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Abstract

PIWI-interacting RNAs (piRNAs) play an important role in the defense against
transposons in the germline and stem cells of animals. To what extent other
transcripts are also regulated by piRNAs is an ongoing topic of debate. The
amount of sequence complementarity between piRNA and target that is
required for effective downregulation of the targeted transcript is guiding in
this discussion. Over the years, various methods have been applied to infer
targeting requirements from the collections of piRNAs and potential target
transcripts, and recent structural studies of the PIWI proteins have provided
an additional perspective. In this review, I summarize the findings from these
studies and propose a set of requirements that can be used to predict targets to
the best of our current abilities.
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1 | INTRODUCTION

PIWI-interacting RNAs, or piRNAs, are powerful molecules in transcriptional and posttranscriptional tuning of
the genomic output. They are well-known for their function in silencing transposons in the animal germline.
Depending on the species and the PIWI protein, they can do this by recognizing transposon transcripts and mark-
ing them for degradation, or by inducing epigenetic modifications at the matching genomic locus. In either case
they recognize their targets by sequence complementarity, and their effect is mediated by their binding partner,
the PIWI protein. Many excellent reviews have been written on the biogenesis of piRNAs and the mechanisms of
PIWI function (Czech et al., 2018; Luteijn & Ketting, 2013; Ozata et al., 2019), and I refer to those for further infor-
mation on these aspects.

Over recent years PIWI proteins and piRNAs have also been reported in tissues outside of the germline (in fact, the
somatic presence of PIWI proteins likely reflects their ancestral state (Jehn et al., 2018; Lewis et al., 2018)), and effects
of piRNAs have been proposed on sequences beyond transposons (Dai et al., 2019; Galton et al., 2022; Gou et al., 2014;
Jones et al., 2016; Lee et al., 2011; Nandi et al., 2016; Rajasethupathy et al., 2012; Rouget et al., 2010; Sharma
et al., 2001; Shi et al., 2020; van Wolfswinkel, 2014). Further it has become clear that sequence complementarity of the
piRNA to the target does not need to be perfect, extending the range of potential targets dramatically. A major question
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now is to what extent detected downstream effects can be ascribed to piRNA targeting (Wu & Zamore, 2021), and to
what extent sequence complementarity to a piRNA is predictive of a regulatory relationship.
In this perspective, I will summarize and interpret recent findings on the targeting rules of piRNAs.

2 | DEFINITION OF piRNAS

Before determining what the targets of piRNAs are, it is necessary to define what molecules are considered piRNAs.
The name indicates that a piRNA (PIWI-interacting RNA) is an RNA that interacts with a PIWI protein, but does that
mean that any RNA that binds to a PIWI protein is a piRNA, and that an RNA that does not interact with a PIWI
is not?

PIWI proteins consist of an N-terminal domain, two linker domains, a PAZ domain, a MID domain, and a PTWI domain
(Figure 1a). The N-terminal, MID, and PIWI domain form a central channel that is covered by the PAZ domain, and is lined
with positively charged residues (Figure 1b) (Song et al., 2004). To function as a guide for PIWI protein targeting, a piRNA
needs to be bound at this central channel of the PIWI protein. The optimal sequence length for binding differs somewhat
between different PIWI proteins, and allows for a few bases of flexibility, but typically is somewhere between 24 and 32 nt.
Therefore, a length in this range is an expected feature of a mature piRNA.

During biogenesis of piRNAs, the loading onto a PIWI protein and piRNA length determination are coupled
(Figure 1c): a longer RNA fragment is initially bound by the PIWI protein and is subsequently trimmed to its mature
length (Feltzin et al., 2015; Izumi et al., 2016; Tang et al., 2016). If such RNA fragments are not bound to a PIWI pro-
tein, they are rapidly degraded by exonucleases (Balaratnam et al., 2022), and once bound to a PIWI protein the release
rate of a piRNA is low (Arif et al., 2022). Therefore, piRNAs are found almost exclusively bound to PIWI proteins
(Gainetdinov et al., 2018), and small RNA molecules of piRNA length in the absence of a PIWI protein are more likely
to be intermediates of RNA degradation or processing pathways than to be actual piRNAs.

The trimming of piRNAs to their mature length is efficient (Kawaoka et al., 2011; Tang et al., 2016), and therefore longer
pre-piRNAs are found only as a minor side population of more abundant shorter mature piRNAs. After trimming, the 3’
end of the piRNA is modified by methylation, which stabilizes the piRNA. Unmodified piRNAs are targets for degradation,
and this destabilization is particularly strong when the piRNA has complementarity to a target (Gainetdinov et al., 2021),
which is exactly what is required for the piRNA to be functional as a guide. It is possible that some piRNAs with little com-
plementarity to other sequences can exist in unmodified state, but presence of this 2'Ome modification strongly increases the
likelihood that a small RNA is a mature piRNA that can accomplish functional targeting.

Finally, there are probabilistic expectations on the sequence content of piRNAs: piRNAs have a bias for a 5’ Uridine
and/or a bias for an Adenine at position 10, and frequently are derived from specific genomic clusters (Brennecke
et al., 2007; Gunawardane et al., 2007). These features however do not apply to every individual piRNA, and therefore
are problematic to enforce. Most piRNAs start with a Uridine as the first nucleotide, in part due to the fact that this
nucleotide fits the binding pocket of most PIWI proteins best (see below), and in part due to biases of the nuclease Zuc-
chini that generates the 5’ ends of many pre-piRNAs (Haase et al., 2010; Ipsaro et al., 2012; Stein et al., 2019). However
some PIWI proteins, such as Drosophila Ago3, do not have a strong preference for a specific 5' base (Cora et al., 2014).
Drosophila Ago3 is one of a set of PIWI proteins that bind secondary piRNAs, generated from a 5’ end that is newly cre-
ated by the targeting by a primary PIWI-piRNA complex in an amplification mechanism known as the ping-pong loop
(see Figure 3d). The primary piRNA-PIWI complex has a preference for an Adenine opposite the first base of its piRNA
(though not due to base-pairing with the 5'U), thereby creating a class of secondary piRNAs without a strong 5’ bias but
with an Adenine at position 10 (Wang et al., 2014). Thus while presence of the 5U may strengthen confidence in a
sequence as a piRNA, the absence has no predictive power. Similarly, many piRNAs derive from piRNA clusters, and
thus the fact that a small RNA sequence maps to such a cluster can be considered a confirmation of its definition as a
piRNA. However, piRNAs produced by ping-pong amplification could be derived from target transcripts that are dis-
tinct from these clusters. Further, some piRNAs have been found to derive from 3'UTRs of coding genes, or from struc-
tural RNA, and there is evidence that piRNAs from non-cluster locations may actually carry the majority of the
functional implications (Gebert et al., 2021). Therefore, if other conditions are satisfied, the atypical source of a small
RNA is not a ground to dismiss it as a piRNA as it could have downstream effects identical to those induced by piRNA
sequences derived from clusters.

In conclusion, to be considered a mature piRNA, an RNA should be bound to a PIWI protein, have a length that
matches the binding preference of the PTWI protein, and have 3’ methylation (Figure 1c).

