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PIRNA- and siRNA-mediated transcriptional
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Abstract

The PIWI-interacting RNA (piRNA) pathway acts as a self-defense
mechanism against transposons to maintain germline genome
integrity. Failures in the piRNA pathway cause DNA damage in the
germline genome, disturbing inheritance of “correct” genetic infor-
mation by the next generations and leading to infertility. piRNAs
execute transposon repression in two ways: degrading their RNA
transcripts and compacting the genomic loci via heterochroma-
tinization. The former event is mechanistically similar to siRNA-
mediated RNA cleavage that occurs in the cytoplasm and has been
investigated in many species including nematodes, fruit flies, and
mammals. The latter event seems to be mechanistically parallel to
siRNA-centered kinetochore assembly and subsequent chromosome
segregation, which has so far been studied particularly in fission
yeast. Despite the interspecies conservations, the overall schemes
of the nuclear events show clear biodiversity across species. In this
review, we summarize the recent progress regarding piRNA-
mediated transcriptional silencing in Drosophila and discuss the
biodiversity by comparing it with the equivalent piRNA-mediated
system in mice and the siRNA-mediated system in fission yeast.
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Introduction

PIWI-interacting RNAs (piRNAs) are small noncoding RNAs that are
particularly abundant in animal reproductive tissues, where piRNAs
protect the germline genome by repressing transposons (Iwasaki
et al, 2015; Czech et al, 2018; Ozata et al, 2019). Dysfunction of
piRNAs results in derepression of transposons, allowing them to
move freely across the genome, leading to DNA damage, impaired
gonadal development, and infertility (Klattenhoff et al, 2007).

Earlier studies in Drosophila uncovered an association between
repetitive DNA sequences and repression of protein-coding genes
(Livak, 1984; Palumbo et al, 1994). Later, small RNAs of 25-27
nucleotides (nt) in length derived from the Suppressor of Stellate [Su
(Ste)] repeats located on the Y chromosome were found to be
involved in repressing the Stellate (Ste) gene located on the X chro-
mosome (Aravin et al, 2001; Stapleton et al, 2001). Deletion of Su
(Ste) repeats derepressed the Ste gene. Consequently, Ste protein
accumulated and crystallized in sperm cells, causing male infertility.

In 2003, comprehensive sequencing of small RNAs in Drosophila
testes and embryos identified many repeat-associated small interfer-
ing RNAs (rasiRNAs), including those arising from Su(Ste) repeats
and transposons (Aravin et al, 2003). Subsequent investigations
using a number of organisms, including Drosophila, mice, and
humans, revealed that rasiRNAs are present in their gonads and bind
specifically to PIWI members, a subclade of the Argonaute family, but
not to ubiquitous AGO (Girard et al, 2006; Grivna et al, 2006; Lau et al,
2006; Saito et al, 2006; Watanabe et al, 2006; Houwing et al, 2007;
Nishida et al, 2007; Lau et al, 2009). On the basis of this cross-species
observation, PIWI-bound rasiRNAs were collectively termed piRNAs.

PIWI proteins are defined by their greater similarity at the peptide
sequence level to other PIWI subclade members than to AGO subclade
members (Kim et al, 2009; Iwasaki et al, 2015). This simple definition
of PIWI proteins (and their partner piRNAs) is confusing sometimes.
For example, plants have no piRNAs. However, this interpretation is
based on the fact that plants have no proteins defined as PIWIs. Some
AGO members are present in the germline, bind repeat-derived small
RNAs, and are required for fertility (Borges & Martienssen, 2015;
Araki et al, 2020). In rare animals, such as mosquitoes, planarians,
and Aplysia, some PIWI members are present outside of the germlines
and are loaded with small RNAs that can map to transposons
(Rajasethupathy et al, 2012; Shibata et al, 2016; Halbach et al, 2020;
Kim et al, 2020). Tetrahymena expresses PIWI proteins, which bind
to small RNAs that are produced in a Dicer-dependent manner
(Mochizuki et al, 2002; Mochizuki, 2005). Dicer is otherwise known
as a microRNA (miRNA) biogenesis factor (Kim et al, 2009). As
piRNA research across species progresses further, such interspecies
differences will become even more apparent.

piRNAs repress target genes at the transcriptional or post-
transcriptional level. At which level piRNA-mediated silencing
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Glossary

Aub Aubergine

Brm Brahma

CLRC Clr4 methyltransferase complex
Ctp Cutup/LC8

DMR differentially methylated region
DNMT DNA methyltransferase

dNuRD Drosophila Nucleosome Remodeling and Deacetylase
ds double-stranded

Egg Eggless

flam flamenco

Gtsfl Gametocyte-specific factor

H1 histone linker H1

H3K36 Histone 3 lysine 36

H3K4 Histone 3 lysine 4

H3K9me3 Histone 3 lysine 9 trimethylation
HP1la Heterochromatin Protein 1a

IAP intracisternal A-particle

LINE1 long interspersed nuclear element-1
LLPS liquid—liquid phase separation
LTR long terminal repeat

Mael Maelstrom

miRNA micro RNA

NLS nuclear localization signal

nt nucleotide

Nxf2 nuclear RNA export factor 2
0GC ovarian germ cell

occurs is determined by the subcellular localization of PIWIs binding
to piRNAs or the piRNA-induced silencing complex (piRISC). The
post-transcriptional event is carried out by cytoplasmic piRISC with
a mechanism similar to RNA interference (RNAI), i.e., by cleaving
the target mRNAs. PIWI proteins involved in this event are Droso-
phila Aubergine (Aub) and mouse Mili (Piwil2), both of which have
endonuclease (slicer) activity, similar to Drosophila Ago2, to cleave
RNAs (Deng & Lin, 2002; Aravin et al, 2006; Saito et al, 2006; Vagin,
2006; Brennecke et al, 2007; Carmell et al, 2007; Aravin et al, 2008;
Kuramochi-Miyagawa et al, 2008; Czech et al, 2018) .

In contrast, transcriptional silencing is carried out by nuclear
piRISC that binds nascent RNA targets through piRNAs at the site of
transcription. PIWI proteins involved in this event are Drosophila
Piwi and mouse Miwi2 (Piwil4). These PIWIs have a nuclear import
signal (NLS) and inactive slicer activity (Saito et al, 2009; De Fazio
et al, 2011; Sienski et al, 2012; Yamaguchi et al, 2020). Thus, they
associate with various co-factors, such as histone modifiers, chro-
matin mark readers, and DNA methyltransferases, to direct epige-
netic changes at target loci via heterochromatin formation to repress
transcription.

This nuclear silencing provides an additional benefit to the
organism because repetitive sequences can disrupt the integrity of
the genome through recombination, and heterochromatinization of
these loci not only prevents the expression of harmful transposons
that impair fertility but also minimizes undesirable recombination
events. However, some animals, such as fish and silkworms, only
have cytoplasmic PIWIs, despite being recombination positive.

Accumulating evidence shows that the overall framework of
nuclear PIWI-mediated transposon silencing is similar to that of
chromosomal compaction in fission yeast, which is mediated by
Agol of the AGO subclade, although the biological purpose and
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0scC ovarian somatic cell

Pandas Panoramix dNxf2-dependent TAP/p15 silencing
Panx Panoramix

PGC primordial germ cell

PICTS Panoramix-induced co-transcriptional silencing

piRISC RISC with piRNA
piRNA PIWI-interacting RNA
PPNP piwi-Panx-nxf2-p15

pre-piRISC Piwi-piRISC precursor

RDRC RNA-directed RNA polymerase complex

Rhi Rhino

RISC RNA-induced silencing complex

RITS RNA-induced initiation of transcriptional gene silencing
RNA Pol Il RNA polymerase Il

RNAi RNA interference

S2 Schneider 2

SFiNX silencing factor interacting nuclear export variant
SHREC Snf2/Hdac-containing Repressor Complex

siRNA small-interfering RNAs

ss single-stranded

Sv210 Su(var)2-10

SWI/SNF  SWitch/Sucrose Non-Fermentable
TRAMP Trf4/Air2/Mtr4p polyadenylation
Wde Windei

Zuc Zucchini

meaning of the two events are distinct. In this review, we summa-
rize mechanistic insights into Piwi-piRISC-mediated transcriptional
silencing in Drosophila and compare its features with those of the
Miwi2-piRISC-mediated mouse system and the Agol/siRNA-
mediated chromatin control in fission yeast.

