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Relaxed targeting rules help PIWI proteins
silence transposons
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In eukaryotes, small RNA guides, such as smallinterfering RNAs and microRNAs,
direct AGO-clade Argonaute proteins to regulate gene expression and defend the
genome against external threats. Only animals make a second clade of Argonaute
proteins: PIWI proteins. PIWI proteins use PIWI-interacting RNAs (piRNAs) to repress
complementary transposon transcripts*2 In theory, transposons could evade
silencing through target site mutations that reduce piRNA complementarity. Here we
report that, unlike AGO proteins, PIWI proteins efficiently cleave transcripts that are
only partially paired to their piRNA guides. Examination of target binding and
cleavage by mouse and sponge PIWI proteins revealed that PIWI slicing tolerates
mismatches to any target nucleotide, including those flanking the scissile phosphate.
Even canonical seed pairing is dispensable for PIWIbinding or cleavage, unlike plant
and animal AGOs, which require uninterrupted target pairing from the seed to the
nucleotides past the scissile bond**. PIWI proteins are therefore better equipped than
AGO proteins to target newly acquired or rapidly diverging endogenous transposons
without recourse to new small RNA guides. Conversely, the minimum requirements
for PIWIslicing are sufficient to avoid inadvertent silencing of host RNAs. Our results
demonstrate the biological advantage of PIWI over AGO proteins in defending the
genome against transposons and suggest an explanation for why the piRNA pathway

was retained in animal evolution.

In prokaryotes and eukaryotes, small RNA or DNA guides direct Argo-
naute proteins to fight viruses, plasmids and transposons’, regulate
gene expression® " or aid DNA replication®. Animals produce two dis-
tinct types of Argonaute protein: AGO and PIWI. AGO-clade proteins
use smallinterfering RNAs (siRNAs; which are typically 21 nucleotides
long) or microRNAs (miRNAs; which are most often 22 nucleotides
long) to repress extensively or partially complementary transcripts®.
AGO proteins initially find their targets through complementarity to
ashort 5’ region of their guide, the seed (nucleotides g2-g8; Fig. 1a).
For miRNA-guided AGO proteins, seed complementarity is sufficient
torepress the target RNA®. By contrast, PIWI-clade Argonaute proteins
use piRNAs (which are 18-35 nucleotides long) as guides'?. Although
most eukaryotic genomes encode one or more AGO protein, only ani-
mals make PIWI proteins. With few exceptions, all animals use piRNAs
to repress transposons’* The ancestral mechanism of piRNA-guided
transposon silencing is PIWI-catalysed endonucleolytic cleavage
(slicing) of complementary transposon RNAs in the cytoplasm®¢,
Moreover, piRNA production itself requires piRNA-directed slic-
ing of piRNA precursor transcripts™*"72., In some animals, piRNAs
also direct nuclear PIWI proteins to nascent transposon transcripts
to silence transcription through repressive histone marks or DNA
methylation?%,

siRNAs direct AGO proteins and piRNAs direct PIWI proteins to
hydrolyse the phosphodiester bond that joins the target nucleotides
opposite guide nucleotides gl0 and g1l (that s, t10 and t11, respectively;
Fig.1a). Unlike siRNA-directed, AGO-catalysed transcript cleavage, effi-
cienttargetslicing by PIWIproteinsrequires the auxiliary factor GTSF1
(ref.27). GTSFlaccelerates the otherwise slow target cleavage by PIWIs
by 10-100-fold, probably by stabilizing the catalytically competent
conformation of PIWI proteins. Why PIWI slicing evolved to require
anauxiliary protein is unknown.

Here we reportthat, compared with AGO proteins, the requirements
for guide:target complementarity are relaxed for the PIWI proteins
MILI (also known as PIWIL2) and MIWI (also known as PIWIL1) from
mouse (Mus musculus) and Piwi from freshwater sponge (Ephydatia
Sfluviatilis; hereafter denoted EfPiwi). PIWI proteins bind RNAs both
with and without complementarity to the canonical 5’ seed of their
guide.Bothinvitroandin vivo, PIWI-catalysed slicing requires at least
15 contiguously paired nucleotides, and longer extents of complemen-
tarity tolerate guide:target mismatches at essentially any position.
Unlike AGO proteins, guide pairing to any target nucleotide, including
those that flank the scissile phosphate (t10 and t11), is dispensable for
efficient slicing. Although pairing to at least four piRNA 5’ terminal
nucleotides facilitates target finding, in vitro and in vivo abundant
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or PIWI

b
Site type AGO2 MiLI MIWI EfPiwi
3 6-mer g2-g7et1B 200+ 90 310+ 80 410+ 130 630 + 90
8 7-mer-A1  g2-g7etlA  90+40 240 + 30 180 £ 60 500 + 100
S 7-merm8 g2-g8etIB  20+10 60+20 90430 180+ 70
< 8-mer g2-g8et1A 10+8 4547 40 + 20 160 + 80
o3 92-99 9+6 155 21+8 190 + 70
T g 92910 10+5 73 115 70£30
£83 929l 40 +20 1.4£06 2.3+06 218
Y < g2-gi2 140 + 80 0.8+0.3 241 10+4
g3-g1 400 + 200 15+5 18+7 400 + 100
g4-g12 500 + 300 12+4 18+8 400 + 100
g5-913 600 + 100 12+4 1747 500 + 100
g6-g14 900 + 200 120 + 30 160 + 50 300 + 100
® 97915 600 + 200 40410 50 + 20 300 + 100
5 g8-g16 500 + 100 40410 60 + 20 200 + 100
8 g9gt7 600 + 200 110 + 20 140 + 40 600 + 200
;fu g10-g18 400 + 100 150 + 30 190 + 60 700 + 200
2 gl1-g19 600 + 100 170 + 50 270 + 80 800 + 100
§ 912-920 400 + 200 120 + 30 140 + 40 1,100 + 100
;3 g13-g21 1,000 £400 600 + 100 600 + 100 1,140 £ 50
2 gl4-g22 600 + 100 370+ 90 1,100 + 100
S g15-g23 1,000+ 100 640+ 80 1,100 + 100
_§ g16-g24 1,300 £100  910+50 1,050 + 50
; g17-g25 1,300+ 100 790 + 80 1,050 + 70
® 918-g26 1,500+ 100 820+ 50 1,000 + 100
g19-g27 800 + 100
g20-g28 270 + 90
g21-g29 600 + 100
g22-g30 900 + 100

Fig.1|PIWIproteinsbindsites containing orlacking canonical seed pairing.
a,SmallRNA guides direct eukaryotic Argonaute proteins to complementary
targets. nt, nucleotide. b, Binding affinities (K;in pM) of MIWI, MILI, EfPiwi and
mouse AGO2loaded with piRNA-1for canonical and non-canonical target sites.
c, Left, MIWI, MILI, EfPiwi and mouse AGO2 binding affinities for targets
contiguously paired from nucleotide g2. Right, relationship between binding
energy AG® calculated from K (mean of three independent trials) and predicted

piRNAs directslicing of targets that lack 5’ complementarity. Notably,
the minimum 15-nucleotide stretch of complementarity that licenses
piRNA-guided target cleavage is sufficient to distinguish host tran-
scripts from transposon RNAs. These findings suggest that the catalytic
properties of PIWI proteins evolved to prevent transposons from escap-
ing piRNA silencing through mutation while simultaneously retain-
ing sufficient specificity to spare self-transcripts from inappropriate
repression.