85U8017 SUOWWOD AR 3(gedl|dde ay) Aq peusenob afe 9 ie YO 9Sn Jo Sejni o} Akeid1auljuQ 43I UO (SUONIPUOD-PUR-SWLIBYLIOY™AS | IM AT 1[BUIUO//SANY) SUONIPUOD pue SWie | 8y} 89S *[9202/20/2z] Uo ARigiTauliuo A|im ‘AiseAun e A A TT8TBUIM/ZO0T OT/I0p/W0d A8 | im Aleiq Ul jU0'Sa1im//Sdny wWouy pepeojumod ‘T *vZ0Z ‘ZT0LLSLT



‘WOLFSWINKEL A 30f21
van AN XAIRES_W] LEYJ—O
(a) (c) .« TRIMMER

[ N [ L1 [pPaz] 2 [MD] PwW e
5P 3
¢ HEN1

B

mature piRNA 5 p

3'CHs

FIGURE 1 General features of PIWI proteins and piRNAs. (a). Schematic of the domains of the PIWI protein. (b). Schematic of the
organization of the domains. The Mid domain binds the 5’ end of the piRNA, and the PAZ domain has a binding pocket for the 3’ end. The
PIWI domain contains a catalytic site that has endonuclease activity. The PIWI-bound piRNA engages a target by sequence complementarity
and both are located in the central channel of the PIWI protein. Adapted from (Song et al., 2004). (c) In the biogenesis of piRNAs, initially a
longer RNA molecule with 5" monophosphate group is bound by the PIWI protein, and this is subsequently trimmed to the correct length
from the 3’ end. The trimmed piRNA is methylated by the methyltransferase HEN1, which inhibits further trimming and degradation.

3 | INSIGHTS FROM STRUCTURAL ANALYSES

Many of our expectations for piRNA targeting are based on findings regarding other regulatory small RNA mecha-
nisms, in particular the miRNAs. miRNAs are bound by Argonaute proteins, which are closely related to the PIWI pro-
teins (see Box 1). The structural differences between Argonautes and PIWIs therefore help tune our expectations for
piRNA targeting.

Several PIWI proteins have been investigated by detailed structural analysis: the silkworm Siwi protein (Matsumoto
et al., 2016), Drosophila PTWI (Yamaguchi et al., 2020), and an AGO-3 homolog from the sponge Ephydatia fluviatilis
(Anzelon et al., 2021). These studies have painted a clear picture of the similarities and differences between PTWIs and
Argonautes.

The 5 and 3’ end of the piRNA both have dedicated binding pockets in the PTWI protein, thereby defining the optimal
length of the small RNA (Matsumoto et al., 2016), similar to the situation for Argonautes (Figure 2a). The 5 nucleotide is
fitted in a binding pocket in the MID domain that recognizes a 5 mono-phosphate. In most PIWI proteins, a loop on the
MID domain, also referred to as the specificity loop, can form a hydrogen bond with a Uridine, but clashes with any of the
other bases, thereby providing a structural basis for the observed 5'U bias of piRNAs (Cora et al., 2014; Frank et al., 2010;
Stein et al., 2019). The binding site for the 3’ end of the piRNA in the PAZ domain has a hydrophobic pocket that fits the
protective 2’Ome group that has repeatedly been detected on piRNAs (Figure 2b; Matsumoto et al., 2016).

In the miRNA-binding Argonaute proteins, the central cleft is narrow and stacks nucleotides 2 through 6 of the
miRNA in a manner that reduces the entropic cost of base-pairing with a target RNA (Parker et al., 2009; Schirle &
MacRae, 2012). Due to this stacked conformation, the pairing of these first few bases is much more rapid and energeti-
cally favorable in the context of the Argonaute protein than would be expected for the naked small RNA, and this
explains the outsized weight that base-pairing of this 5’ region contributes to miRNA targeting. If bases beyond nucleo-
tide 5 are paired, the Argonaute protein goes through a conformational change that allows base-pairing to continue up
to nucleotide 8 and also exposes nucleotide 13-16 for additional pairing (Schirle et al., 2014; Sheu-Gruttadauria
et al., 2019). Right after nucleotide 8 however the cleft narrows and does not allow base-pairing between miRNA and
target for the next couple of nucleotides (Figure 2c) (Sheu-Gruttadauria et al., 2019). These conformational features
explain the independently identified concept of miRNA targeting by base-pairing of nucleotide 2-8 of the miRNA,
known as the seed region (Lewis et al., 2003), which can be complemented by additional pairing at nucleotides 13-16
(Brennecke et al., 2005; McGeary et al., 2022).

Compared to Argonaute proteins, PIWI proteins have a widened central cleft that does not narrow significantly after
nucleotide 8 of the piRNA, and the initial bases of the piRNA are less organized (Figure 2c; Anzelon et al., 2021). This
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BOX1 Phylogenetic relationships between Argonautes and PIWI proteins

The family of Argonaute proteins consists of a highly conserved group of proteins that all bind small non-
coding RNA (Carmell et al., 2002). All eukaryote Argonaute proteins contain the same set of domains and
the same overall domain architecture, described in Figure 1. Prokaryotic Argonaute proteins are more
divergent in their domain composition (Koopal et al., 2022). Based on further domain similarity, several
clades of eukaryote Argonautes can be distinguished. The AGO clade (blue) contains the canonical
Argonaute proteins that are conserved among animals, fungi and plants. They are typically present in every
cell of the organism and bind to siRNAs (small interfering RNAs) and miRNAs (microRNAs). Animals have
several more clades of related proteins that are most highly expressed in the germline and the pluripotent
stem cells, and are collectively known as the PIWI proteins. Within the PIWI proteins, the AGO3-related
PIWIs form a separate clade (yellow). Among the other PIWIs the vertebrate sequences cluster closely
together while the invertebrate PTWIs are more divergent (green).
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suggests that the seed region still needs to match its target to fit the cleft, but the wider cleft may allow for more
lenience in the base-pairing. Further, the lack of seed stacking suggests that the weight of base-pairing in the seed
region likely does not outsize the weight of other bases significantly. This implies that base-pairing at the seed region
creates a weaker bond than in Argonautes, and thus that stabile binding of a target requires significant additional base-
pairing outside of this region. But in contrast to the situation in Argonautes, the base-pairing can continue beyond the
first 8 nucleotides and this can thus create the additional stability required.

Most Argonaute proteins have catalytic activity that is conferred by the presence of a catalytic triad of amino acids
known as the DDH motif (Liu et al., 2004). This activity allows the Argonaute-guideRNA complex to cleave a target
RNA opposite the bond between nucleotide 10 and 11 of the small RNA. For this activity to engage however, an ener-
getically costly conformational change of the Argonaute protein needs to take place to correctly position the catalytic
site. This requires full base-pairing around the scissile site, which puts significant strain on the Argonaute protein, and
needs to be compensated by additional base-pairing. Additionally, for the target and the guideRNA to fit the central
channel, the 3’ end of the small RNA needs to be released from the binding pocket, which comes at a significant
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FIGURE 2  Structural comparison between Argonaute proteins and PIWI proteins. (a) Binding pockets for the 5’ and 3’ end of the
piRNA in the silkworm PIWI protein SIWI MID and PAZ domain, respectively. Adapted from (Matsumoto et al., 2016). (b) Comparison of
the binding pockets for the 3’ end of the small RNA between human Argonaute protein Ago2 (hAgo2) and mouse PIWI protein MIWIL.
Adapted from (Matsumoto et al., 2016). The PAZ domain of MIWTI has more space in the binding pocket which allows for the fitting of the
terminal 2’Ome (arrow). (c) Comparison of the central channel in hAgo2 (Sheu-Gruttadauria et al., 2019) and efPIWI (Anzelon et al., 2021).
In hAgo2, a narrowing of the channel disrupts the base-pairing between piRNA and target at the end of the seed sequence. In efPIWI a
widened channel can be formed that allows for base-pairing of piRNA and target along the whole length of the sequence. Adapted from
(Sheu-Gruttadauria et al., 2019) and (Anzelon et al., 2021).

energetic cost that needs to be offset by further base-pairing between the guideRNA and the target (Tomari &
Zamore, 2005). Together this means that for Argonaute catalytic activity to occur, base-pairing between the small RNA
and its target needs to be (near) perfect. This typically does not happen for metazoan miRNAs, but does match what is
found for siRNAs (small interfering RNAs) that function in genome defense (Elbashir et al., 2001).