Piwi-piRISC-mediated transcriptional silencing
in Drosophila

This pathway has been well studied using cultured Drosophila
ovary-derived somatic cells (0OSSs/0OSCs), which contain only mitot-
ically active early follicle cells (Niki et al, 2006; Saito et al, 2009).
Like follicular somatic cells in the ovary, OSCs express Piwi but not
two other PIWI members, Aub and Ago3. Furthermore, Piwi binds
piRNAs and represses transposons in OSCs as it does in the ovary.
Thus, OSCs are suitable for studying the Piwi-piRNA pathway.

Cytoplasmic production and nuclear localization of Piwi-piRISC

Piwi-piRISC in OSCs is assembled sequentially via two cytoplasmic
organelles, Yb bodies and mitochondria (Olivieri et al, 2010; Saito
et al, 2010; Hirakata & Siomi, 2016; Yamashiro & Siomi, 2018). Yb
bodies are non-membranous perinuclear granules formed through
liquid-liquid phase separation (LLPS) (Hirakata et al, 2019). The
PiRNA precursors are mostly derived from the piRNA cluster fla-
menco (flam) on the X chromosome (Pélisson et al, 1994; Bren-
necke et al, 2007). The piRNA precursors contain cis-elements, to
which Yb binds specifically as a trans-acting factor, and then multi-
merizes, inducing the LLPS-driven assembly of Yb bodies (Ishizu
et al, 2015; Hirakata et al, 2019). Unbound Piwi and piRNA biogen-
esis factors, such as Armitage (Armi) and Vreteno, subsequently
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localize to these bodies to initiate Piwi-piRISC production (Handler
et al, 2011; Ishizu et al, 2019; Yamashiro et al, 2020).

In the Yb bodies, the piRNA precursors are converted into
shorter intermediates by an unknown enzyme(s). This step gener-
ates multiple 5'-ends to which Piwi binds, becoming the Piwi-piRISC
precursor (pre-piRISC) (Murota et al, 2014). This complex then
heads to the mitochondrial surface along with the RNA helicase
Armi, where the endonuclease Zucchini (Zuc) processes the Piwi-
bound intermediates to mature piRNAs, thereby releasing Piwi-
piRISC (Ipsaro et al, 2012; Nishimasu et al, 2012; Han et al, 2015;
Mohn et al, 2015). The leftover RNA (i.e., the 3’ trailer) is used to
produce phased piRNAs (Han et al, 2015; Mohn et al, 2015), which
are also bound to nascent Piwi and become Piwi-piRISCs. Two mito-
chondrial factors, Gasz and Daedalus, serve together as the scaffold
for Zuc processing (Munafo et al, 2019; Yamashiro et al, 2020).

Yb is unique to Drosophila OSCs, which indicates that Piwi-
piRISCs in ovarian germ cells (OGCs) are produced in an Yb-
independent manner (Handler et al, 2013). Piwi-piRISCs in OGCs
are produced from RNA fragments cleaved by Ago3-piRISCs (Wang
et al, 2015). The piRNAs within Piwi-piRISCs in OGCs are also
phased (Han et al, 2015; Mohn et al, 2015; Pandey et al, 2017; Ge
et al, 2019). Zuc is involved in the process, but other required
factors may not be identical to those in OSCs.

Piwi has a bipartite nuclear localization signal (NLS) at the N-
terminal end. The signal is hidden prior to piRISC assembly to
ensure unbound Piwi does not enter the nucleus. However, upon
piRISC assembly, the Piwi-NLS is exposed to the cytosol and binds
to Importina, which actively transports the piRISC into the nucleus
(Yashiro et al, 2018). This “molecular gate” that depends on small
RNA binding raises the efficiency of nuclear transposon regulation,
because only piRNA-loaded Piwi, not unloaded Piwi, is competent
to target transposons.

A Piwi mutant lacking the NLS was fully loaded with piRNAs,
but never entered the nucleus. Consequently, transposons were
desilenced, proving that Piwi-piRISC must enter the nucleus to exert
the silencing effect (Saito et al, 2010; Klenov et al, 2011; Sienski
et al, 2012; Yashiro et al, 2018).

Piwi-piRISC does not have slicer activity
It was previously thought that slicer activity was not necessary for
Piwi, because mutations in the predicted slicer active site did not
affect transposon repression (Saito et al, 2010; Sienski et al, 2012;
Darricarrere et al, 2013). In fact, Piwi-piRISC in OSCs shows no
slicer activity (Yamaguchi et al, 2020), because the canonical Asp-
Glu-Asp-His (D-E-D-H) tetrad necessary for exerting slicer activity
is substituted by Asp-Val-Asp-Lys in endogenous, wild type Piwi
(Sheu-Gruttadauria & MacRae, 2017). Changing the peptide back to
the D-E-D-H tetrad restored slicer activity (Yamaguchi et al, 2020).
Artificial tethering of Piwi to nascent reporter mRNAs via, for
instance, the AN-boxB system did not repress the reporter genes (Sien-
ski et al, 2015; Yu et al, 2015). This strongly supports the notion that
Piwi must bind mRNA targets by itself via piRNAs, but not by other
means such as the AN-boxB. Furthermore, Piwi must be continuously
sustained on the target RNAs to maintain the repressive effect (Sarot
et al, 2004; Sienski et al, 2012). The slicer activity given to Piwi by
amino acid changes, which were introduced to wild type, naturally
non-catalytic Piwi, hardly disturbed its RNA targeting effects, but Piwi
was easily displaced from target RNAs upon cleavage (Yamaguchi
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et al, 2020). The displacement was more obvious when target RNAs
were less complementary to Piwi-bound piRNAs. Such mismatches/-
gaps in base-pairing between Piwi-bound piRNAs and transposon
mRNAs are often found within the ovaries. Thus, Piwi lacking the
slicer activity might be more effective in transposon repression in the
tissue, due to sustained target RNA binding, which is perhaps the
reason for waiving its slicer activity in evolution. Without the slicer
activity, though, Piwi requires co-factors to accomplish gene silenc-
ing. In fact, a number of Piwi co-factors have been identified.

Piwi-piRISC attenuates target transcription via Maelstrom
Efficient gene silencing may require transcription attenuation right
upon Piwi binding to the target RNA. If RNA synthesis continued at
the regular speed, the transcripts would leave the genome before
Piwi could trigger the silencing mode of action. A recent study has
shown that Maelstrom (Mael) contributes to this process (Onishi
et al, 2020) (Fig 1).

Mael was originally identified as a factor regulating anterior—poste-
rior axis formation in early oocytes (Clegg et al, 1997; Sato et al, 2011).
More recent studies revealed that Mael is indispensable for transposon
silencing and that this Mael function is conserved in mice (Lim & Kai,
2007; Soper et al, 2008; Sienski et al, 2012; Castaneda et al, 2014;
Chang et al, 2019). Mael’s points of action in transposon silencing in
Drosophila OSCs and OGCs are different: Mael in OSCs is not required
for piRNA biogenesis, but it controls the chromatin accessibility of RNA
Pol I, with little effect on the abundance of Histone 3 lysine 9 trimethy-
lation (H3K9me3) around the transposon loci, resulting in transcrip-
tional regulation of transposons (Sienski et al, 2012). Mael in OGCs
controls piRNA biogenesis by attenuating canonical transcription of
transposons in the piRNA clusters (Chang et al, 2019).