PIWI proteins bind without seed pairing

Mouse piRNAs guide MILI and MIWI to slice extensively complemen-
tary transposon transcripts™'®?, piRNAs have also been proposed to
direct MIWI to bind and regulate mRNA expression through the same
mechanism by which miRNAs guide AGO proteins to their targets>=°.
Inthis miRNA-like binding mode, base pairing to the canonical AGO seed
sequence (guide nucleotides g2-g8; Fig. 1a) mediates the search for
complementary sites and is sufficient to tether the Argonaute protein
toits target RNA. We used the RNA Bind-'n-Seq method* to measure
the affinity of piRNA-guided PIWI Argonaute proteins for a library of
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binding energy AG®. Goodness-of-fit for linear regression (r*) and P value for
two-tailed permutation test for Pearson’s correlation are shown. All dataarein
Supplementary Fig.2a.d, MIWI, MILI, EfPiwi and mouse AGO2 binding affinities
for nine-nucleotide complementary stretches contiguously paired from all
guide nucleotides. All dataarein Supplementary Fig. 2b. Mean and standard
deviation of datafromthreeindependent trials are shown (b,c (left), d).

20-nucleotide-long random sequences (Extended Data Fig. 1a). We
incubated the target RNA library with purified mouse MILI or MIWI
or freshwater sponge EfPiwi loaded with a 5’ monophosphorylated
synthetic RNA (26 nucleotides for MILI and £fPiwi, 30 nucleotides
for MIWI; Extended Data Fig. 1b-d) and isolated and sequenced RNAs
bound to the piRNA-PIWI protein complex (piRISC). The sequencing
data were analysed using an approach that estimates the affinity (K;)
of piRISC for each binding-site type.

Binding of MILI, MIWI or EfPiwi to RNAs with canonical AGO seed
sites was weaker than for mammalian AGO2 proteins (Fig. 1b,c and
Extended Data Fig. 2a). Compared with AGO proteins, PIWI protein
affinity was 4-16-fold lower for an 8-mer (g2-g8-t1A), the canonical site
type most effectively repressed by miRNA-guided AGO proteins®. In
detail, for piRNA-1, K469*8-m¢"= 10 + 8 pM compared with K} 8-mer =
45+7 pM, KYWLE™mer = 40+ 20 pM and K578 ™" =160 + 80 pM
(Fig.1b). Theintracellular concentration of the most abundant piRNAs
(19 nM)is less that of than the most abundant miRNAs in mouse primary
spermatocytes (24 nM)?, which suggests that the weaker affinity of
PIWIproteins for the canonical seed sites will result in lower occupancy
of such targets. Our data therefore disfavour a model in which PIWI

Nature | Vol 619 | 13 July 2023 | 395



Article

proteins find and productively regulate targets through seven-
nucleotide canonical seed pairing.

For AGO proteins, extending pairing beyond the canonical seed did
notincrease the affinity of RISC for a target. For piRNA-1, K {¢0># €10 =
10 £ 5pM compared with K40%8-mer=10 + 8 pM (Fig. 1b,c and Extended
Data Fig. 2a). By contrast, extending guide:target complementarity
from g2-g8 to g2-g10 increased MILI and MIWI target affinity by
4-6-fold. For piRNA-1, K}""#27810 = 7 + 3 pM compared with K}iL-8-mer =
45+7pM, and K"W'82°810 = 11 + 5 pM compared with K}W-8-mer =
40 £ 20 pM (Fig.1b,c). MILI and MIWI therefore bound to g2-g10 com-
plementary sites with an affinity indistinguishable from that of mouse
AGO2 for 8-mer sites (Fig. 1b,c). Compared to MILI and MIWI, EfPiwi
required longer guide:target pairing (g2-g12) to achieve the affinity
of AGO2 for a canonical 8-mer seed site, with K5 P"82°82=10 + 4 pM
(Fig. 1b,c). For both a piRNA of synthetic sequence (piRNA-1) and a
piRNA found in vivo (LIMC piRNA, antisense to the mouse LIMC ret-
rotransposon), the binding affinity of PIWI proteinsincreased linearly
withincreasing predicted base pairing energy (AG®; Fig. 1c). Thus,
MILI, MIWI and EfPiwi* require a longer extent of guide:target base
pairing to approach the affinity of AGO2 RISC for a canonical seed
match.

Unlike AGO proteins, PIWI proteins bound with similar affinity to
sites both with and without full pairing to the canonical seed (Fig.1b,d
and Extended Data Fig. 2b). For instance, MILI and MIWI bound to
targets with nine-nucleotide uninterrupted complementarity to the
guide starting at g2 or g5 with nearly indistinguishable affinities. For
PiRNA-1, K"82°810=7 + 3 pM compared with K} &5 83=12 + 4 pM,
and K™"&2°810 = 11 + 5 pM compared with KY'"V'8°82 =17 + 7 pM
(Fig.1b,d). Evenwhen guide:target pairing did not start until g8, MILI
and MIWI binding was only fivefold weaker compared with targets
paired from g2. For piRNA-1, k}f"™"#2°810 = 11 + 5 pM compared with
KNW'e8-gl6 = 60 + 20 pM (Fig. 1b,d). These RNA Bind-'n-Seq data
agreed well with direct measurement of binding affinity for individ-
ual RNA targets. For piRNA-1, Kf™"&27810 = 14 + 9 pM compared with
KWhes=gl6 = g + 20 pM (Extended Data Fig. 2c).

EfPiwi also bound to nine-nucleotide sites starting at g6, g7 or g8
only 3-4-fold less tightly than when complementarity started at g2.
For piRNA-1, KP™827810 = 70 + 30 pM compared with K §/7"88-¢16 =
200 +£100 pM (Fig. 1b,d). By contrast, AGO2 bound sites lacking seed
pairing 10-100-fold more weakly than those containing a seed match
(Fig.1b,dand Extended DataFig.2b).For piRNA-1, K 3¢©%82"819= 10 + 5 pM
compared with K4¢°>#5781 =500 + 100 pM. Compared to AGO2,
EfPiwi had 3-15-fold higher affinity for longer complementary sites
(=11 nucleotides), with pairing startingat g2, g3, g4, g5 and g6 (Extended
DataFig. 2d). We conclude that PIWI proteins are more flexible than
AGO proteins in the types of sites they can bind but require longer
complementarity for high-affinity binding.