The catalytic site of the PIWI protein is similar to that of the Argonaute and is positioned opposite the bond between
nucleotide 10 and 11 of the piRNA. What the catalytically active conformation of the PIWI protein looks like however
is not entirely known. Only recently it was found that the fully active PIWI complex requires the presence of the auxil-
iary Zn finger protein GTSF1 (Arif et al., 2022), and no structural studies have yet been conducted in the presence of
this protein. Studies of PIWI structure in the absence of GTSF1 however found that a conformational opening of the
cleft has to take place to accommodate extended sequence complementarity between the piRNA and its target and that
a conformational change is required for correct positioning of the catalytic triad (Anzelon et al., 2021; Matsumoto
et al., 2016). In accordance with this, activation of cleavage activity (in the absence of GTSF1) required significantly
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more base-pairing than just the seed region: in efPiwi, cleavage activity reached plateau only when the pairing extended
to nucleotide 18 with no more than 2 mismatches (Anzelon et al., 2021).

In Argonautes, target cleavage leads to reduced stability of the association between the AGO-siRNA complex and
each of the two cleavage products. The reduced number of base-pairs with each fragment is no longer sufficient to sus-
tain binding, and the strain involved in base-pairing beyond the 8th nucleotide at the seed contributes to the instability,
resulting in the rapid release of the target fragments after cleavage (Salomon et al., 2015; Yao et al., 2015). PIWI-piRNA
complexes however retain stronger and more stable interactions with their base-paired target after cleavage. Silk moth
Siwi remained bound to the cleaved target RNAs, and required the RNA helicase Vasa to release the cleavage products
(Nishida et al., 2015), and in mouse both MIWI and MILI failed to release their targets after cleavage (Dowling
et al., 2023), except in the presence of additional factors from testis lysate, whose identity currently remains unknown
(Arif et al., 2022). Drosophila PTWI showed that the dynamics of this nuclear PIWI protein might be even more rigid.
Modeling showed that PIWI remains tightly bound even to targets with multiple mismatches, and as Drosophila PTWI
has lost its nuclease activity there is no obvious way to reduce the affinity (Yamaguchi et al., 2020). PIWI therefore is
likely unable to release a target without the help of one or more auxiliary factors. Similarly, the release of bound targets
from efPIWI in the absence of auxiliary factors was found to be comparable to the lifespan of typical mRNA molecules
(Anzelon et al., 2021), suggesting that targets once bound may never be released.

Based on these studies it can be expected that effective piRNA targeting requires substantial sequence complemen-
tarity, and that mere pairing of the seed region is unlikely to suffice. On the other hand, once a target with ample base-
pairing has been bound, this bond is predicted to be very stable and not easily disrupted. While these structural studies
give valuable insights in the general principles of PIWI function, the structures are determined based on a very small
number of piRNAs and targets, and thus more high-throughput strategies are required to determine what amount of
sequence complementarity is sufficient for piRNA targeting.

4 | EXPERIMENTAL STRATEGIES TO DETERMINE piRNA TARGETS

As piRNAs find their targets by sequence complementarity, many studies have used the sequences of piRNAs to predict
potential targets. Based on the structural studies it is clear that some amount of mismatching between piRNA and tar-
get is likely to be tolerated while still allowing for PTWT activation, but that does not reveal how much mismatching is
found among natural targets. The study of bound target molecules thus can give further insights into the base-pairing
requirements.

FIGURE 3 Methods to determine piRNA targeting. (a) Immunoprecipitation (IP) of the PTWI protein recovers both the piRNA (green, 5U
indicated for orientation) and the associated target RNA (blue). The RNAs can be separated based on length and modifications. Cloning and
sequencing of the associated RNA identifies the population of small RNA as well as the population of associated target sequences. Crosslinking of
the PIWI protein before IP (CLIP) to the RNA can improve the recovery and provide additional information about the most proximal residues.

(b) In chimeric CLIP or CLASH the PIWI protein and RNAs are crosslinked before immunoprecipitation, and the associated RNA molecules are
trimmed and ligated resulting in a chimeric molecule that combines the piRNA and the target sequence. Cloning and sequencing of these chimeric
molecules thus gives direct information about the pairing between piRNA and target. (c) The endonucleolytic action of the PTWI protein results in
the formation of a new monophosphorylated 5’ end at the target site, opposite nucleotide 10 of the corresponding piRNA. Cloning of these
degradation fragments (degradome) and combining this with sequencing of piRNA sequences provides information about the likely combination
between piRNA and target. Upon elimination of the piRNA, the reduction of the cleavage product in combination with the elevated level of the
uncleaved target then confirms the regulatory interaction. (d) The downstream effect of piRNAs includes the generation of secondary small RNAs
from the target RNA. In most animals, this involves the action of a second PIWI protein which through a mechanism known as the ping-pong
cycle results in the generation of a second piRNA that has a 10 nucleotide overlap with the initial piRNA. This signature of ping-pong piRNAs thus
indicates the effective targeting of a long RNA. In C. elegans the amplification mechanism involves an RNA dependent RNA polymerase (RdRP)
that synthesizes novel antisense small RNAs (22G RNAs) in proximity of the targeting by the worm piRNA (21U RNA). (e) Effective piRNA
targeting can be estimated by evaluating the stability of a reporter mRNA. The reporter typically encodes a fluorescent protein. Effective targeting
by a piRNA will result in reduced stability of the mRNA and thus reduction of the fluorescent signal. (f) Binding and cleavage activity and kinetics
of a specific PIWI-piRNA complex can be determined by in vitro approaches. Typically, a purified PTWI protein is preloaded with a specific piRNA,
and exposed to a library of potential targets. To determine binding preferences, the subset of bound target molecules can be precipitated with the
(catalytically inactive) PIWI protein and sequenced. To determine cleavage activity, the non-cleaved targets can be processed for sequencing, or a
degradome approach can be used to clone the newly generated 5 ends.
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41 | Make me a match... piRNA targets by base-pairing and binding

A straight-forward method of experimentally identifying targets is to inspect the longer RNAs that precipitate with a
PIWI protein, and determine their level of complementarity to independently sequenced piRNAs (Figure 3a).
Crosslinking before immunoprecipitation (CLIP and many variants thereof) increases the stability of such interactions.
Such studies have revealed that a wide range of mRNAs can associate with PIWI proteins but remarkably only a frac-
tion could be assigned well-matching piRNAs (Barckmann et al., 2015; Gou et al., 2014; Toombs et al., 2017; Vourekas
et al., 2012). In retrospect it appears that this type of IP data may be too noisy to deduce targeting principles. Co-
precipitation of the longer RNA with the PIWI proteins could be mediated by pairing to a piRNA, but long RNAs could
also be associated with other regions of the PIWI protein and binding could even be indirect through other interacting
proteins or RNAs. Binding to any surface of the PIWI protein other than the central channel is meaningless in the con-
text of piRNA targeting. Positional information of an added crosslink can mitigate these concerns, but it has become
clear that further evidence in addition to mere binding is required to infer targeting. Further, these methods do not pro-
vide information on which piRNA matches to which target—this is only inferred from complementarity between inde-
pendently sequenced reads—and therefore it is very difficult to distill targeting rules from such IP experiments.