Mael in OSCs resides in the nuclear Piwi complex, and this
complex further binds to Brahma (Brm), the core unit of the chro-
matin remodeler SWItch/Sucrose Non-Fermentable (SWI/SNF)
complex (Onishi et al, 2020) (Fig 1). SWI/SNF relaxes chromatin
structures around promoter regions, allowing RNA Pol II to initiate
transcription (Wilson & Roberts, 2011). Piwi-targeted transposons in
cultured OSCs are mostly controlled by SWI/SNF, and Piwi in
collaboration with Mael reduces the level of SWI/SNF and RNA Pol
II around long terminal repeats (LTRs) of target transposons, result-
ing in transcriptional attenuation (Onishi et al, 2020) (Fig 1). Piwi
tethering by artificial piRNAs also repressed Brm-independent
genes, but at a slower speed than Brm-dependent genes. Thus, it is
likely that Piwi represses gene targets in a Mael-dependent and
Mael-independent manner in slightly different ways: If transcription
of the target genes is initiated under the control of SWI/SNF, Piwi
first attenuates the transcription with help from Mael. If transcrip-
tion is initiated in a SWI/SNF-independent manner, Piwi attenuates
RNA synthesis by other unknown means. In both cases, heterochro-
matinization eventually takes place at the target loci. A similar
Mael-mediated artificial tethering was conducted in germ cells
within the ovary, but it failed to repress the reporter (Sienski et al,
2015). The dependency of Piwi-mediated transcriptional repression
on Mael may not be identical in germ and somatic cells.

The PICTS/PPNP/SFiNX/Pandas complex anchors Piwi-piRISC to
target RNAs

RNAi-based gene screening conducted within the ovaries identified
numerous piRNA factors (Czech et al, 2013; Handler et al, 2013;
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Figure 1. Piwi-mediated transcriptional silencing model.
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Piwi-piRISC recognizes nascent transcripts of transposons. Piwi-piRISC recruits silencing factors, such as Mael, Panx, and Gtsfl. Gtsfl interconnects Piwi-piRISC with
Mael and Panx. Mael attenuates Brm-dependent transcription. Panx forms a PICTS/PPNP/SFiNX/Pandas complex with Nxf2 and Nxt1, and the complexes dimerize via
Ctp. The PICTS/PPNP/SFiNX/Pandas complex dimer anchors Piwi-piRISC and co-factors to target RNAs. Sv210 interacts with the complex dimer and SUMOylates itself
(and possibly other proteins) to provide a scaffold for histone modifiers. Mi-2, MEP-1, and Rpd3 deacetylate H3K9ac, and Egg and Wde induces H3K9me3 at the target
loci. Lsd1 demethylates H3K4me3 and enhances the PICTS/PPNP/SFiNX/Pandas complex-mediated silencing. Finally, HP1a and H1 accomplish heterochromatin

formation.

Muerdter et al, 2013). Of those, some factors were found necessary
in both germ (nurse) cells and somatic (follicle) cells, which were
presumed to co-function with Piwi, because Piwi is present in both
cell types, whereas Aub and Ago3 are germ cell-specific (Handler
et al, 2013). Besides Mael, Panoramix/Silencio (Panx) and nuclear
RNA export factor 2 (Nxf2) were within this category, namely,
necessary in both germ and somatic cells (Czech et al, 2013;
Handler et al, 2013; Muerdter et al, 2013).

Artificial tethering of Panx to reporter RNAs aberrantly accumu-
lated H3K9me3 at the gene locus and repressed expression even in
the absence of Piwi, which indicates that Panx has an intrinsic abil-
ity to induce gene silencing independent of Piwi (Sienski et al, 2015;
Yu et al, 2015). Unlike Nxfl, a Nxf2 homolog that functions in
mRNA export, Nxf2 does not localize at the nuclear periphery.
Structural data showed that the two putative nucleoporin-binding
pockets in Nxf2 are restricted, supporting the idea that Nxf2 may
have lost the ability to bind nucleoporins and therefore any role in
mRNA export (Batki et al, 2019; Zhao et al, 2019).

Nxtl/pl5 was originally reported as an Nxfl co-factor (Suyama
et al, 2000). Panx, Nxf2, and Nxtl assemble a ternary complex,
which was termed PICTS, PPNP, SFiNX, and Pandas in independent
studies (Batki et al, 2019; Fabry et al, 2019; Murano et al, 2019;
Zhao et al, 2019). Strictly speaking, the components of the protein
complexes may be slightly different from each other, but in this
review we call the complex PICTS/PPNP/SFiNX/Pandas. The three
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members of the complex stabilize each other through mutual
protein—protein interactions (Batki et al, 2019; Fabry et al, 2019;
Murano et al, 2019; Zhao et al, 2019).

Nxf2 binds RNAs through the LRR domain. Nxf2 lacking the LRR
domain successfully induced silencing in tethering assays under
normal conditions, but failed in the absence of endogenous Nxf2
(Batki et al, 2019; Murano et al, 2019). Thus, it was inferred that
the PICTS/PPNP/SFiNX/Pandas complex anchors Piwi-piRISC to
target RNAs through the LRR domain in Nxf2 (Fig 1). The complex
was necessary prior to H3K9me3 accumulation at the Piwi target
loci, supporting this notion (Murano et al, 2019).

Cutup/LC8 (Ctp) has recently been found to be the fourth
component of the PICTS/PPNP/SFiNX/Pandas complex (Eastwood
et al, 2021; Schnabl et al, 2021). Ctp is ubiquitous and functions in
numerous biological processes by dimerizing its interacting
complexes to stabilize them (Jespersen & Barbar, 2020). In the Piwi-
piRNA pathway, the PICTS/PPNP/SFiNX/Pandas complex should
be dimerized to support efficient transcriptional gene silencing and
Ctp acts as the dimerization hub (Fig 1). Ctp, however, does not
promote Nxfl dimerization.

Gtsf1/Arx interconnects Piwi-piRISC with the PICTS/PPNP/SFiNX/
Pandas complex

Gametocyte-specific factor/Asterix (Gtsfl/Arx) is a nuclear protein
that interacts with Piwi in OSCs (Ddnertas et al, 2013; Ohtani et al,
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2013). Piwi-piRISC is produced and localized to the nucleus in
Gtsfl/Arx-deficient OSCs, but the Piwi-dependent transposons were
desilenced and the H3K9me3 level at the transposon loci was
reduced. Thus, Gtsfl/Arx is not necessary for piRNA biogenesis, but
it is necessary for Piwi-meditated silencing. In the nuclear step,
Gtsfl/Arx interconnects Piwi-piRISC with the PICTS/PPNP/SFiNX/
Pandas complex (Onishi et al, 2020) (Fig 1). Gtsfl/Arx has two
CHHC-type zinc finger domains. Alteration of conserved residues in
these domains desilenced transposons, although the precise func-
tion(s) of the domains remains unknown (Donertas et al, 2013;
Ohtani et al, 2013).

Factors co-functioning in Piwi-mediated

heterochromatin formation

Drosophila has three H3K9-specific histone methyltransferases, Su
(var)3-9, G9a, and Eggless/SetDB1 (Egg). Of these, only Egg func-
tions in Piwi-mediated transcriptional silencing (Sienski et al, 2015)
(Fig 1). Egg is ubiquitinated by Ubc2 and this modification is neces-
sary for its methylation activity (Osumi et al, 2019). Windei (Wde),
an Egg co-factor, retains Egg on chromatin (Osumi et al, 2019). The
H3K4 demethylase, Lsd1, and its co-factor, CoREST, have also been
shown to play important roles in Piwi-mediated transcriptional
silencing (Yu et al, 2015) (Fig 1).