Slicing of partially complementary RNA

The modal length of piRNAs is 5-10 nucleotides longer than that of
siRNAs (26-31 nucleotides compared with 21 nucleotides)’, yet MILI,
MIWI and EfPiwi do not require pairing to these additional 3’ nucleo-
tides to cleave a target RNA®?"*, In vitro, 16-23-nucleotide-long con-
tiguous complementarity was sufficient for MILI, MIWI and EfPiwi
to reach their maximum endonuclease rate (Extended Data Fig. 3a).
Moreover, MILIand MIWI, directed by 21-nucleotide-long guides, cleave
targets as efficiently as when loaded with full-length 26-nucleotide or
30-nucleotide piRNAs”. Nonetheless, we found that extending pair-
ing beyond piRNA nucleotide g20 enabled MILI and MIWI to tolerate
guide:target mismatches.

We used the high-throughput Cleave-'n-Seq approach®to determine
the rates of cleavage for thousands of target variants (Extended Data
Fig.3b). Weincubated purified MILI, MIWI or EfPiwi piRISC complexes
(1nM) and the PIWI auxiliary factor GTSF1 (500 nM) with a library

396 | Nature | Vol 619 | 13 July 2023

containing 7,700-10,400 30-nucleotide-long target RNAs for different
lengths of time (60 sto 16 h). Uncleaved RNAs were reverse-transcribed
and sequenced, and their abundance at each time point was used to
determine their pre-steady-state cleavage rate, k (Extended DataFig.3b
and Supplementary Table 1).

Consistent with the idea that additional complementarity to
piRNA 3’ nucleotides accelerates cleavage by MILI or MIWI of imper-
fectly paired targets, a mismatch between g2 and g20 decreased the
median k by 3.6-fold when all nucleotides after g20 were unpaired,
but by only 1.4-fold when g21-g25 were also base paired (Fig. 2a and
Extended Data Fig. 3¢). Two mismatches between g2 and g20 caused
a30-fold median reduction in k for targets with no pairing beyond
g20,butareductionof only 3.4-fold when g21-g25 were paired (Fig. 2a
and Extended Data Fig. 3c). Thus, endonucleolytic cleavage by MILI
or MIWI does not require target pairing to piRNA 3’ sequences, but
suchextended complementarity readily compensates for guide:target
mismatches. We did not observe the same compensatory effect for
EfPiwi. Compared to MILI and MIW], slicing by EfPiwi was gener-
ally slower (Extended Data Fig. 3a), probably because Gtsf1 from
Ephydatia muelleri (EmGtsfl) was used to stimulate EfPiwi-catalysed
target cleavage (Methods).

AGO-clade Argonaute proteins secure target nucleotide tl1inapocket
that often displays specific nucleotide preferences. Although MILI,
MIWI and EfPiwi showed a slight binding preference for t1A and t1U
(<3-fold stronger affinity compared with t1S; Extended Data Fig. 3d),
target cleavage showed no t1 preference (Extended Data Fig. 3a).

PIWI proteins tolerate mismatch at any position

Efficient target RNA cleavage by animal and plant AGO proteins requires
uninterrupted base pairing to siRNA nucleotides g9-g13 (refs. 3,4,34).
By contrast, MILI, MIWI and EfPiwi slicing tolerated mismatches at any
position within the region of complementarity (Fig. 2b,c, Extended
DataFig. 4 and Supplementary Figs. 3 and 4).

For g2-g21-paired targets of AGO2, a single mononucleotide mis-
match at g9, g10, gll or g13 decreased the median k by 10-200-fold?
(Fig. 2b and Extended Data Fig. 4). For the same extent of pairing,
the median reduction in k was <5-fold for MILI and MIWI and <7-fold
for EfPiwi for amononucleotide mismatch at any position between
g2 and g20 (Fig. 2b and Extended Data Fig. 4). For MILI and MIWI,
guide:target complementarity from g2 to g25 reduced the median
effect of amononucleotide mismatch to <3-fold at any positionbetween
g2 and g20 (Fig. 2b and Extended Data Fig. 4). Among mismatch
types, GU wobbles had the smallest impact on endonucleolytic rate,
decreasing kby1.2-fold (inter-quartile range (IQR) of 1-1.65; Extended
DataFig. 5a).

Unlike AGO2RISC, pairing to target nucleotides adjacent to the scis-
sile phosphate was dispensable for target slicing by piRISC (Fig. 2b,c,
Extended DataFig.4 and Supplementary Figs.3 and 4). Loss of pairing
to either t10 or t11in a g2-g21 match decreased the median cleavage
rate by 4-fold for MILIand MIWI (IQR of 2.5-19for t10, and IQR 0f 2.8-5.7
for t11), and by 5-6.4-fold for EfPiwi (IQR of 4-18.9 for t10, and IQR of
3.2-5.3 for t11; Fig. 2b and Extended Data Fig. 4). Purine-purine mis-
matches atthese positions appeared to be the least tolerated by piRISC,
perhaps because their greater bulk is poorly accommodated in the
PIWI catalytic centre (Extended Data Fig. 5b). piRISC-catalysed slicing
was detectable evenwhenbotht10 and t11 were unpaired. The median
decrease in kwas 60-fold for MILIand MIWI (IQR of 40-70) and 67-fold
for EfPiwi (IQR of 54-88; Fig. 2b and Extended Data Fig.4). For the same
t10-tlldinucleotide mismatch, target cleavage was undetectable with
AGO2RISC (Fig. 2b and Extended Data Fig. 4). We conclude that MILI,
MIWI and EfPiwi, unlike AGO2, can efficiently cleave partially paired
RNAs with mismatches anywhere in a target site.

Sequencing the 3’ products of piRNA-directed, MIWI-catalysed sslic-
ing showed that piRISC invariably hydrolysed the RNA at the canonical
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Fig.2|PIWIslicing tolerates mismatches with any target nucleotide.

a, Changein pre-steady-state cleavage rate for one or two mismatches (pink)
betweeng2and g20. For one mismatch, n=456:all19 possible positions x3
geometries x4 piRNAs x MILIand MIWI. For two mismatches,n=1,368:all171
possible combinations x1geometry x 4 piRNAs x MILIand MIWI. Box plots
show the IQR and median. Statistical analysesare in Extended Data Fig. 3c.

b, Changein pre-steady-state cleavage rate for one or two consecutive
mismatches between g2 and g20 for contiguous g2-g21or g2-g25pairing
for MILI, MIWI, EfPiwi and mouse AGO2. Median and IQR are shown. For one
mismatch, n=24 (3geometries x 4 piRNAs x MILIand MIWI); n = 6 for EfPiwi

scissile phosphodiester bond, between target nucleotidestl0 and t11,
even when both g10 and g11 were unpaired or when contiguous pair-
ing did not start until gl1 (Extended Data Fig. 5c). These data suggest
that piRNA-target base pairing near the cleavage site has little if any
role in positioning the scissile phosphate within the MIWI catalytic
centre.