A recent study in C. elegans introduced an elegant variant of target cloning called CLASH (Crosslinking, Ligation,
and Sequencing of Hybrids; Kudla et al., 2011) to the piRNA field (Shen et al., 2018) in which the piRNA is ligated to
the (trimmed) bound target before sequencing, thereby providing direct information about the pairing between the two
(Figure 3b). This study revealed that C. elegans 21 U piRNAs have a 5’ seed region at (bases 2-8) in which little to no
mismatches are tolerated, followed by a center region (nucleotides 9-13) in which base-pairing is more lenient, and a 3’
region (bases 14-21) in which base pairing is more stringent again (Figure 4).

Similar chimeric reads can be derived from CLIP experiments in which piRNAs and their matching long RNAs have
become ligated, and these chimeras similarly can give insight in direct pairing interactions. Application of this method
to Drosophila Aubergine (Aub) revealed limited base-pairing and detected more mismatches in the center region of the
piRNA than on the 5’ seed or the 3’ end (Vourekas et al., 2016). Remarkably, this study found that among transcripts
that had target sites with similar base-pairing, only a subset was bound to Aub, suggesting that other factors such as
abundance and transcript length contribute to the outcome. A similar chimeric CLIP approach on S. mediterranea PIWI
protein SMEDWI-3 led to similarly mixed results (Kim et al., 2019). While some long transcripts could be linked to
matching piRNAs, many could not be assigned.

While this chimeric approach gives more insight into the pairing of piRNA and target, there still are substantial
limitations. There are indications that the ligation reactions introduce biases into the analysis as there are discrep-
ancies in the abundance of specific sequences identified by IP and those identified by chimeric methods. Further,
binding does not equal functional targeting. Similar studies in miRNA targeting have shown that CLIP association
is a poor predictor of regulatory effects (Chu et al., 2020). For each individual small RNA, the number of true
matching target sites in the transcriptome is low, and the number of incomplete matches is orders of magnitude
larger. Therefore the likelihood of catching a small RNA while it is binding to a poorly matching site—while
instable—is high. The CLIP protocols cannot distinguish between the true functional pairings and the instable
ones, and thus this data remains noisy. While functional targeting without detectable binding may be highly
unlikely, binding without functional targeting is probably prevalent. Binding therefore is a prerequisite, but
remains an inaccurate predictor for the functional effects of piRNAs.

4.2 | Aslong as it works... piRNA targets based on downstream effects

Another method for target identification is by using downstream effects as a proxy (Figure 3c-e). Cleavage by a PTWI-
piRNA complex splits a target mRNA into two fragments: a capped fragment with a newly unprotected 3’ end that is
rapidly degraded, and an A-tailed fragment with a newly generated uncapped 5’ end. These 5 mono-phosphorylated
fragments can be cloned for sequencing approaches and are generally referred to as the degradome (Figure 3c). If the 5’
end is positioned at the 10th nucleotide position of a matching piRNA, this strongly suggests that the matching piRNA
was causal to the generation of this cleavage fragment (Goh et al., 2015; Reuter et al., 2011; Zhang et al., 2015). If the
abundance of the cleavage fragment is reduced in a background that eliminates the piRNA or the PIWI protein,
the case for causality is strengthened further. In such a study of MIWI, base complementarity of nucleotides 2-22 was
required for cleavage in vitro, proposing the need for extensive base pairing (Reuter et al., 2011). Later in vivo analyses
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PIWI protein method reference
C. elegans PRG-1 (2mm)  reporter Bagijn 2012
[ 14 CLASH Shen 2018
4 secondaries Zhang 2018
Drosophila Piwi (3mm)  reporter Post 2014
Drosophila Aub s 16 - 24 CLIP chimeras Vourekas 2016
(2mm) CLIP Barckmann 2015
(6mm) secondaries Mohn 2015
16 secondaries Wang 2015
Mouse MIWI IP Vourekas 2012
8 (7 match) 1P Gou 2014
(4mm) transcript level Watanabe 2015
(2mm) degradome, reporter  Zhang 2015
_ 21 (3mm) degradome, genomic  Goh 2015
22 (3mm) cluster deletion Wu 2020
_ cleavage (in vitro) Reuter 2011
S 1621 cleavage (in vitro) Arif 2022
(2mm) cleavage (in vivo) Dowling 2023
16 (1Tmm)  binding (in vitro) Gainetdinov 2023
21 (1mm) cleavage (in vitro) Gainetdinov 2023

FIGURE 4 Findings on piRNA targeting. Schematic summary of the findings from various studies on the targeting rules in different
PIWI proteins. Gray blocks limit the typical length of the piRNA for each PIWI protein. Indicated in green are the piRNA nucleotides that
were found to match a detected target by base-pairing. The shade of green indicates the number of mismatches allowed, and where possible
the maximum number of mismatches in the light green region is indicated on the right. Please note that not all detail and nuance on the
identified pairing rules from these studies could be captured in the simplicity of this figure.

confirmed that extensive base-pairing is required for MIWI-mediated cleavage, although some amount of mismatches
was tolerated (Dowling et al., 2023; Gainetdinov et al., 2023; Zhang et al., 2015).

A major limitation of this method is that not all action of PIWI proteins may require target cleavage, and that in
some cases such as in chromatin-related effects or in the C. elegans piRNA pathway, association may be sufficient
(Bagijn et al., 2012; Darricarrere et al., 2013; Lee et al., 2012). Therefore, several other readouts can be used instead. The
effective targeting of a piRNA can also be deduced from the generation of secondary small RNAs from a matching
region, suggesting that targeting by the initial piRNA was likely at the base of this amplification effect (Figure 3d). In
many animals this will involve ping-pong generated piRNAs that thus require cleavage, but in the case of C. elegans,
22G RNAs are produced in the vicinity of piRNA targeted loci, and these can be analyzed in a similar manner. Several
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studies that used this approach came to very similar conclusions, namely that to generate 22G RNAs a piRNA needs to
have perfect pairing of nucleotides 2-7 (the seed) and up to 3 mismatches in nucleotides 8 through 21 (Bagijn
et al., 2012; Shen et al., 2018; Zhang et al., 2018). Additionally, GU wobble bases were found to be overrepresented
among the pairing interactions (Zhang et al., 2018), and whether or not such wobble bases were taken into account
may explain the small differences between these studies.