Mi-2, MEP-1, and Rpd3 assemble in a complex and are recruited
together to the Piwi-targeted transposon loci, where they deacetylate
H3K9 prior to its methylation by Egg (Mugat et al, 2020) (Fig 1). Mi-
2, an ATP-dependent chromatin remodeler, and Rpd3 reside within
the Drosophila nucleosome remodeling and deacetylase (dNuRD)
complex (Bowen et al, 2004). Mi-2 is also present in the Drosophila
MEP-1-containing (dMec) complex, but Rpd3 is not (Kunert et al,
2009). Thus, the complex containing Mi-2, MEP-1, and Rpd3 may be
unique to the Piwi-mediated pathway (Mugat et al, 2020).

Su(var)2-10 (Sv210), a SUMO E3 ligase, is necessary for the
physical link between Panx and effectors such as Egg, Wde, Mi-2,
and MEP-1 (Mugat et al, 2020; Ninova et al, 2020). Sv210 repressed
reporter transcription in artificial tethering assays, which required
both Wde-Egg and the SUMOylation activity of Sv210 (Ninova et al,
2020). Given that many of the effectors have SUMO-interacting
motifs, Sv210 SUMOylates proximal proteins, including itself, which
may supply the scaffolding for recruiting Egg, Wde, Mi-2, and MEP-
1 (Mugat et al, 2020; Ninova et al, 2020).

Heterochromatin Protein 1la (HPla) specifically binds to
H3K9me3 to maintain the heterochromatin and is necessary for
transposon repression (Klenov et al, 2011; Wang & Elgin, 2011; Le
Thomas et al, 2014). Histone H1 directly binds to Piwi and controls
chromatin accessibility at the Piwi target loci without changing the
levels of H3K9me3 and HP1a (Iwasaki et al, 2016) (Fig 1).

Miwi2-piRISC-mediated transcriptional silencing in mice

Drosophila Piwi functions in both ovaries and testes. However,
Miwi2 (Piwil4) in mice, the Piwi paralog, is testis-specific (Carmell
et al, 2007). The other mouse PIWI members, Miwi (Piwill) and
Mili (Piwil2), are also testis-specific but are cytoplasmic and silence
transposons by cleaving the RNA transcripts as Drosophila Aub and
Ago3 do (Kuramochi-Miyagawa et al, 2001; Deng & Lin, 2002;
Kuramochi-Miyagawa, 2004; Aravin et al, 2006; De Fazio et al,
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2011). All mouse PIWI members are necessary for spermatogenesis
and fertility, but their expression timing during spermatogenesis dif-
fers: Miwi is expressed from the pachytene stage to round spermatid
stage (Kuramochi-Miyagawa et al, 2001; Deng & Lin, 2002), Miwi2
is specific to progenitors of spermatogonial stem cells (SSCs)
(Carmell et al, 2007), and Mili is expressed in all these cells
(Kuramochi-Miyagawa et al, 2001; Kuramochi-Miyagawa, 2004;
Aravin et al, 2006). Miwi2- and Mili-bound prepachytene piRNAs
are rich in transposon sequences (Zheng et al, 2010). Conversely,
Miwi- and Mili-bound pachytene piRNAs are rich in protein-coding
gene sequences (Watanabe et al, 2015; Dai et al, 2019). Promoter
deletion of pi6, one of the pachytene piRNA loci on chromosome 6,
resulted in reduced male fertility, increased expression of several
genes required for sperm function, and reduced production of
pachytene piRNAs from other loci (Wu et al, 2020). However, the
complete function of pachytene piRNAs is still unclear.

Miwi2-dependent de novo methylation in gonocytes

In the mammalian life cycle, major reprogramming occurs twice,
first in the fertilized eggs and then in primordial germ cells (PGCs)
(Reik, 2001; Sasaki & Matsui, 2008). During these periods, repres-
sive epigenetic marks are erased to reset the epigenetic memory
inherited from the parents (Reik, 2001; Sasaki & Matsui, 2008). In
germ cells, after this reprogramming event, de novo DNA methyla-
tion occurs throughout the genome to ensure proper spermatogene-
sis (Popp et al, 2010; Seisenberger et al, 2012; Kobayashi et al,
2013; Molaro et al, 2014; Kubo et al, 2015). The male germ cells, in
which de novo DNA methylation takes place, are called gonocytes,
and they serve as progenitors of SSCs.

Gonocytes express Mili and Miwi2 (Kuramochi-Miyagawa, 2004;
Aravin et al, 2006; Carmell et al, 2007). The Mili-piRISC cleaves
target RNAs in the cytoplasm, from which Miwi2-bound piRNAs are
produced (De Fazio et al, 2011). This resembles the situation in
Drosophila, where Piwi- and Aub-bound piRNAs are produced from
RNAs cleaved by Ago3-piRISC (Wang et al, 2015). The Miwi2-
piRISC then enters the nucleus to repress transposon transcription
via DNA methylation (Carmell et al, 2007; Kuramochi-Miyagawa
et al, 2008). Evolutionarily young long interspersed nuclear
element-1 (LINE1) and intracisternal A-particle (IAP) are the main
targets of Miwi2 (Pezic et al, 2014; Kojima-Kita et al, 2016). Impor-
tantly, the region that gains DNA methylation is the target gene
promoter (Pastor et al, 2014; Barau et al, 2016). This suggests that
Miwi2 triggers de novo methylation specifically on the promoter
region of certain types of transposons.

Mice express four Dnmt3 members, Dnmt3A, Dnmt3B, Dnmt3L,
and Dnmt3C, and all these enzymes are required for spermatogene-
sis (Chedin et al, 2002; Bourc’his & Bestor, 2004; Kaneda et al,
2004; Suetake et al, 2004; Barau et al, 2016; Veland et al, 2019; Gao
et al, 2020). Of those, Dnmt3C is gonocyte-specific and rodent-
specific. Its depletion causes DNA demethylation of transposon
promoter regions specifically, as seen in mili mutant cells (Barau
et al, 2016). Dnmt3C-mediated de novo DNA methylation is specific
for the Miwi2 pathway (Barau et al, 2016) (Fig 2).

Factors co-functioning in Miwi2-dependent de novo

DNA methylation

Miwi2 interacts with multiple co-factors in gonocytes (Fig 2). One
representative is TDRD9 (Shoji et al, 2009; Wenda et al, 2017).
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Figure 2. Miwi2-mediated transcriptional silencing model.
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Miwi2-piRISC recognizes nascent transcripts of transposons. Miwi2 interacts with Tdrd9, TEX15, and SPOCD1. H3K4me3 marks are enriched in the Miwi2 target loci. The
functions of Tdrd9 and TEX15 are still unknown. SPOCD1 recruits Dnmt3L and Dnmt3A to induce de novo DNA methylation of the target loci. H3K9me3 marks are also
enriched along with DNA methylation. Components of BAF and NuRD also interact with SPOCD1 and Miwi2, but the involvement of these complexes is still unclear.
Morcl is an essential factor for de novo DNA methylation in gonocytes, but crosstalk with Miwi2-mediated pathways remains to be elucidated.

TDRD9 is a DExH-box helicase/ATPase containing a Tudor domain
and is expressed in the testis of both embryos and adults. In gono-
cytes, TDRD?9 is detected in cytoplasmic non-membranous granules
and in the nucleus (Shoji et al, 2009; Wenda et al, 2017). tdrd9
point mutation mice show defects in DNA methylation of LINE1
elements, leading to developmental arrest at the pachytene stage
and infertility (Shoji et al, 2009; Wenda et al, 2017). However, these
mutant mice produced piRNAs normally. This highlights the impor-
tance of TDRDY in Miwi2-mediated transcriptional silencing (Shoji
et al, 2009). However, its functional contribution remains undeter-
mined. The fly homolog of TDRD9 is Spindle-E, which is essential in
piRNA biogenesis, although its functional contribution also remains
unknown (Lim et al, 2009).