(3geometries x 2 piRNAs); n=21for AGO2 (3 geometries for LIMCguide and

3 geometries x 3 contexts for let-7aand miR-21guides). For two consecutive
mismatches, n =8 (1geometry x 4 piRNAs x MILIand MIWI); n = 2 for EfPiwi
(1geometry x 2 piRNAs); n =19 for AGO2 (1geometry for LIMCRISCand

9 geometries for let-7aand miR-21RISCs). All data and statistical analyses
areinExtended DataFig.4.ND, not detected. c, MIWI, MILl and EfPiwi pre-steady-
state cleavage rates (k) for targets of LIMC piRNA containing a single unpaired
nucleotide. Position and identity of mononucleotide mismatch in targets
(indicated inblue) of LIMC piRNA (indicated inred) are on the top of the chart.

Mismatch toleranceis intrinsic to PIWI proteins

Unlike AGO-clade Argonaute proteins, PIWI proteins require the aux-
iliary factor GTSF1to achieve their maximal catalytic rate” (Extended
Data Fig. 6a). Without GTSF1, PIWI Argonaute proteins inefficiently
slice even perfectly complementary RNAs?.
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Although GTSF1potentiates target cleavage by PIWI proteins, itis
not required for PIWI tolerance of guide:target mismatches. GTSF1
accelerated slicing of fully and partially complementary RNAs to a
similar extent (Extended Data Fig. 6b). In the presence of GTSF1, the
median increase in MILI cleavage rate was 25-fold (95% confidence
interval (CI) of [19, 29]) for perfectly complementary RNAs and
17-50-fold for mismatched targets. GTSF1enhanced MIWI-catalysed
slicing of fully (medianincrease, 14-fold; Cl of [12.8, 15.4]) and partially
(11-35-fold) complementary targets with similar efficacy. EmGtsflalso
accelerated EfPiwi slicing for perfectly paired (15-fold, Cl of [8, 28])
and mismatched RNAs (4-19-fold) to acomparable degree (Extended
Data Fig. 6b). These data suggest that, unlike AGOs, PIWl inherently
accommodates unpaired target nucleotides and that GTSF1 only
accelerates cleavage.

Relaxed rules for slicing apply in vivo

In mice, piRNAs direct MILI and MIWI to slice complementary
transposon transcripts, mRNAs or long non-coding transcripts
(IncRNAs)”#10111516 Agwe observed for purified piRISC, piRNAs directed
MILI and MIWI to cleave targets with as few as 15-19-nucleotide com-
plementary nucleotides in vivo in mouse primary spermatocytes.

Mouse primary spermatocytes produce a class of MILI-loaded and
MIWI-loaded piRNAs called pachytene piRNAs, which first appear at the
pachytene stage of meiosis'. Mouse GTSF1is presentinall meiotic male
germ cells”. Because endonucleolytic cleavage by Argonaute proteins
leaves a 5’-monophosphate®?¢, we sequenced 5’-monophosphorylated
RNAs from mouse primary spermatocytes purified by fluorescence
activated cell sorting (FACS) to identify potential 3’ cleavage products
generated in vivo by MILI and MIWI (Fig. 3a). Restricting our analy-
sis to pachytene piRNAs, >80% of which derive from non-repetitive
sequences, ensured unambiguous assignment of piRNAs to candidate
cleavage products. To identify those RNAs corresponding to 3’ cleav-
age products generated by piRNA-directed slicing, we searched for
5’-monophosphate-bearing RNAs present in control C57BL/6 mice,
but the abundance of which was reduced by >8-fold ina triple mutant
lacking all piRNAs from three major pachytene piRNA-producing loci
onchromosomes?2,9and17:2-qE1-35981(+); 9-qC-31469(-),10667(+);
17-qA3.3-27363(-),26735(+) (refs. 10,37). For simplicity, we refer to
theselociaspi2, pi9and pil7, respectively. The pi2 7 pi9” pil7 ™ triple
mutation removes approximately 22% of all pachytene piRNAs (Fig. 3a
and Extended Data Fig. 7).

Among the 5-monophosphorylated RNAs detected in the control
C57BL/6 mice, we selected candidate cleavage products for which
production could be explained by a pi2, pi9 or pi17 piRNA directing
cleavage between nucleotides t10 and t11. For each pattern of piRNA-
target complementarity, for example, g2-gX pairing with t2-tX, we
calculated the fraction of cleavage product candidates for which
abundance was reduced by >8-fold in pi2” pi9” pil77- mutant pri-
mary spermatocytes. We denote this fraction as fdec,Z;'jef’;}Z mutant-
A pairing configuration that can support targetslicingis predicted
to have a high fraction of such candidate 3’ cleavage products pre-
sentin the control mice but reduced or absent in the triple mutant
mice (Fig. 3a).

To account for sampling error arising from the short-lived nature
of 5-monophosphorylated fragments in vivo, we identified all
5’-monophosphorylated RNAs in C57BL/6 explained by piRNAs not
removed in pi2” pi9” pil7”~ mice (control piRNAs), and then calcu-
lated the fraction of these RNAs reduced by >8-fold in pi2 pi9™ pi17~"
animals. The fraction of cleaved targets for each pairing arrangement
g2-gXwasthen calculated as the observed signal minus the sampling
error (Fig. 3a) as follows:

fnggX _fpiz,pi9,pi17 _fcontrol
cleaved ~/ decreasedin mutant decreased inmutant
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Cleavage by MILIor MIWlisindistinguishablein our data, thus £& &%
corresponds to the sumof targets sliced in mouse primary spermato-
cytes by both PIWI proteins.

These analyses showed that PIWI-catalysed cleavage was detected
in primary spermatocytes for piRNA-target base pairing as short as
g2-gl6, withmedian & € = 0.18, Cl0f[0.08, 0.23] (Fig. 3b, Supple-
mentary Table 2 and Supplementary Data 1). The efficiency of
piRNA-directed target cleavage increased with longer complementa-
rity. For example, median fg2 gZO_O 52 (Clof[0.37,0.65]; Fig. 3band
Supplementary Table 2). Note that pairing longer than g2-g20 con-
tained too few data points to measure the corresponding fflgfe);.

When the piRNA-target complementarity was >17 nucleotides long,
single mismatches were tolerated at most positions (Fig. 3c, Extended
Data Fig. 8a, Supplementary Table 2 and Supplementary Data 1). For
example, for g2-gl18 complementarity, the median f,,,.q for perfect
pairing (0.18, Clof [0.14, 0.23]) was similar to g2-g18 matches bearing
asingle nucleotide mismatchat positions g2, g5, g6, g9-gl4 or g17-g18
(0.15-0.25; Fig. 3¢, Supplementary Table 2 and Supplementary Data1l).
For targets complementary to piRNA nucleotides g2-g18 or g2-g19,
pairing to t10 and tl11, the target nucleotides flanking the scissile
phosphate, was dispensable for slicing (Fig. 3¢, Supplementary Table 2
and Supplementary Datal). The lower medianf,.q Values for targets
mismatched to piRNA 5’ sequences compared with other piRNA regions
may reflect slower on-rates for piRNAs of low intracellular concen-
tration (see also the next section). For g2-gl8 targets, the median

mismatches to g3-g8 _ B mismatches to g9-g18 __
S cleaved =0.10 compared with fd‘%?g%%mhesm o =0.18,
whereas for g2-g19 targets, the median f7>" 878 = 0.06

compared with fTemahes 08— g 71,

Together, theseinvivo data corroborate our invitro target cleavage
experiments, which found that the median decrease in cleavage rate
was fourfold or less for amononucleotide mismatch at any position
between g2 and g20 (Fig. 2b and Extended Data Fig. 4). Thus, awide
variety of piRNA-target pairing patterns canefficiently direct MILI and
MIWIto cleave targets, unlike the relatively limited pairing configura-
tions tolerated by AGO-clade Argonaute proteins.