Finally, downstream effects can be deduced from changes in transcript levels of targeted mRNAs, or from
the intensity of fluorescent signal from reporter constructs (Figure 3e). This is typically combined with genetic
manipulations that modify the piRNA repertoire or the activity of the PIWI protein to test its effect on the
reporter or transcripts. Using a reporter-based approach, it was found that at perfect complementarity the
silencing effects of piRNAs were weaker than the effects of miRNAs, and piRNA-mediated silencing was
undetectable when matching only the seed sequence (Post et al., 2014). And a transcriptome approach to study
the effect of MIWI activity on endogenous transcript levels identified a large set of altered mRNAs that con-
tained fragments of retrotransposons, suggesting that transposon-derived piRNAs could target these transcripts
for degradation (Watanabe et al., 2015). One caveat of these methods is that there is no direct connection
between the proposed initiating piRNA and the downstream effect, and while a connection may be likely, it is
possible that other small RNAs or indirect effects contribute to the detected outcomes. This limitation makes
that this method of determining targeting has to be interpreted with caution and is likely problematic for
deducing targeting rules, unless it is combined with other approaches that test the correlation between the
piRNA and the effect more directly.

4.3 | piRNA targeting lessons from genomic manipulations

An interesting version of this last approach is to insert or delete an entire piRNA cluster and analyze the effects that this
creates on endogenous transcripts. While there are caveats associated with such major genomic modifications,
this strategy has produced some noteworthy insights.

The mouse genome contains a dozen clusters that produce the majority of piRNA molecules. Remarkably, elimina-
tion of two such prolific pachytene piRNA clusters, pil7 and pi2, from the genome had no detectable effect on murine
health or fertility (Wu et al., 2020). While it is surprising that such major sources of piRNAs appear to be dispensable
for adequate piRNA-mediated silencing, similar findings have been reported in Drosophila where the flamenco cluster
was required for fertility, but deletion of all of the three largest piRNA clusters resulted in no detectable effect on fertil-
ity or on transposon silencing (Gebert et al., 2021).

The removal of murine piRNA clusters pi6 (Wu et al., 2020) and pil8 (Choi et al., 2021) created highly penetrant
sperm maturation defects, but based on changes in transcript abundance still only few piRNA-targeted transcripts were
identified in these studies. For pil8 only a single target was proposed, and for pi6 the defect was proposed to be due to
direct targeting of 6 specific mRNAs. Within this limited set of targets, the matching piRNAs appeared to have no more
than three mismatches in nucleotides 2-22 (although one proposed matching piRNA and target had 6 mismatches in
this stretch) and the piRNA levels were estimated to be around 500 copies per cell, which was at least several-fold
higher than the level of each targeted transcript (Wu et al., 2020). Together these findings indicate that the few effective
piRNAs tend to be high-complementary and abundant, but that the majority of the cluster-derived piRNAs do not have
functional implications for mRNA levels.

The opposite approach, insertion of a human piRNA cluster into the mouse genome, resulted in the production of
abundant new piRNAs that targeted genes involved in germline development as evidenced by detection of new
degradome reads at the predicted piRNA target site as well as sense ping-pong piRNAs. Based on the sequences of the
newly introduced piRNAs and the affected target transcripts, the targeting requirements included perfect base-pairing
at nucleotides 2-11, and no more than 4 mismatches in nucleotides 12-21 (Goh et al., 2015).

Several caveats are warranted here. First, it is uncertain which exact piRNAs cause the effects, and whether the
detected effects are caused only by the piRNAs that are part of the manipulated genome fragment, or whether there
are additive effects from other piRNA sources in play. Further, it was found that piRNAs can target other clusters
and generate more piRNAs (Wu et al., 2020), and it thus is possible that there are indirect piRNA-mediated effects
in addition to indirect transcriptome-mediated effects at play. Nevertheless, these findings suggest that highly
matching piRNAs can induce cleavage of mRNAs, even though in vivo effects on steady-state transcript levels were
rarely detected.
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4.4 | Under the hood... piRNA targeting according to in vitro approaches

A more controlled way to study the binding and cleavage activity of PIWI-piRNA complexes is to isolate the PIWI pro-
tein, pre-load it with one specific piRNA sequence, and test the complex with a range of specifically designed targets in
an in vitro environment (Figure 3f). This allows for direct comparison of the effect of the PIWI-piRNA complex on tar-
gets that differ in little more than the amount and positioning of their sequence complementarity. Furthermore this
allows for the analysis of the kinetics of the interactions.

For example, testing the binding of synthesized and preloaded efPIWI in vitro showed that targets with only seed
matching are unstably bound and rapidly dissociate (Anzelon et al., 2021). The relevance of the seed in this context was
also found to be very limited: base-pairing of 9 nucleotides resulted in comparable binding stability, whether it started
at the 2nd base or at a later position in the piRNA (Gainetdinov et al., 2023).

Optimal cleavage activity by MIWI loaded with a specific piRNA was found to require complementarity of nucleo-
tides 2-22 (Reuter et al., 2011), or when supplemented with the GTSF1 reached plateau at perfect complementarity of
nucleotides 2-20 (Arif et al., 2022). If complementarity was extended further, mismatches could be tolerated with lim-
ited loss of efficiency, but insertions or deletions resulted in a significant drop in efficiency (Gainetdinov et al., 2023).
Remarkably, in each of three PIWI proteins tested, the position of the mismatches was found to be inconsequential for
cleavage, and could include the nucleotides adjacent to the scissile bond, as long as sufficient overall base-pairing was
maintained. Another interesting finding from these in vitro studies is that an extended non-pairing 3’ end of a piRNA
inhibited the efficiency of the cleavage: a 16mer piRNA with perfect 2-16 complementarity was more efficient at cleav-
age than a 3’ extended version of the same sequence that did not add additional base-pairing (Arif et al., 2022). This sug-
gests that the release of the 3’ end of the piRNA from the binding pocket, which is required for the active conformation
of the MIWI complex with a longer piRNA, may require additional base-pairing to overcome the energetic cost of the
release.

The obvious limitation of in vitro studies is that there may be additional factors or spatial considerations in the cell
that alter the behaviors of the PIWI proteins, and that are not included in the in vitro models. Nevertheless, these stud-
ies provide clear and quantitative findings that form a valuable complement to the in vivo analyses.

4.5 | Conflicting findings in piRNA regulation and targeting

The different approaches each have their limitations and blind spots, leading to different findings on the interactions
between piRNAs and their RNA targets, and the consequences of those interactions. The difficulties in deriving
targeting rules with predictive value are nicely demonstrated by summarizing findings for the Drosophila PIWI protein
Aubergine (Aub) and for the mouse protein MIWI.

451 | Aubergine

A CLIP study in early embryos found binding of Aub to many maternally deposited mRNAs. Bound sequences were
enriched in mRNAs that had less than three mismatches to piRNAs (Barckmann et al., 2015). However, among targets
with similar binding characteristics, some were bound and others were not, so this finding was not sufficient to define
predictive targeting rules. Notably, due to the vast repertoire of piRNA sequences, allowing three mismatches results in
potential regulation of almost the entire Drosophila transcriptome (Post et al., 2014), and thus becomes meaningless for
predictive purposes. Further, of the Aub-bound RNAs in this study, only 31% were altered in transcript level upon loss
of Aub, and only 10% of bound RNAs produced ping-pong piRNAs (Barckmann et al., 2015), suggesting that a signifi-
cant fraction of the bound transcripts were not detectably regulated through cleavage. Instead, much of the effect was
proposed to be mediated by de-adenylation followed by degradation of targeted transcripts in the somatic section of the
embryo (Rouget et al., 2010), whereas positive regulation of adenylation stabilized transcripts in the germ plasm
(Dufourt et al., 2017; Ramat et al., 2020). These effects have only been tested for an individual piRNA-target combina-
tion, and thus no further targeting rules could be deduced.