SPOCD1 and TEX15 are necessary for de novo DNA methylation
of transposons (Schopp et al, 2020; Yang et al, 2020; Zoch et al,
2020) (Fig 2). SPOCD1 encodes a protein with a TFIIS-M and a
SPOC domain. Tex15 harbors DUF3715 and two TEX15 domains
and is expressed exclusively in both adult and fetal testis. Tex15 de-
ficiency leads to early meiotic arrest and complete infertility. More-
over, the DNA methylation level over young transposons decreases
in the mutant, showing striking similarity with piRNA pathway
mutants. Both SPOCD1 and TEX15 proteins are nuclear proteins
whose expressions are restricted to testes, and interact with Miwi2
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(Schopp et al, 2020; Zoch et al, 2020). SPOCD1 recruits de novo
DNA methyltransferases, Dmnt3A and Dmnt3L, to the sites where
Miwi2 functions (Zoch et al, 2020). The SPOCD1 interacting factors
include components of the NuRD and BAF complexes (Zoch et al,
2020). The BAF complex is one of the SWI/SNF complexes in mice
(Wilson & Roberts, 2011).

Morcl belongs to the Morc family of GHKL ATPases and its
depletion causes male infertility (Watson et al, 1998; Inoue, 1999).
Morcl is abundant in blastocysts and gonocytes, but it is not present
in differentiated cells (Hruz et al, 2008). In morcl mutant mice,
male germ cells undergo transposon hypomethylation and derepres-
sion (Pastor et al, 2014). However, the abundance of piRNAs is
maintained (Pastor et al, 2014). The differentially methylated
regions (DMRs) in the mutant mice were concentrated around the
transposon promoters (Pastor et al, 2014). This phenocopies mili
and dnmt3c, but not dnmt3l, mutant mice (Barau et al, 2016).
Morcl may play an important role in Miwi2-dependent transposon
silencing in gonocytes (Fig 2).

There is an intimate interplay between de novo DNA methylation
and specific sets of histone modifications. In the early developmen-
tal stage of spermatogenesis and oogenesis, methylation of H3K9 at
the young transposon loci by SetDB1 prior to de novo DNA methyla-
tion is important for subsequent proper de novo DNA methylation

© 2021 The Authors
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(Liu et al, 2014). The molecular cascade of de novo DNA methyla-
tion is well characterized in mouse oocytes. Here, methylation at
H3K36 by SetD2 and the subsequent removal of methylation from
H3K4 is a prerequisite for the establishment of de novo DNA methy-
lation (Stewart et al, 2015; Xu et al, 2019). In contrast, in gonocytes,
Nsd1, another methyltransferase targeting H3K36, but not SetD2, is
essential for de novo methylation (Shirane et al, 2020). Moreover,
demethylated H3K4 (H3K4me2) was observed in gonocytes at the
loci that undergo Miwi2-dependent DNA methylation, suggesting
that the methylation of H3K36, followed by the demethylation at
H3K4, is a common molecular cascade that leads to de novo DNA
methylation in both oocytes and gonocytes.

Comparison of Piwi- and Miwi2-mediated transcriptional silencing

PiRISC biogenesis Piwi- and Miwi2-piRISC bind nascent transposon
mRNAs through RNA-RNA base-paring while transcription is still
undergoing. Piwi- and Miwi2-bound piRNAs are mostly “antisense”
to transposon mRNAs; thus, the two PIWI proteins target the
mRNAs. Piwi- and Miwi2-bound piRNAs are produced mainly from
piRNA cluster transcripts cleaved by Ago3- and Mili-piRISC, respec-
tively (De Fazio et al, 2011; Wang et al, 2015) (Fig 3). It should be
noted that Drosophila OSCs do not express Ago3; hence, Piwi-
piRISC in the cells is produced in an Ago3-piRISC-independent
manner (Saito et al, 2009) (Fig 3). Other aspects of the production
of the Piwi- and Miwi2-piRISC have been summarized elsewhere
(Ozata et al, 2019).

Silencing step The major difference between Piwi- and Miwi2-
mediated RNA silencing is the involvement of DNA methylation
(Fig 3). This is basically attributable to the fact that Drosophila lacks
canonical DNMTs (Kunert et al, 2003). DNA methylation may occur
weakly during fly embryonic development, but it is mediated by
noncanonical Dnmt2 (Kunert et al, 2003). Dnmt3C, which plays a
role in the Miwi2 system, is rodent-specific (Barau et al, 2016).
Although this DNA methylation issue is a major difference
between Drosophila and mice, the piRNA pathway in these two
organisms eventually forms heterochromatin at the target locus
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(Fig 3). However, it has been noted that only a few factors are
commonly used in the two systems. For example, Panx, which is
important for the Piwi-mediated system, is an orphan gene that only
exists in Drosophila (Sienski et al, 2015; Yu et al, 2015). These dif-
ferences may be due to convergent evolution of the piRNA systems
in different species to counteract transposons. Gtsfl/Arx is one of
the factors that appear in both the mouse (as Gtsfl) and fly systems
as an interacting factor of Miwi2 and Piwi, respectively (Donertas
et al, 2013; Ohtani et al, 2013; Yoshimura et al, 2018). However, it
shows distinct functions in these species. Mouse Gtsfl is cytoplas-
mic and contributes to the production of Miwi2-bound piRNAs,
while Drosophila Gtsfl/Arx localizes to the nucleus and co-
functions with Piwi-piRISC to repress transposons (Donertas et al,
2013; Ohtani et al, 2013; Yoshimura et al, 2018).

Histone modifiers, such as H3K4 demethylases and H3K9 methyl-
transferases, as well as the NuRD complex with the H3K9 deacetyla-
tion activity are likely to be used in both the mouse and Drosophila
systems (Liu et al, 2014; Pezic et al, 2014; Sienski et al, 2015; Yu
et al, 2015; Nagamori et al, 2018) (Figs 1 and 2). Furthermore, Piwi
and Miwi2 interact with components of the BAF complex (Zoch
et al, 2020) (Figs 1 and 2). Considering the Brm function in the
Piwi-mediated system (shown above), Miwi2 may also regulate the
Brm homolog to accomplish the task of transcriptional silencing.

Agol/siRNA-mediated heterochromatin formation in
Schizosaccharomyces pombe

In addition to the interspecies divergence of the molecular mecha-
nism by which the nuclear Piwi-piRNA pathway represses trans-
posons, there is another diversity in regard to how the small RNA-
mediated silencing pathway in the nucleus affects the chromatin
state. In fission yeast, Agol/siRNA-mediated constitutive hete-
rochromatin formation occurs at three genomic regions, the peri-
centromeric and sub-telomeric regions, and the mating-type locus,
which we refer to as cen, tel, and mat, respectively. Each of the loci
contains unique repetitive elements known as dg/dh, cenH, and
cenH-like, respectively. The repetitive elements give rise to siRNAs
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Figure 3. Comparison between the Piwi-piRISC and Miwi2-piRISC pathways.

