazu Saito Jun-ichi Seitz Herve Tomari Yukihide 27

Mechanistic analysis of the enhanced RNAI activity by 6-mCEPh-purine at the 5 end of the 2020

siRNA guide strand

RNA 151 162
DOl

10.1261/rna.073775.119

Shinohara Fumikazu Oashi Taiji Harumoto Toshimasa Nishikawa Tomoyuki Takayama Yuki Miyagi 27

Hikaru Takahashi Yuichi Nakajima Takahiro Sawada Takashi Koda Yasuo Makino Asana Sato

Atsuko Hamaguchi Kaori Suzuki Michihiko Yamamoto Junichiro Tomari Yukihide Saito Jun-Ichi

SiRNA potency enhancement via chemical modifications of nucleotide bases at the 5 -end of the 2020

siRNA guide strand

RNA 163 173
DOl

10.1261/rna.073783.119

Kobayashi Hotaka Shoji Keisuke Kiyokawa Kaori Negishi Lumi Tomari Yukihide 28

VCP Machinery Mediates Autophagic Degradation of Empty Argonaute 2019

Cell Reports 1144 1153
DOl

10.1016/j .celrep.2019.07.003

Kobayashi Hotaka Tomari Yukihide 16

Identification of an AGO (Argonaute) protein as a prey of TER94/VCP 2019

Autophagy 190 192
DOl

10.1080/15548627.2019.1691351




Izumi Natsuko Shoji Keisuke Suzuki Yutaka Katsuma Susumu Tomari Yukihide 578

Zucchini consensus motifs determine the mechanism of pre-piRNA production 2020

Nature 311 316
DOl

10.1038/s41586-020-1966-9

Tsuboyama Kotaro Osaki Tatsuya Matsuura-Suzuki Eriko Kozuka-Hata Hiroko Okada Yuki Oyama 18

Masaaki lIkeuchi Yoshiho Iwasaki Shintaro Tomari Yukihide

A widespread family of heat-resistant obscure (Hero) proteins protect against protein 2020

instability and aggregation

PLOS Biology 3000632
DOl

10.1371/journal .pbio.3000632

Tsuboyama Kotaro Tadakuma Hisashi Tomari Yukihide 70

Conformational Activation of Argonaute by Distinct yet Coordinated Actions of the Hsp70 and 2018

Hsp90 Chaperone Systems

Molecular Cell 722 729.e4
DOl

10.1016/j.molcel .2018.04.010

Kobayashi Hotaka Shoji Keisuke Kiyokawa Kaori Negishi Lumi Tomari Yukihide 73

Iruka Eliminates Dysfunctional Argonaute by Selective Ubiquitination of Its Empty State 2019

Molecular Cell 119 129.e5

DOl
10.1016/j.molcel .2018.10.033




13 13 13

Small RNAs

RNA2022, Colorado, USA

2022

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

The ” Argonautes” conference, Regensburg, Germany

2022

A canonical chaperone and a heat-resistant obscure (Hero) protein mediate similar aggregation suppression and conformational
extension of TDP-43

Cold Spring Harbor Asia, RNA Biology, AWAJI, Japan

2022

Assembly of the RNA Silencing Complex (and Beyond)

2021 RNA Biology Symposium

2021




Hero proteins: widespread protectors against protein instability

MBSJ 2020 Workshop

2020

The mechanism of pre-piRNA production

UTRs in Development and Disease

2020

Assembly of the RNA-induced silencing complex and beyond

RiboClub the 20th Anniversary

2019

Assembly and function of the RNA silencing complex

FASEB SRC The RNA Localization and Local Translation Conference

2019




3" -end maturation of silkworm piRNAs

Keystone Symposia Small Regulatory RNAs

2019

A conserved step-wise maturation mechanism of piRNAs

EMBO Workshop: piRNAs and PIWI proteins

2018

Biochemical and biophysical dissection of RNA silencing

RNA-REG: Regulatory Circuits in RNA Biology

2018

Iruka ensures the quality of Argonaute by selective ubiquitination of its empty state

CSH Asia Meeting on RNA Biology

2018




Iruka ensures the quality of Argonaute by selective ubiquitination of its empty state

Joint Australia-Japan RNA Meeting 2018

2018
0
2
4
PCT/JP2019/24515 2019
Protein stabilization by fully unstructured proteins
No.62/734,329 2018

(NAKAGAWA Shinichi)

(50324679) (10101)

(1ZUMI Natsuko)

(50579274) (12601)

(SHOJI Keisuke)

(30880116) (12601)




University of Massachusetts

Thomas Jefferson University

Scripps Research

Chinese Academy of Sciences