Analysis of chimeric CLIP data on Aub similarly detected binding of many transcripts, and found very limited base-
pairing between piRNA and target (Vourekas et al., 2016). This study identified strong complementarity to the target
only for nucleotides 2-6 of the piRNA with some additional complementarity at nucleotides 16-24, reminiscent of
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miRNA binding. This low amount of complementarity allows the piRNAs to target almost any mRNA, and the study
thus proposed that Aub binding to mRNAs was largely random and driven by abundance and length rather than
sequence, and that it helped sequester transcripts in the germ plasm of the developing embryo.

Of two studies using the production of ping-pong piRNAs as a readout for targeting, one came to more predictive
targeting rules (Mohn et al., 2015; Wang et al., 2015). This study found that nucleotides 2-16 had to match between
piRNA and target, although possibly one or two mismatches could be tolerated (Wang et al., 2015). This study also
found that a catalytically dead Aub phenocopied the effects of a full Aub mutant, indicating that cleavage is an essential
aspect of Aub function.

452 | MIWI

Similarly, conflicting data have been reported for the mechanism of action as well as the targeting rules of the mouse
PIWI protein MIWI. Several studies found that a wide range of piRNAs and mRNAs was bound to the mouse MIWI
protein, and many mRNAs were altered upon loss of MIWI (Gou et al., 2014; Reuter et al., 2011; Watanabe et al., 2015;
Zhang et al., 2015). These studies however differed in their conclusions on how this effect on mRNAs was brought
about, and what part of this effect was mediated by piRNAs. In one study, the majority of the changes in mRNA levels
could not be related to the MIWI-bound piRNA sequences, and only targeting of LINE-1 elements was found to be
directly mediated by MIWI-bound piRNAs (Reuter et al., 2011). A second study identified MIWI-dependent and poten-
tially piRNA-induced cleavage sites on ~170 mRNAs, and found that 43% of those were associated with MIWI by CLIP
(Zhang et al., 2015), suggesting cleavage-directed regulation of these mRNAs. A third study focusing on late spermato-
cytes also found ~170 altered mRNAs, and although they were unable to detect binding of these transcripts to MIWI,
they did identify an enrichment of transposon-related sequence fragments in these mRNAs as well as degradome reads
from these transcripts indicating MIWI-mediated cleavage (Watanabe et al., 2015). However a fourth study, focusing on
elongating spermatids, concluded that many of the bound mRNAs were de-adenylated and that this effect was indepen-
dent of MIWI slicer activity (Gou et al., 2014). This finding was surprising as an earlier study had found that the sperm
developmental arrest caused by a catalytically dead MIWI was largely identical to that induced by a full MIWI null
mutant (Reuter et al., 2011).

The MIWI studies also reported a range of conclusions regarding the targeting rules. In vitro studies found that
binding requires at least 15 continuous nucleotides of base-pairing, and that cleavage reaches plateau efficiency if this
stretch is extended to 19 nucleotides, while limited mismatches are tolerated in such longer stretches (Arif et al., 2022;
Gainetdinov et al., 2023; Reuter et al., 2011). However in vivo, Gou et al., who had reported a miRNA-like mechanisms
for transcript regulation, found that many spermatogenic mRNAs were targeted by MIWI-bound piRNAs through very
lenient base-pairing that had no mismatches in nucleotides 2-8, but could include up to 6 mismatches in nucleotides
9-18 (Gou et al., 2014). This targeting was verified using reporter constructs, but only for a few very highly expressed
piRNAs. In contrast, two studies that focused on degradome readouts found that nucleotides 2-21 can contain no more
than three mismatches in order to achieve cleavage (Goh et al., 2015; Zhang et al., 2015). Differentiating by expression
levels of individual piRNA sequences revealed that more flexibility in base-pairing is tolerated for highly abundant
piRNAs, and that for those piRNAs base-pairing can also start well after the 2nd nucleotide but that significant base-
pairing over a stretch of 15-20 nucleotides has to be maintained (Gainetdinov et al., 2023). Remarkably, both in vitro
and in vivo studies found that the positions of the mismatches that are tolerated by MIWI without significant effect on
activity include the nucleotides next to the scissile site (nucleotides 10 and 11, which in Argonaute proteins need to be
perfectly paired for cleavage to occur) (Dowling et al., 2023; Gainetdinov et al., 2023). An intriguing possibility is that
GTSF1 helps to arrange MIWI into a catalytically active conformation and thereby has reduced the importance of indi-
vidual base-pairing positions in PIWI proteins.

4.5.3 | Combining observations

It is clear that studies not always agreed on the proposed piRNA targeting rules for Aub and MIWI. There are several
confounding factors that may explain these discrepancies between the results. Different tissues or developmental phases
may play by different rules, in vitro approaches may lack certain accessory factors, and the expression levels of the
piRNAs may affect the targeting rules that they follow (see below). One recurring observation however is that
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the downstream effect that is scored affects the stringency of the detected targeting rules. Focusing on degradome and
cleavage approaches to MIWI targeting, the findings match remarkably well between studies, and found that significant
complementarity of bases 2-21 of the piRNA to the target is detected, and no more than 2 or 3 mismatches in these
20 bases can be tolerated (Arif et al., 2022; Dowling et al., 2023; Gainetdinov et al., 2023; Goh et al., 2015; Reuter
et al., 2011; Zhang et al., 2015). When instead scoring mRNA reduction (which could include effects by cleavage, de-
adenylation, or potential indirect effects) or binding, the targeting rules identified are much more lenient (Gou
et al., 2014; Vourekas et al., 2012). A similar observation can be made from the Drosophila data.

One possible explanation for this discrepancy in rules based on the readout is that effects on mRNA level may
involve additional factors and considerations in addition to mere piRNA cleavage, and that this obfuscates the rules for
piRNA targeting. Further, it is likely that methods involving changes in RNA levels or CLIP did not always allow
for the definitive identification of the correct functional pairings between piRNA and target, as the identification of the
piRNA that causes the effect is more ambiguous, and this could lead to more difficulty in distilling the underlying rules.
Another real possibility is that some of the effects for which no clear base-pairing rules could be identified, are in fact
sequence-independent. Argonaute proteins have been proposed to have sequence-independent affinity for
single-stranded RNA (Ameres et al., 2007; Salomon et al., 2015), and a similar affinity could explain how large sets of
abundant mRNAs could associate with PIWI proteins, especially during developmental transitions that involve major
reorganization of the transcriptome. PIWI proteins could well have functional roles in the formation of large protein-
RNA aggregates involved in such transitions and thereby confer effects on large groups of transcripts. Finally, it is possi-
ble that piRNAs are able to function through different mechanisms, and that while stringent base-pairing is required
for transcript regulation by cleavage, less accurate base-pairing may still lead to regulation by de-adenylation. However,
less complete base-pairing also results in a less stable interaction, and in a higher expected number of competing inter-
actions in the transcriptome that have similar or better binding affinity. An important question to consider then is how
much effect an individual piRNA sequence can reasonably have, given the sequence space of the transcripts that it can
regulate, relative to its number of copies in the cell.