In Drosophila ovaries, Piwi-interacting RNA production machineries in the cytoplasm are different in soma and germ cells. In soma, Piwi-piRNAs are produced by a

piRISC-independent biogenesis machinery, whereas in germ cells, they are produced via Aub/Ago3-mediated cleavage of piRNA precursors. In the nucleus, Piwi-piRISC
regulates histone modifications and subsequent heterochromatin formation. In mouse gonocytes, Miwi2-interacting piRNAs are produced via Mili-mediated precursor
cleavage in the cytoplasm. In the nucleus, Miwi2-piRISC induces DNA methylation along with regulation of histone modification and then accomplishes heterochromatin

formation.
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that nucleate chromatin compaction with help from multiple co-
factors (Reinhart & Bartel, 2002; Volpe et al, 2002; Verdel et al,
2004). The chromatin compaction is spread to flanking areas toward
both sides to fully cover the loci (Motamedi et al, 2004; Noma et al,
2004). This siRNA-dependent constitutive heterochromatin forma-
tion has a broad effect on chromosome homeostasis, such as
suppression of recombination, faithful segregation of chromosomes
during cell division, and switching of mating-type information (Egel,
1984; Klar & Bonaduce, 1991; Thon & Klar, 1993; Allshire et al,
1995; Provost et al, 2002; Hall et al, 2003; Jia et al, 2004; Tuzon
et al, 2004).

Key RNAi components involved in heterochromatin assembly in
fission yeast

The repetitive elements are located within the constitutive hete-
rochromatin regions, but they must be transcribed to a minor extent
to produce siRNAs (Kato et al, 2005). Upon transcription, the
nascent, single-stranded (ss) RNAs are converted to double-stranded
(ds) RNAs by Rdp1, the core resident of the RNA-directed RNA poly-
merase complex (RDRC) (Motamedi et al, 2004; Sugiyama et al,
2005) (Fig 4). The RDRC contains two other components, the puta-
tive helicase, Hrrl, and noncanonical poly(A) polymerase family
member Cidl2 (Motamedi et al, 2004). The dsRNAs are subse-
quently processed into “21-nt-long siRNA duplexes by Dcrl (Fig 4),
the fission yeast ortholog of human Dicer, and fly Dicer2 (Provost
et al, 2002; Lee et al, 2004; Colmenares et al, 2007). The siRNA
duplexes are loaded onto Agol in a stoichiometric manner, where
the passenger strand of the siRNA duplex is then cleaved by the
slicer activity of Agol and ejected into the nucleoplasm for degrada-
tion (Buker et al, 2007). The guide strand remains with Agol, which
assembles the RNA-induced initiation of transcriptional gene silenc-
ing (RITS) complex with chromodomain protein Chpl and Gly-Trp
(GW)-repeat protein Tas3, which serves as a platform for gene
silencing by RITS (Verdel et al, 2004; Schalch et al, 2011) (Fig 4).

A mutation introduced into Rpb2, a subunit of RNA Pol II,
reduced the levels of siRNAs derived from the repetitive elements,
causing misregulation of the siRNA-mediated heterochromatin
formation. Nonetheless, the cell growth of this rbp2 mutant was
comparable to that of the wild type strain (Kato et al, 2005). This
indicates that the transcription state of repetitive elements is some-
what distinct from the transcription state of other euchromatic
genes. For example, the dg/dh repeat within the cen locus is tran-
scribed in both directions (Volpe et al, 2002). Furthermore, some
splicing mutants disrupted the siRNA production from centromeric
regions, although canonical splicing remained active. This also
supports the notion that some features of RNA metabolism trigger
RNAi-dependent heterochromatin formation (Bayne et al, 2008).

The RITS complex deposits repressive histone marks in the
silencing loci

The RITS complex targets nascent RNAs and recruits the Clr4 methyl-
transferase complex (CLRC) to the loci (Horn et al, 2005; Jia et al,
2005; Zhang et al, 2008) (Fig 4). ClIr4 is an H3K9 methyltransferase
that shows similarities, both structurally and functionally, to
mammalian Suv39h and Drosophila Su(var)3-9 (Rea et al, 2000;
Nakayama et al, 2001; Schotta et al, 2002). The CLRC methylates
H3K9 to H3K9me3, to which Chpl within the RITS complex binds
through the chromodomain, which stabilizes the RITS association to
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the heterochromatin (Noma et al, 2004; Cam et al, 2005; Petrie et al,
2005; Schalch et al, 2009). In this vicinity, Stcl interconnects the
CLRC to the RITS complex. The artificial tethering of Stcl to arbitrary
genomic regions recruits CLRC and induces heterochromatin forma-
tion in a RITS-independent manner, even in euchromatin regions,
highlighting the role of Stcl in CLRC recruitment to chromatin (Bayne
et al, 2010) (Fig 4). It has been noted that Stcl is structurally similar
to Gtsfl/Arx; thus, its function may also be similar to that of Gtsfl/
Arx (Bayne et al, 2010; Onishi et al, 2020) (Fig 5).

Chromosomal compaction spreading throughout the
heterochromatin regions

siRNAs are derived mainly from repetitive elements embedded
within the constitutive heterochromatin regions (Cam et al, 2005;
Buhler et al, 2008). However, chromosomal compaction is not
restricted to these elements. Rather, it spreads beyond these
elements throughout the heterochromatin regions (Cam et al, 2005).
Indeed, reporter genes artificially inserted very close to the cen
locus, outside of dg/dh, were repressed depending on RITS, RDRC,
CLRC, and Dcrl (Volpe et al, 2002; Motamedi et al, 2004; Verdel
et al, 2004; Jia et al, 2005). The key factor in this heterochromatin
spreading is Swi6, an HP1 homolog in fission yeast (Hall et al, 2002;
Noma et al, 2004). Swi6 binds H3K9me2 and H3K9me3 through its
chromodomain and self-oligomerizes to build a platform for recruit-
ing other chromatin proteins, such as histone deacetylases and chro-
matin remodelers (Nakayama et al, 2001; Fischer et al, 2009;
Canzio et al, 2011) (Fig 4). In addition to Swi6, Tas3, one of the
RITS complex components, is involved in cis-spreading of hete-
rochromatin silencing (Li et al, 2009). Its C-terminal domain self-
associates and forms a polymer structure in solution. In vivo, this
domain is essential for RITS spreading over centromeric heterochro-
matin regions (Li et al, 2009).

Sir2, CIr3, and Clr6 are three major histone deacetylases in fis-
sion yeast, which play essential roles in suppressing genes located
within heterochromatin regions (Grewal & Klar, 1997; Bjerling et al,
2002; Shankaranarayana et al, 2003; Hansen et al, 2005) (Fig 4).
Sir2 is an NAD'-dependent deacetylase and is required for the hete-
rochromatic gene silencing at cen, tel, and mat. In sir2 mutant cells,
the acetylation level of H3K9 increases in these heterochromatic
regions. In contrast, the methylation level of H3K9 as well as the
abundance of Swi6 decreases. Clr3 assembles the Snf2/Hdac-
containing repressor complex (SHREC) with the SNF2 remodeling
factor Mitl (Sugiyama et al, 2007). Clr3 maintains nucleosome
occupancy at specific regions within the heterochromatin (Garcia
et al, 2010; Yamane et al, 2011). Additionally, in c/r3 mutant cells,
the nucleosome turnover rate increases all over the heterochromatin
regions (Aygiin et al, 2013). These nucleosome states are in favor of
transcription, supporting direct involvement of Clr3 in transcrip-
tional gene silencing over these regions. Histone chaperone Asfl/
HIRA also plays a role in maintaining nucleosome occupancy over
heterochromatin regions together with Clr6 (Yamane et al, 2011).
The clr3 and asfl double mutation causes a severer reduction in
nucleosome occupancy within the heterochromatin regions, suggest-
ing a redundant role of Clr3 and CIr6 in ensuring the chromatin state
that suppresses transcription. Swi6 is involved in recruiting CIr3,
Clr6, and Asfl to heterochromatin regions (Motamedi et al, 2008).
Overall, the Swi6-centered protein network ensures the repressed
chromatin state within the heterochromatin regions.
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Figure 4. RITS-mediated heterochromatin formation model.
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The RITS complex targets nascent RNA of dg/dh repeats. Chpl in the RITS complex binds to H3K9me3 via its chromodomain and stabilizes RITS on the chromatin. RITS
recruits RDRC and reverse transcribes dg/dh repeat sequences to produces double-stranded siRNA precursors. The precursors are processed by Dicer into secondary
siRNAs. RITS also recruits CLRC and Stcl interconnects the two complexes. Clr4 of CLRC interacts with H3K9me3 using its chromodomain and methylates neighboring
H3K9. Chp2 and Swi6 recognize H3K9me3 and recruit SHREC and Clr6 to repress transcription and form heterochromatin.