Abundant piRNAs slice without seed match

AGO2-catalysed slicing of sites contiguously paired from g4 or g5 (that
is, without canonical seed pairing) has been observed in vitro but not
detected in vivo®*s, By contrast, our data identified piRNA-directed
cleavagein vivoin mouse primary spermatocytes of targets for which
pairing to the guide starts at g3, g4 or g5.

Invitro, MILIand MIWI did notrequire target pairing to piRNA 5’ ter-
minal nucleotides for binding (Fig. 1b,d) or slicing (Fig. 3d and Extended
Data Fig. 8b). Similarly, we detected in vivo piRNA-directed cleavage
of targets that lack complementarity to nucleotides g2-g4 (Fig. 3e,
Supplementary Table 2 and Supplementary Data1). Pre-organization
of seed nucleotides g2-g6 in an A-form-like helix accelerates target
finding by AGO proteins (for the let-7a 8-mer, target-finding rate
constant k29 of 5 x 10° M's™ compared with ku9¢ " ACO2 of
2.4 x108 M?*s™)*, By contrast, PIWI proteins pre-organize only nucle-
otides g2-g4 (refs.33,40,41), which suggests that there is slower target
finding when piRNA-target complementarity begins after nucleo-
tide g4. Intheory, high piRISC concentration could compensate for a
slower k,, value. Invivo, piRNA concentrations vary widely, and about
1,500 piRNAs are present in mouse primary spermatocytes at =500 pM
(Extended DataFig. 8c). We observed piRNA-directed cleavage of tar-
gets with contiguous 14-nucleotide pairing beginning at g4 (median
fE-8 = 0.43, Cl0f [0.29-0.56]) or g5 (median £ &% =0.33, Cl of
[0 2 O 4]) only for highly abundant piRNAs (=500 pM). Cleavage of
targets paired from g3 was detectable for piRNAs for which thein vivo
concentrationwas >100 pM, and targets paired from g2 were sliced by
piRNAs present at =50 pM (Fig. 3e, Supplementary Table 2 and Sup-
plementary Datal). Thesein vivo data were consistent with equilibrium
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Fig.3|Mouse PIWI proteins cleave partially complementary targets
invivo. a, Schematic of the strategy used to identify 3’ cleavage products of
piRNA-guided PIWI-catalysed slicing and to measure the fraction of targets
cleaved by PIWI proteinsin FACS-purified mouse primary spermatocytes.

b, Fraction of cleaved MILIand MIWI targets in FACS-purified mouse primary
spermatocytes for contiguous pairing fromnucleotide g2. c, Fraction of
cleaved targetsin FACS-purified mouse primary spermatocytes for perfect
matches (indicated in blue) and for pairing containing asingle-nucleotide
mismatch (indicated in pink). Horizontal dotted lines indicate the medians for

binding measurements showing that the affinity (K;) of MILI or MIWI
for target sites with pairing starting at g2, g3, g4 or g5 was <500 pM
(Fig.1d).

We conclude that because pairing to piRNA 5’ terminal nucleo-
tides is dispensable for both target finding and slicing, piRISC effi-
ciently cleaves targets that lack full complementarity to the canonical
5 seed.

Insertions and deletions thwart piRNA-directed slicing

As observed for AGO2 (ref. 3), mononucleotide target insertions
between t9 and t15 slowed cleavage catalysed by MILI, MIWI or
EfPiwi in vitro by >10-fold (Extended Data Fig. 9a). For both AGO2
(refs. 3,42) and PIWI proteins®**°*, target nucleotides t9-t15 face the
protein surface, which makes insertions likely to distort the catalytic
centre.

Single-nucleotide target deletions between t6 and t15 were also
poorly tolerated (=5-fold lower k in vitro for MILI, MIWI and EfPiwi
relative to a fully complementary target; Extended Data Fig. 9b).
Such target sequence deletions result in mononucleotide bulges in
the piRNA guide. Similar to mammalian AGO2 (ref. 42), EfPiwi restricts
piRNA nucleotides g6-g10 to the central cleft of the protein®, and
amononucleotide piRNA bulge between t6 and t10 is unlikely to fit
in this narrow furrow, which potentially explains why PIWI proteins
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invitroforall possible stretches of >6-nucleotide contiguous pairing starting
fromnucleotides g2-g15of LIMCpiRNA. e, Fraction of cleaved targets in FACS-
purified mouse primary spermatocytes for 14-nucleotide contiguous pairing
starting from nucleotides g2 to g5. Dataare binned by piRNA intracellular
concentration (<30,30-50,50-100,100-500, >500 pM). For b,cand e, box
plots show IQR and median; 95% Cl was calculated with 10,000 bootstrapping
iterations; n =16 permutations of 4 control (C57BL/6) and 4 pi2” pi9” pi17”"
animals.

do not tolerate such target deletions. By contrast, single-nucleotide
deletions between t11 and t15 create solvent-facing, mononucleotide
loops of guide nucleotides gl1-gl15 that are predicted to be accom-
modated. Indeed, AGO2 tolerates target deletions between t11 and
t15 (ref. 3). Notably, PIWI proteins did not tolerate t11-t15 target dele-
tions (Extended Data Fig. 9b). We speculate that piRNA guide bulges
betweentlland t15specifically affect PIWI proteins because they impair
interactions with GTSFI1.