5 | ROLE OF STOICHIOMETRY AND KINETICS IN piRNA TARGETING

The above findings indicate that the currently uncovered pairing rules can identify potential targets of piRNAs, but only
a subset of those transcripts are detectably regulated. This phenomenon is well known in miRNA targeting, and it is
clear that both cooperation between target sites and the stoichiometry of the miRNA and the target play a role in the
regulatory outcome (Bartel, 2009). There therefore are three quantitative aspects to consider: the cooperation between
target sites, the molecular ratio between piRNAs and targets, and the turnover of PIWI-piRNA-target complexes.

For miRNAs, the presence of a matching seed sequence in the transcriptome is a frequent occurrence, especially
when mismatches are allowed. Almost all mRNAs contain multiple potential miRNA seed matches, but when two sites
occur in close proximity, cooperation between them can stabilize the binding of miRNA-loaded Argonautes (Krek
et al., 2005; Saetrom et al., 2007). The biochemical basis for this cooperation lies in the binding of TNRC6 which bridges
adjacent AGO-miRNA complexes, leading to cooperative interactions (Briskin et al., 2020; Broderick et al., 2011;
Elkayam et al., 2017).

In the case of piRNAs no such bridging proteins are known, and there thus is no biochemical basis for cooperation
between binding sites. Nevertheless, there are functional indications that some form of cooperation likely does apply.
In C. elegans, most functional targets were targeted by multiple piRNAs, and deletion of individual piRNAs resulted in
only partial effects on the piRNA-regulated endogenous transcripts (Shen et al., 2018), suggesting that multiple piRNAs
cooperate to accomplish silencing. A reporter study in Drosophila cell culture found that large numbers of diverse
piRNAs were required to establish robust silencing (Post et al., 2014), and that loci that were stably silenced by PTWI
typically had several thousands of RPM of piRNAs matching to them. And an analysis of functional target sites of MIWI
in mouse testes found that for 75% of the targets more than 1 matching piRNA sequence could be found (Zhang
et al., 2015).

For miRNAs, perfect seed matches are more stable, but much rarer than imperfect ones, and thus miRNA-loaded
Argonautes spend a large fraction of their time bound to imperfect sites that have little to no functional implications. If
the number of copies of a given miRNA is small, the chance that a perfectly functional target site is ever bound by any
of these copies is slim, and thus targeting rules that are adequate for highly abundant miRNAs may be insufficient to
accomplish significant regulatory effects for rare ones (Bartel, 2009; Brancati & Grosshans, 2018).
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piRNAs require more sequence complementarity to engage, and thus the expected frequency of functional matches
is even lower than for miRNAs. At any given time, a large fraction of piRNA-loaded PIWI protein will be bound to
insufficiently matching sites with variable levels of stability. The numerous binding sites with insufficient sequence
complementarity are unable to position the target in a conformation required for catalytic activity and thus are unlikely
to have functional implications (although cleavage-independent functions cannot be excluded). The number of PTIWI-
piRNA complexes compared to the number of potential target sites determines the equilibrium of these interactions. A
recent in vitro study determined that if there is more target than matching piRNA-loaded PIWI, reliable target cleavage
required the full 20 nucleotides of base-pairing. However if the piRNA-loaded PIWI was in large excess then base-
pairing by only 15 nucleotides could be sufficient (Arif et al., 2022). This means that some of the highly abundant
piRNAs may be able to achieve targeting with more limited complementarity, as was also found in in vivo MIWI
targeting analyses (Gainetdinov et al., 2023; Gou et al., 2014). In fact, Gainetdinov et al. found by regression analysis
that the two most predictive features for piRNA function in vivo are their molar abundance and their base-pairing sta-
bility with the target, and that to some extent these two factors can compensate for each other. Most piRNAs however
exist in low copy numbers (Genzor et al., 2021), and for such rare piRNA sequences to have an effect, the base-pairing
has to be high in order for the piRNA to reliably find that target.

The last quantitative consideration involves the turnover of the PIWI complex. A recent study of MIWI activity
suggested that without the presence of the auxiliary protein GTSF the nuclease activity of PIWI proteins is orders of
magnitude slower than that of Argonaute proteins, and when matched by less than 20 nucleotides of base-pairing, the
cleavage rate of the PIWI-piRNA complex was even further reduced (Arif et al., 2022). Furthermore, Argonaute proteins
can rapidly disengage from their target upon the completion of target cleavage, and a single Argonaute-miRNA com-
plex can thus target many transcripts sequentially. The structural studies of PTWI proteins however have suggested that
these proteins remain bound to their target even when cleavage has already taken place, and that they require a helper
helicase such as Vasa to release (Arif et al., 2022; Nishida et al., 2015). Even in vivo, in the presence of all required aux-
iliary proteins, cleavage fragments were found to be retained on the PIWI protein, likely blocking its ability to target
another transcript (Dowling et al., 2023). Together this implies that the multiple-turnover of PIWI proteins is likely
low, and thus that rare piRNAs, even if they have significant sequence complementarity to a target, are unlikely to
make much of an impact if not in collaboration with other piRNAs.

The only remarkable exception to the slow dynamics of PIWI proteins may be the use of short perfectly complemen-
tary small RNAs. In vitro studies of MIWI found that perfectly matching 16mers actually display relatively rapid target
finding, and allow for the release of the cleaved target without assistance by Vasa (Arif et al., 2022). These molecules
would not typically be considered piRNAs as they do not match the typical piRNA length. It is however possible that
such molecules exist in certain cell types or cell states (Ishino et al., 2021; Perera et al., 2019; Yang et al., 2019), and
that they may actually mediate a more rapid and dynamic PIWI mechanism, as long as they have (almost) perfect com-
plementarity to their target. In this context it is intriguing that piRNAs associated with human and hamster Piwil3 were
found to be very short (Ishino et al., 2021; Yang et al., 2019). Regulatory effects of Piwil3 and these short small RNAs
may well have been overlooked as these short RNAs have likely been excluded from most piRNA analyses.

6 | FINAL THOUGHTS ON FUNCTION

While not everything in biology has a logical explanation, thinking about the function of piRNAs does give the
targeting rules some perspective. One of the major functions of the piRNAs is to defend the genome against invasive
sequences. Such sequences can rapidly amplify and evolve, and thus some degree of mismatching must be tolerated in
order to recognize novel variants of these elements. On the other hand, the targeting must be restrictive enough to reli-
ably distinguish these invasive sequences from essential “self” RNAs. The long nucleotide sequence of the piRNAs com-
bined with substantial base-pairing while allowing scattered mismatches are a way to accommodate both these
requirements (Gainetdinov et al., 2023).