Accessory proteins that modulate heterochromatin formation
Recent studies have revealed the link between RNA homeostasis
and siRNA-dependent constitutive heterochromatin formation. One
example involves the Mlo3 function in mRNA export in fission yeast
(Thakurta et al, 2005). This protein is an RRM-containing protein
homologous to Aly/REF. In mlo3 mutant cells, the level of centro-
meric transcripts is increased, while the level of siRNAs derived
from the transcripts is severely reduced (Zhang et al, 2008).
Remarkably, Clr4 methyltransferase methylates Mlo3. However,
alteration of Lys9 of histone H3 to arginine did not affect the level of
siRNAs, highlighting the specific importance of Clr4-mediated Mlo3
methylation in siRNA production. The levels of H3K9me3 and Swi6
over centromeric heterochromatin regions are maintained in mlo3
mutant cells, while siRNA production is attenuated. Thus, siRNA
production can be uncoupled from the maintenance of heterochro-
matin marks as observed in the mat locus (Hall et al, 2002).

The Trf4/Air2/Mtrdp polyadenylation (TRAMP) complex,
together with the nuclear exosome, plays an important role in

processing ribosomal RNA, small nuclear RNA, and small nucleolar
RNA (LaCava et al, 2005; Vanacova et al, 2005; Wyers et al, 2005).
One subunit of TRAMP, Cidl4, is a poly(A)-specific nucleotidyl
transferase (Biihler et al, 2007). In cid14 mutant cells, siRNAs from
constitutive heterochromatin regions are mostly lost, while the
precursors accumulate (Biihler et al, 2007). Similarly to the mlo3
mutant cells, the levels of H3K9me3 and Swi6 in cid14 mutant cells
are hardly affected, further supporting the notion that siRNA
production is uncoupled from the maintenance of heterochromatin
marks (Bihler et al, 2007).

Conversely, Rrp6, a subunit of the nuclear exosome, has a
distinct role in the formation of constitutive heterochromatin. In
agol mutant cells, the repetitive elements are transcriptionally
upregulated, while the levels of H3K9me3 and Swi6 are decreased.
Interestingly, the agol/rrp6 double mutant shows an even severer
phenotype than the agol mutant; consequently, the constitutive
heterochromatin turns into the euchromatic state (Reyes-Turcu
et al, 2011). This finding indicates that Agol and Rrp6

Figure 5. Domain structures of siRNA factors in fission yeast and piRNA factors in Drosophila.

Comparison of the domain structures of proteins involved in siRNA-mediated heterochromatin formation in fission yeast and piRNA-mediated transposon silencing in
Drosophila, according to their roles. Data on domain structures were obtained from Uniprot, Pfam, and SMART.
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independently trigger heterochromatin formation to suppress tran-
scription. The redundancy in maintaining heterochromatin indicates
the existence of an RNAi-independent heterochromatin formation
pathway that includes Rrp6. This redundancy creates the additive
effect on heterochromatin formation of the RNAi machinery and a
protein that is involved in nuclear RNA processing. This phenotype
was not observed in the cid14/agol double mutant (Reyes-Turcu
et al, 2011), because the cid14 mutation suppresses the defect in
heterochromatin formation caused by the Agol deletion. These data
support the idea that TRAMP and the nuclear exosome play distinct
roles in heterochromatin formation.

Transcription-independent, DNA motif-dependent

heterochromatin assembly

Two members of the ATF/CREB family, Atfl and Pcrl, induce hete-
rochromatin formation at the mat locus in an siRNA-independent
manner (Jia et al, 2005). The ATF/CREB family of transcription
factors are leucine zipper proteins that bind to the cAMP response
element (CRE). At the mat locus, in contrast to the cen locus, deple-
tion of RNAi components hardly affects the heterochromatin status
as well as the gene silencing status, although these components
localize to the mat locus. Interestingly, depletion of the ATF/CREB-
binding motif (CRE) in combination with the loss of RNAi machin-
ery causes severe defects in heterochromatin formation. This shows
that at the mat locus, the DNA elements (CRE) trigger an siRNA-
independent pathway to ensure the heterochromatin status by
recruiting Clr3 through Atfl/Pcrl. Similarly, at the tel locus, the
DNA-binding protein, Taz1, induces siRNA-independent heterochro-
matin formation (Kanoh et al, 2005). Such DNA motif has not been
found at the cen locus, although heterochromatin can be formed in
an siRNA-independent but Rrp6-dependent manner.

Comparison of the Piwi-piRISC and RITS pathways

Chromodomain dependency In fission yeast, siRNAs are produced
from repetitive elements within constitutive heterochromatin, which
are rich in H3K9me3. Nonetheless, the elements are weakly tran-
scribed to generate siRNAs only during S phase (Chen et al, 2008;
Kloc et al, 2008). The siRNA production takes place within the
vicinity and the siRNAs target the parental loci to maintain the hete-
rochromatin state. Thus, it is reasonable that many key factors, such
as Chpl, Chp2, Swi6, Mitl, and Clr4, possess the chromodomain
H3K9me3-reading domain (Fig 5).

In contrast, the chromodomain is not common among Piwi co-
factors, and only HP1 members and Mi-2 have this domain (Fig 5).
The piRNA clusters used in OGCs are rich in H3K9me3 and are
bound to the HP1 homolog, Rhino (Rhi), through the chromod-
omain. Rhi then recruits other factors to activate transcription inter-
nally within the clusters (Mohn et al, 2014; Zhang et al, 2014;
Andersen et al, 2017). Rhi is unique to OGCs and absent in OSCs
(Sumiyoshi et al, 2016). The main piRNA source in OSCs is flam,
which is H3K9me3-free (Sienski et al, 2012). Transposons targeted
by piRNAs are normally located within euchromatin, which is
fundamentally H3K9me3-free before the action of Piwi (Sienski
et al, 2012). Thus, Piwi co-factors do not have to rely on the chro-
modomain to function in this pathway. Clr4 in fission yeast contains
a chromodomain together with a Pre-SET and SET domain (Fig 5).
The Drosophila counterpart, Egg/SetDB1, has a TUDOR domain
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instead of the chromodomain (Fig 5). The TUDOR domain binds
the active histone mark, H3K14ac, but not H3K9me3 (Jurkowska
et al, 2017).

Determining the genomic sites where Piwi localizes is experimen-
tally a difficult task. On the basis of this, the “target-engaged
piRISC” model was proposed (Huang et al, 2013; Lin et al, 2015;
Marinov et al, 2015; Ilyin et al, 2017). According to this model,
nuclear Piwi-piRISCs scan nascent transcripts until they find landing
sites, which should be highly complementary to the piRNAs. Once
piRISCs bind the target RNAs, they transform to “target-engaged
piRISCs” and start recruiting other co-factors (Sienski et al, 2015).
This model is based on the structural change found in AGO-RISC
before and after its binding to the target RNA (Wang et al, 2008). In
fission yeast, the genomic sites to which Agol, and even its co-
factors, bind were easily determined experimentally. These findings
prompted us to think that in Drosophila, the sequence specificity
that is inherently buried in the nascent transcript triggers hete-
rochromatin formation more than the chromatin status on such
genomic regions does. Conversely, RNAi in fission yeast is forced to
locate at heterochromatin regions and its activity is regulated by the
chromatin status with the help of RNA recognition by the RITS
complex. Thus, the difference in the number of chromodomain-
containing proteins between the two pathways may reflect the mode
of action that triggers heterochromatin formation.