Target insertions or deletions near the centre of the piRNA-target
duplex were also not tolerated in vivo in mouse primary spermatocytes
(Extended Data Fig. 9c, Supplementary Table 2 and Supplementary
Datal). We note that insertions and deletions occur in mammalian
genomes 30-fold less frequently than single-nucleotide polymor-
phisms®,

Predictinginvivo target cleavage sites

We used a logistic regression classifier approach to identify factors
that predict effective piRNA slicingin vivo. Cleavage data from pachy-
tene spermatocytes were used to fit a logistic function representing
the probability of piRNA-guided cleavage, P(cleaved), determined
by 35 variables (x;, x,, ... X35): the presence or absence of pairing with
eachguide nucleotide between g2 and g25; the total number of paired
nucleotides; the predicted binding energy; the piRNA abundance; the
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target site location in the transcript (5’ untranslated region (UTR),
openreading frame (ORF), 3’ UTR or IncRNA; and the identity of target
nucleotide t1 (Fig. 4a). The coefficient for each variable in the fitted
logistic decision function (8,, B, ... B;s) estimates the importance of
each feature as follows:

1

+ e BotBratBaxat..+h3s X35)

P(cleaved) = 1

Weselected about 3,500 distinct pairs of pi2, pi9 and p17 piRNAs and
target sites for which 5’-monophosphorylated 3’ cleavage products
both were detected in the control C57BL/6 mice and had =19 nucleo-
tides paired between g2 and g25. Target sites were considered cleaved
if the abundance of the 3’ cleavage products decreased by >8-fold in
the pi2” pi9 pil7~~ mutant mice compared with control mice; all
other target sites were assigned as not cleaved. To test whether the
logistic regression models created with the pi2, pi9 and pi17 piRNA
data could predict cleavage by non-pi2, non-pi9 and non-pi17 piRNAs,
we generated independent datasets from mice with a mutation dis-
rupting a pachytene piRNA-producing locus on chromosome 7, pi7
(7-qD2-24830(-)11976(+); Extended Data Fig. 7). Note that >99% of
piRNAs eliminated in pi7 " mice are not found in pi2, pi9 or pi17. The
performance of the logistic function fitted to pi2” pi9” pi17~~ data
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was similar when tested with either pi2” pi9™ pi17~~ data (Extended
DataFig.10a) or pi7”~ data (Extended Data Fig. 10a).

The most predictive features, that is, highest median coefficients
in the logistic decision function, were in vivo piRNA concentration
(+2.11), predicted energy of piRNA-target base pairing (+1.82) and
the total number of paired nucleotides (+1.20; Fig. 4a). These results
show that in vivo, piRISC behaves as a conventional enzyme. That is,
its concentration and substrate-binding strength determine the effi-
cacy of target cleavage. A high aggregate number of targeting piR-
NAswasalsorecently shownto be required for potent transcriptional
silencing®.

Consistent with the idea that PIWI slicing does not rely on comple-
mentarity to specific target nucleotides (Figs. 2b and 3c), the median
decision function coefficients were <+0.6 for guide:target pairing at
anyindividual position (Fig. 4a). Extensive complementarity anywhere
in the piRNA 5’ half seems to initiate target binding (Fig. 1b,d), and
highly abundant piRNAs (=500 pM) even direct slicing of targets with-
out pairing to positions g2-g4 (Fig.3e).In agreement with these data,
logistic function coefficients for matches to g2-g10 were higher than
those for pairing to other nucleotides ([+0.25, +0.6] compared with
[-0.12,+0.25]; Fig. 4a).

The features with the lowest median coefficients were the identity
of nucleotide t1 and the location of the target site within a transcript



(-0.18t0 +0.13; Fig. 4a). This result suggests that these factors are not
rate-determining for piRNA-guided cleavage in vivo.

Together, these analyses show that simple biochemical principles
are sufficient to predict efficient piRNA-directed cleavage in vivo. First,
piRNA concentration determines how frequently a target encounters
piRISC and therefore the concentration of the piRISC-target complex.
Second, tighter guide:target base pairing (binding energy) extends the
lifetime of the piRISC-target complex, whichincreases the likelihood
of cleavage.

Implications of piRNA targeting rules

Because PIWI-catalysed slicing does not depend on pairing to a spe-
cific piRNA nucleotide position, target mutations are predicted to
be better tolerated by PIWI proteins than by AGO proteins. Our com-
putational simulations estimated that when a transposon sequence
mutates but the small RNA repertoire does not change, the number
of guides capable of directing target slicing decreases by fourfold
more slowly for PIWI than AGO proteins (Fig. 4b and Extended Data
Fig.10b). We simulated 1,000 rounds of single-nucleotide substitutions
inthe LINEI consensus sequences, excluding non-synonymous muta-
tions in ORFs. At each round, we recorded the number of embryonic
testicular piRNAs or siRNAs (simulated using piRNA 21 nucleotide
prefixes) expected to productively slice the mutated transposons.
The number of MILI-loaded piRNAs capable of cleavage decreased at
0.01% of guides per single-nucleotide substitution in LINEI elements,
whereas the number of simulated AGO2-loaded siRNAs decreased at
0.04% of guides per mutationin the transposonsequence (Fig. 4b and
Extended Data Fig.10b).

Discussion

Our data highlight several distinct features of PIWI proteins that set
them apart from AGO-clade Argonaute proteins. First, PIWI proteins
do not limit target finding to the seven-nucleotide, 5’ canonical seed.
The central cleft that cradles the guide RNA is wider in PIWI than in
AGO proteins®****, which perhaps enables PIWI proteins to produc-
tively use piRNA nucleotides 3’ to g8 toinitiate pairing with targets. At
high concentrations, piRISC efficiently binds and slices RNAs unpaired
to nucleotides g2-g4, so targeting capacity is similar for piRNAs for
which 5’ ends are several nucleotides apart along a piRNA precursor
transcript. This observation explains why piRNAs can tolerate a high
degree of 5" heterogeneity, whichis anintrinsic feature of phased (trail-
ing) piRNA biogenesis” . By contrast, miRNA 5’-isoforms have distinct
targetrepertoires®, and any change inthe 5’ position of asiRNA duplex
caninvert which strand becomes a guide for an AGO protein.

Second, piRNA-directed slicing tolerates mismatches to any nucleo-
tide of the piRNA guide. Despite more than 900 million years of inde-
pendent evolution, both mammalian and poriferan PIWI proteins can
slice targets even with mismatches adjacent to the scissile bond. In fact,
both a perfectly paired and a t10 or t11 mismatched target site were
cleaved with similar efficiency whenintroducedinto the 3’ UTR of mouse
Ythdc2 mRNA*®. Mismatches near the scissile phosphate bond not only
block target cleavage by AGO proteins but also promote AGO protein
degradation*®*’. We propose that because piRNAs are generally longer
thansiRNAs, PIWI proteins can extend the lifetime of the piRISC-target
complex through compensatory pairing to piRNA 3’ sequences, which
enables piRISCto tolerate multiple guide:target mismatches. Consistent
with this model, piRNA 3’ ends are 2’-O-methylated to protect them from
decay triggered by extensive pairing to targets*®. This hypothesis also
predictsthat cleavage by the ovary-specific mammalian PIWIL3 protein,
which uses unusually short, 19-nucleotide-long piRNA guides**°, will
require full complementarity between their guides and targets.

The catalytic centres of AGO-clade and PIWI-clade Argonaute pro-
teins probably have distinct requirements for effective catalysis of

target cleavage. For AGO proteins, perfect pairing between asiRNA and
its target moves target nucleotides t10 and t1l into the endonuclease
activesite*. Our datasuggest that the catalytically competent geometry
of PIWI proteins does notintrinsically rely on perfect complementarity
between the target and piRNA near the cleavage site.