Different species may have filled in the details in different ways. In Drosophila, the majority of the piRNAs match
transposon sequences, and they can thus be considered somewhat of a transposon library. C. elegans piRNAs on the
other hand are not enriched in transposons and rather appear to span the sequence space (McEnany et al., 2022), mak-
ing them much more likely to target “self” sequences. Additionally, C. elegans piRNAs are much shorter than those of
most other animals, and appear to use a seed-matching strategy, increasing the risk of “self” targeting further. It has
been proposed that to compensate for that, C. elegans has a dedicated mechanism in place to counteract the targeting of
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base-pairing to 2-21 2-21 with 3 mismatches 2-8 ("seed”) plus 6 matches 2-8 ("seed”)
piRNA nucleotides

expected frequency 1/1x10A12 1/1x10A9 1/1x1016 1/1.6x10N4
in transcriptome by chance

number of competing none Oor1 ~40 ~600
target sites expected

PIWI endonuclease yes probably (slower) no no
activity

probability of very high likely, especially if target possible, but only if the unlikely
piRNA-mediated effect matches with multiple piRNAs  piRNA is at very high copy number

on the target or highly abundant piRNAs or otherwise locally concentrated

FIGURE 5 Targeting predictions for piRNAs. Schematic spanning the range of proposed base-pairing for piRNAs to their targets.
Perfect base-pairing of nucleotides 2-21 of the piRNA (left) is sufficient to activate cleavage activity and in all assays has been predicted to
result in regulation of the transcript. The finding of such a match therefore is highly predictive of regulatory activity. On the other end of the
spectrum, base-pairing of just the seed (right) results in instable binding and is not sufficient to activate cleavage activity. In addition,
matches of a 7mer are expected to occur several hundreds of times in a 10 Mb transcriptome. This makes it very unlikely that an individual
target with this amount of base-pairing is actually regulated by the piRNA. Up to 3 mismatches in the nucleotides 2-21 of the piRNA still
give significant evidence for functional targeting in the various experimental approaches, and is expected to be sufficient to activate the
cleavage activity of the PIWI protein. Based on in vitro studies this activity is expected to be slower than that of piRNA-PIWI complexes with
full base-pairing in the 2-21 nt region, and therefore the molecular ratio between the piRNA and the mRNA starts to become important.
Targets with less base-pairing may on occasion still be regulated by the piRNA, but these effects depend on external factors, and therefore
the predictive value of such target matches is very low.

germline RNAs in the form of the nematode-specific Argonaute protein CSR-1 which can temper the piRNA-mediated
silencing response to “self” transcripts (Seth et al., 2013; Wedeles et al., 2013). Challenging that view however, CSR-1 is
conserved in more clades of nematodes than the piRNA pathway, and appears to target similar transcripts in worms
without any PIWIs, indicating that CSR-1 likely at least has additional roles independent of piRNAs (Sarkies
et al., 2015; Zagoskin et al., 2022).

It is entirely possible that the context of a match also matters. Several studies found that target sites with similar
complementarity can have different functional outcomes. In Xenopus, levels of several coding mRNAs remained unaf-
fected even in the presence of multiple perfectly matching piRNAs, whereas several non-coding RNAs with similar
matching piRNAs were degraded (Toombs et al., 2017). Similarly, in mouse down-regulation of transposon transcripts
is prevalent, but a perfectly matching piRNA to the 3'UTR of a coding gene resulted in cleavage without accomplishing
noticeable changes to the mRNA level (Dowling et al., 2023). Such a distinction could be caused by a difference in
developmental context or a difference in quantitative aspects of the piRNA-target interaction. Alternatively, there may
be specific features of the target transcripts that contribute to the regulatory outcome. C. elegans germline genes, which
are most at risk of getting erroneously targeted, contain specific sequence elements that may make them less sensitive
to piRNAs (Frokjaer-Jensen et al., 2016; Zhang et al., 2018). And more than 70% of the functional MIWI target sites was
located in the 3’UTRs of transcripts (Zhang et al., 2015) (though this finding was not confirmed in a more recent study
(Gainetdinov et al., 2023)), suggesting that a match in this region may be more likely to lead to functional conse-
quences. Finally, it is possible that the targeting rules of transcriptional gene silencing (TGS) effects are distinct from
those for post-transcriptional gene silencing (PTGS). Most of the studies so far have focused on the posttranscriptional
effects, and thus it will be interesting to find whether the same rules hold up inside the nucleus.

Stoichiometry and kinetics need to be part of the considerations regarding targeting. Apart from the fact that the
huge diversity in piRNA sequences makes it impossible for all piRNAs to be included in every individual cell (Genzor
et al., 2021), the slow dynamics of PIWI proteins make it unlikely that rare piRNAs can make much of an impact on
the transcriptome unless in collaboration with large numbers of other piRNAs that are targeting the same transcript.
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For poorly matching piRNAs the stability of the binding is reduced, and while it is possible they are still able to contrib-
ute to gene regulation, they most likely require much higher copy numbers and even more collaborating piRNAs to
accomplish an effect.

Does this mean that piRNAs only function in bulk? The data suggests that this must be the case for the majority of
the regulatory events—and this again makes sense when considering the typical piRNA targets. A legitimately targeted
repetitive element may well change some of its sequence, but is unlikely to change much of it at once. The collaborative
action of multiple piRNAs therefore is likely to retain silencing capability independent of the rapid evolution of transpo-
sons, while still minimizing the chances that a “self” mRNA gets caught up in the action. But of course there can always
be exceptions. A compelling example of regulation by an individual piRNA sequence has been reported in the silkworm
Bombyx mori. Here a piRNA that is encoded on the female-specific sex chromosome plays a vital role in sex determina-
tion by inducing cleavage of a cellular mRNA involved in masculinization of the embryos (Kiuchi et al., 2014). This sin-
gle piRNA accumulates to uncommonly high levels (>1000 RPM) in the silk worm ovaries, and this thus appears to be
the exception rather than the rule. Interestingly a similar phenomenon was found in C. elegans, where the single most
abundant piRNA is encoded on the sex chromosome, and was found to target a male-specific regulator (Tang
et al., 2018), resulting in suppression of male differentiation. These two remarkably similar findings in distant species
indicate that this phenomenon of targeting by a single piRNA sequence may be specific to the highly dose-sensitive sex
determination process.

7 | CONCLUSION

In summary, much has become clear about piRNA targeting from a combination of structural, biochemical, functional,
and genetic studies. The emerging picture is that targeting resulting in cleavage and potential amplification of the
piRNA response is stringent, and requires extensive base-pairing between piRNA nucleotides 2 and 21 with no more
than 2 or 3 mismatches (Figure 5), and typically involves the collective action of many piRNAs—either many copies of
the same sequence, or many distinct piRNA sequences that match the same target. Interactions based on more limited
base-pairing are energetically instable and as the number of potential targets for each piRNA increases, the number of
piRNA molecules required for a substantial effect on an individual target becomes extremely high. In addition, such
effects likely require contributions from other non-piRNA related factors as only a subset of these sparse matches have
detectable effects, making them impossible to predict based on piRNA sequence alone. It is entirely possible that PTWI
proteins have additional functions that are independent of piRNA-mediated targeting. Such interactions may still be
functional, and may explain some of the observed PIWI-related phenomena; however they are unlikely to be sequence-
specific.

When predicting regulatory effects based on piRNA sequences we thus currently can only reasonably consider the
cleavage type effects, and only target sequences that obey the high-stringency rules listed above can be reasonably pro-
posed to be regulated. Future discoveries may allow us to also predict weaker interactions with high confidence, and
the many ongoing investigations into the mechanisms of piRNA function will further clarify the regulatory implications
of both the transient and the stable interactions to provide an ever more complete picture of the regulatory complexities
of the piRNAs.
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