Trans-silencing In most organisms, including Drosophila, siRNAs
arising from dsRNAs expressed either exogenously or endogenously
efficiently recognize the corresponding RNA sequences and silence
them effectively. This indicates that siRNAs can target RNA tran-
scripts in trans no matter where they originated from. Similarly,
Drosophila piRNAs are produced from piRNA clusters (strictly
speaking, this has only been demonstrated for the flam locus) and
silence transposons located in euchromatin (Yamanaka et al, 2014;
Sato & Siomi, 2018). In contrast to this fly system, siRNAs in fission

siRNA pathway
in fission yeast

piRNA pathway
in Drosophila

ﬁ piRNA cluster

\

Repetitive element

B
§ piRISC : piRISC
trans-acting : formation
RITS “orooeee” “RITS v
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e Chromatin integrity

¢ Gene silencing

k * Gene silencing /

Figure 6. Comparison between the Piwi-piRISC and RITS pathways.
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In fission yeast, siRNAs induce heterochromatin formation in cis by targeting
the locus at which their own precursors are produced. RITS recognizes
repressive chromatin and maintains chromatin in a compact state, thereby
repressing incorrect gene expression and ensuring correct chromatin
segregation. However, Piwi-piRNAs are produced from piRNA clusters and
target intergenic active transposons in trans. Piwi-piRISC first attenuates
transcription, then renders the transposon loci compact, and subsequently
accomplishes gene silencing.
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yeast do not induce heterochromatin assembly in trans, i.e., they
avoid “trans-silencing”. Namely, siRNAs in fission yeast are
restricted to act on the parental elements from which they were
produced (Fig 6). However, upon mutating Pafl, an RNA pol II
interactor, the effect of trans-silencing was increased, and even
genes located outside of the heterochromatin regions were repressed
if their RNA transcripts were complementary to the siRNAs (Kowa-
lik et al, 2015). In the pafl mutant cells, nascent transcripts are not
efficiently released from the genes and the lingering RNAs become
the target of the silencing machinery, leading to heterochromatin
formation. This increase in the range of RNAi-targeting was also
observed upon mutating Mst2, a histone acetyltransferase (Flury
et al, 2017). The mutation may also retain nascent transcripts aber-
rantly long on the gene as seen in pafl mutant cells. Consistent with
this notion, the defect in nuclear RNA processing at the transcription
site caused by Rrp6 depletion led to efficient targeting of RNAi and
subsequent heterochromatin formation on actively transcribed gene
regions (Yamanaka et al, 2013).

In fission yeast, the length of introns within protein-coding genes
is relatively small, and the average number of introns is smaller
than that in humans (Mourier & Jeffares, 2003). Moreover, many
genes in fission yeast do not even have introns. Conversely, pre-
mRNAs in Drosophila are normally much longer than those in fis-
sion yeast and thus are theoretically retained on the genome for a
longer period of time. This may contribute to the increased rate of
“trans-targeting” in organisms other than fission yeast. Moreover,
as discussed above, at least in Drosophila, the transcription rate of
the Piwi targets is reduced by Mael, or other alternative means,
before heterochromatin formation occurs at the target loci (Sienski
et al, 2012; Chang et al, 2019; Onishi et al, 2020). Whether or not
mice have a similar system remains undetermined.

PiRNAs versus siRNAs Fission yeast are PIWI-free and piRNA-free,
but Drosophila produce siRNAs and express AGO members in the
germline. Endogenous siRNAs in Drosophila are the products of long
dsRNAs, and the majority have transposon sequences. In cultured
Schneider 2 (S2) cells, a Drosophila cell line of embryo origin, the
loss of Dicer2 and Ago2 caused derepression of transposons, which
indicates that RNAi contributes to transposon silencing at least in
these non-gonadal somatic cells (Kawamura et al, 2008). Such
endogenous RNAi may contribute to transposon silencing in the
ovaries in addition to the piRNA pathway, but to a much lower,
perhaps negligible, extent, because the PIWI mutants, but not the
ago2 mutant flies, show infertility (Cox et al, 1998; Kim et al, 2007).

Perspective

piRNA-mediated transcriptional transposon silencing in Drosophila
and mice is essential for maintaining the genomic integrity of repro-
ductive tissues. A more detailed understanding of the molecular
mechanisms of piRNA-mediated transcriptional silencing has been
gained in Drosophila (Iwasaki et al, 2015; Czech et al, 2018; Ozata
et al, 2019). Recently, it has been reported that Piwi-piRISC effi-
ciently represses transposon transcription by co-activating
H3K9me3-independent and H3K9me3-dependent transcriptional
repressive mechanisms (Murano et al, 2019; Onishi et al, 2020).
Additionally, it has been suggested that H3K9 deacetylation and
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Box: In need of answers

® How do Piwi co-factors such as Gtsfl/Arx, Mael, PICTS/PPNP/SFiNX/
Pandas, Egg, and other chromatin modification factors integrate the
Piwi/piRNA-mediated transposon repression mechanisms? Artificial
tethering of the silencing factors over time using drug-inducible
expression systems may help to clarify this question.

What is the molecular mechanism underlying Miwi2-mediated gene
silencing? Biochemical analysis of Miwi2-interacting factors using
FACS-sorted gonocytes may help to clarify this question. A cultured
system suitable for biochemical analysis, equivalent to Drosophila
0SCs, is desired.

What are the molecular determinants and minimum requirements
that limit trans-silencing by the RITS complex? In vitro reconstruc-
tion of the entire step of RNAi-mediated heterochromatin formation
will help to answer this question.

What accounts for the diversity and uniqueness of the piRNA
system? Uncovering the origin of factors specific to the piRNA system
may help to answer this question.

H3K4 demethylation are important for Piwi-mediated silencing (Yu
et al, 2015; Mugat et al, 2020). The next challenge is to clarify the
order of these inhibitory mechanisms and the detailed molecular
functions of the co-factors.

In recent years, the detailed mechanism of Miwi2-mediated prop-
erties has become better understood. So far, phenotypic analysis has
been the main method for analyzing Miwi2-mediated transcriptional
repression systems. For more detailed mechanistic understanding,
biochemical analysis of gonocytes is necessary. Recently, cell sort-
ing technology and biochemical analysis using a small number of
cells or a single cell have been developed, and it is expected that
these technologies will be used to elucidate the molecular mecha-
nism of Miwi2-mediated transcriptional silencing. Moreover, further
progress will be made by comparing the Miwi2-mediated transcrip-
tional silencing mechanism with that in Drosophila.

The model of Agol-mediated heterochromatin formation in fission
yeast has been used as a reference for a piRNA-mediated transcrip-
tional repression model. However, as research on piRNA-mediated
transcriptional silencing has progressed, differences between the two
mechanisms have been revealed. First, piRNAs mainly target trans-
posons integrated in euchromatic loci and convert them into a tran-
scriptionally inert state, whereas siRNAs in fission yeast target
repetitive elements transcribed from constitutive heterochromatin
regions. It is interesting to note that the piRNA system seems to be
specialized in the repression of active transcription (Aravin et al,
2008; Nagamori et al, 2018; Onishi et al, 2020). This unique feature
of the piRNA system may be the result of an arms race between
piRNAs and transposons. Therefore, clarifying the origin of piRNA-
specific factors will shed light on the evolution of the piRNA system.
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