Third, the ability of piRNAs to direct cleavage of imperfectly comple-
mentary RNAs, but only when the extent of complementarity is more
than 15 contiguous base pairs, may explain the rapid evolution of the
piRNA targetrepertoire (Fig. 3b and Extended Data Fig. 3a). Our analy-
sessuggest thatal5-nucleotide contiguous matchis sufficient to pre-
ventinappropriate targeting of mRNAs and other self-transcripts. We
determined the fraction of allmouse mRNAs and IncRNAs that contain
atleast one k-mer from the consensus sequences of transpositionally
active families of mouse LTR or LINE transposons. For k > 15, less than
5% of mRNAs and IncRNAs shared at least one k-mer with transposon
sequence (Extended Data Fig. 10c, top). We obtained similar results
when these analyses were conducted for intron sequences from the
same mouse transcripts (Extended Data Fig.10c, bottom). This result
suggests that strong negative selection against transposon-derived
>15-mers in mRNAs and IncRNAs is unlikely. Together, our findings
(Fig. 4¢) provide a plausible explanation for why the piRNA pathway,
not RNA interference, was favoured by evolution as the mainstay of
transposon defence in animals.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-023-06257-4.

1. Ozata, D. M., Gainetdinov, |., Zoch, A., O'Carroll, D. & Zamore, P. D. PIWI-interacting RNAs:
small RNAs with big functions. Nat. Rev. Genet. 20, 89-108 (2019).

2. Wang, X., Ramat, A., Simonelig, M. & Liu, M.-F. Emerging roles and functional mechanisms
of PIWl-interacting RNAs. Nat. Rev. Mol. Cell. Biol. 24,123-141 (2023).

3.  Becker, W. R. et al. High-throughput analysis reveals rules for target RNA binding and
cleavage by AGO2. Mol. Cell. 75, 741-755.e11 (2019).

4. Xiao, Y. et al. Structural basis for RNA slicing by a plant Argonaute. Nat. Struct. Mol. Biol.
https://doi.org/10.1038/s41594-023-00989-7 (2023).

5. Bobadilla Ugarte, P., Barendse, P. & Swarts, D. C. Argonaute proteins confer immunity in
all domains of life. Curr. Opin. Microbiol. 74,102313 (2023).

6. Bartel, D. P. Metazoan microRNAs. Cell 173, 20-51(2018).

7. Zhang, P. et al. MIWI and piRNA-mediated cleavage of messenger RNAs in mouse testes.
Cell Res. 25,193-207 (2015).

8. Goh, W.S. etal. piRNA-directed cleavage of meiotic transcripts regulates spermatogenesis.
Genes Dev. 29, 1032-1044 (2015).

9. Halbach, R. et al. A satellite repeat-derived piRNA controls embryonic development of
Aedes. Nature 580, 274-277 (2020).

10.  Wu, P. H. et al. The evolutionarily conserved piRNA-producing locus pi6 is required for
male mouse fertility. Nat. Genet. 52, 728-739 (2020).

1. Choi, H., Wang, Z. & Dean, J. Sperm acrosome overgrowth and infertility in mice lacking
chromosome 18 pachytene piRNA. PLoS Genet. 17, 1009485 (2021).

12.  Chen, P. et al. piRNA-mediated gene regulation and adaptation to sex-specific transposon
expression in D. melanogaster male germline. Genes Dev. 35, 914-935 (2021).

13.  Brennecke, J. et al. Discrete small RNA-generating loci as master regulators of transposon
activity in Drosophila. Cell 128, 1089-1103 (2007).

14.  Gunawardane, L. S. et al. A slicer-mediated mechanism for repeat-associated siRNA 5'
end formation in Drosophila. Science 315, 1587-1590 (2007).

15.  Reuter, M. et al. Miwi catalysis is required for piRNA amplification-independent LINE1
transposon silencing. Nature 480, 264-267 (2011).

16. De Fazio, S. et al. The endonuclease activity of Mili fuels piRNA amplification that silences
LINET elements. Nature 480, 259-263 (2011).

17. Mohn, F., Handler, D. & Brennecke, J. Noncoding RNA. piRNA-guided slicing specifies
transcripts for Zucchini-dependent, phased piRNA biogenesis. Science 348, 812-817
(2015).

18. Han, B. W., Wang, W., Li, C., Weng, Z. & Zamore, P. D. Noncoding RNA. piRNA-guided
transposon cleavage initiates Zucchini-dependent, phased piRNA production. Science
348, 817-821(2015).

19. Homolka, D. et al. PIWI slicing and RNA elements in precursors instruct directional
primary piRNA biogenesis. Cell Rep. 12, 418-428 (2015).

20. Yang, Z.etal. PIWIslicing and EXD1 drive biogenesis of nuclear piRNAs from cytosolic
targets of the mouse piRNA pathway. Mol. Cell 61, 138-152 (2016).

21.  Gainetdinoy, I., Colpan, C., Arif, A., Cecchini, K. & Zamore, P. D. A single mechanism of
biogenesis, initiated and directed by PIWI proteins, explains piRNA production in most
animals. Mol. Cell 71, 775-790.e5 (2018).

Nature | Vol 619 | 13 July 2023 | 401


https://doi.org/10.1038/s41586-023-06257-4
https://doi.org/10.1038/s41594-023-00989-7

Article

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

Aravin, A. A. et al. A piRNA pathway primed by individual transposons is linked to de novo
DNA methylation in mice. Mol. Cell 31, 785-799 (2008).

Kuramochi-Miyagawa, S. et al. DNA methylation of retrotransposon genes is regulated

by Piwi family members MILI and MIWI2 in murine fetal testes. Genes Dev. 22, 908-917
(2008).

Sienski, G., Donertas, D. & Brennecke, J. Transcriptional silencing of transposons by Piwi
and maelstrom and its impact on chromatin state and gene expression. Cell 151, 964-980
(2012).

Le Thomas, A. et al. Piwi induces piRNA-guided transcriptional silencing and establishment
of a repressive chromatin state. Genes Dev. 27, 390-399 (2013).

Pezic, D., Manakov, S. A., Sachidanandam, R. & Aravin, A. A. piRNA pathway targets active
LINE1 elements to establish the repressive H3K9me3 mark in germ cells. Genes Dev. 28,
1410-1428 (2014).

Arif, A. et al. GTSF1accelerates target RNA cleavage by PIWI-clade Argonaute proteins.
Nature 608, 618-625 (2022).

Di Giacomo, M. et al. Multiple epigenetic mechanisms and the piRNA pathway

enforce LINE1 silencing during adult spermatogenesis. Mol. Cell 50, 601-608

(2013).

Gou, L. T. et al. Pachytene piRNAs instruct massive mRNA elimination during late
spermiogenesis. Cell Res. 24, 680-700 (2014).

Dai, P. et al. A translation-activating function of MIWI/piRNA during mouse spermiogenesis.
Cell179,1566-1581.€16 (2019).

Lambert, N. et al. RNA Bind-n-Seq: quantitative assessment of the sequence and
structural binding specificity of RNA binding proteins. Mol. Cell 54, 887-900 (2014).
Jouravleva, K., Vega-Badillo, J. & Zamore, P. D. Principles and pitfalls of high-throughput
analysis of microRNA-binding thermodynamics and kinetics by RNA Bind-n-Seq. Cell Rep.
Methods 2,100185 (2022).

Anzelon, T. A. et al. Structural basis for piRNA targeting. Nature 597, 285-289 (2021).
Wee, L. M., Flores-Jasso, C. F., Salomon, W. E. & Zamore, P. D. Argonaute divides its

RNA guide into domains with distinct functions and RNA-binding properties. Cell 151,
1055-1067 (2012).

Addo-Quaye, C., Eshoo, T. W., Bartel, D. P. & Axtell, M. J. Endogenous siRNA and miRNA
targets identified by sequencing of the Arabidopsis degradome. Curr. Biol. 18, 758-762
(2008).

Wang, W. et al. The initial uridine of primary piRNAs does not create the tenth adenine
that is the hallmark of secondary piRNAs. Mol. Cell 56, 708-716 (2014).

Li, X. Z. et al. An ancient transcription factor initiates the burst of piRNA production during
early meiosis in mouse testes. Mol. Cell 50, 67-81(2013).

Shin, C. et al. Expanding the microRNA targeting code: functional sites with centered
pairing. Mol. Cell 38, 789-802 (2010).

402 | Nature | Vol 619 | 13 July 2023

39. Salomon, W.E., Jolly, S. M., Moore, M. J., Zamore, P. D. & Serebrov, V. Single-molecule
imaging reveals that Argonaute reshapes the binding properties of its nucleic acid
guides. Cell 162, 84-95 (2015).

40. Matsumoto, N. et al. Crystal structure of silkworm PIWI-clade Argonaute Siwi bound to
piRNA. Cell167, 484-497.e9 (2016).

41.  Yamaguchi, S. et al. Crystal structure of Drosophila Piwi. Nat. Commun. 11, 858 (2020).

42. Schirle, N.T., Sheu-Gruttadauria, J. & MacRae, I. J. Structural basis for microRNA
targeting. Science 346, 608-613 (2014).

43. Consortium, G. P. et al. An integrated map of genetic variation from 1,092 human genomes.
Nature 491, 56-65 (2012).

44. Genzor, P. et al. Cellular abundance shapes function in piRNA-guided genome defense.
Genome Res. 31, 2058-2068 (2021).

45. Dowling, M. et al. In vivo PIWI slicing in mouse testes deviates from rules established
in vitro. RNA 29, 308-316 (2023).

46. Han, J. etal. A ubiquitin ligase mediates target-directed microRNA decay independently
of tailing and trimming. Science 370, eabc9546 (2020).

47.  Shi, C.Y. et al. The ZSWIM8 ubiquitin ligase mediates target-directed microRNA
degradation. Science 370, eabc9359 (2020).

48. Gainetdinov, I. et al. Terminal modification, sequence, length, and PIWI-protein identity
determine piRNA stability. Mol. Cell 81, 4826-4842.e8 (2021).

49. Yang, Q. etal. Single-cell CAS-seq reveals a class of short PIWI-interacting RNAs in human
oocytes. Nat. Commun. 10, 3389 (2019).

50. Ishino, K. et al. Hamster PIWI proteins bind to piRNAs with stage-specific size variations
during oocyte maturation. Nucleic Acids Res. 49, 2700-2720 (2021).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023


http://creativecommons.org/licenses/by/4.0/

Methods

Mouse strains and mutants
Mice (Supplementary Table 3; C57BL/6J, International Mouse Strain
ResourceJAX:000664) were housed in an Association for Assessment
and Accreditation of Laboratory Animal Care International -accredited
barrier facility at controlled temperature (22 + 2 °C), relative humid-
ity (40 +15%) and a 12-h day-light cycle. All experimental animals
were 2-6 months old. All procedures were reviewed and performed
in compliance with the guidelines of the Institutional Animal Care
and Use Committee (IACUC) of the University of Massachusetts Chan
Medical School (IACUC protocol number A201900331). Single-guide
RNAs (sgRNAs; Supplementary Table 3) were designed using a CRISPR
designtool (https://portals.broadinstitute.org/gppx/crispick/public).
sgRNAs were transcribed with T7 RNA polymerase and then purified
by electrophoresis on a10% denaturing polyacrylamide gel. gRNA
(20 ng pI™) and Cas9 mRNA (50 ng pl™, TriLink Biotechnologies, L-7206)
wereinjected togetherinto the pronucleus of one-cell C57BL/6 zygotes
in M2 medium (Sigma, M7167). After injection, the zygotes were cul-
tured in EmbryoMax Advanced KSOM medium (Sigma, MR-106-D) at
37°Cunder 5% CO, until the blastocyst stage (3.5 days), thentransferred
into the uterus of pseudopregnant ICR females 2.5 days post coitum.
To screen for mutant founders, gDNA extracted from tail tissues was
analysed by PCR using the primers listed in Supplementary Table 3.
No statistical method was used to determine the sample size. For
biological samples, the maximum possible sample size (n =4-12) was
used for each type of data, which ensured that variability arising from
allaccountable sources was incorporated inthe analyses (animal, day of
datacollection, reagentlots). No datawere excluded from the analyses.
Randomizationis not relevant to this study because it did notinvolve
treatment or exposure of animals to any agent. Instead, untreated
wild-type mice were compared with untreated mutant mice lacking
piRNAs from four genomic loci. Blinding is not relevant to this study
because during analyses, wild-type control and mutant datasets were
easily identified. Blinding was not performed during data acquisition
and/or analysis.

piRNA loading and recombinant piRISC purification for MILI
and MIWI

Synthetic piRNA guides (IDT) were purified by electrophoresis through
a15% denaturing polyacrylamide gel. HEK293T cells (American Type
Culture Collection) expressing SNAP-tagged, 3xFlag-tagged MILI or
MIWIwere generated as previously described”. Cells were collected
at 70% confluency using a TC cell scraper (ThermoFisher, 50809263)
intoice-cold PBS and collected by centrifugationat 500g. Supernatant
wasremoved, and the pellet was stored at —80 °C until lysed in10 ml of
30 mM HEPES-KOH, pH 7.5,100 mM potassium acetate, 3.5 mM mag-
nesium acetate,2 mM DTT, 0.1% (v/v) Triton X-100, 15% (v/v) glycerol
and1x protease inhibitor cocktail (1 mM 4-(2-aminoethyl)benzenesul-
fonyl fluoride hydrochloride (Sigma, A8456), 0.3 pM aprotinin, 40 pM
betanin hydrochloride, 10 pM E-64 (Sigma, E3132) and 10 pM leupeptin
hemisulfate) per g frozen cells. Cell lysis was monitored by staining
with trypan blue. Crude cytoplasmic lysate was clarified at 20,000g,
flash frozenin liquid nitrogen and stored at —-80 °C.

To capture MILI or MIWI, 1 ml of clarified lysate was incubated with
20 planti-FlagM2 paramagnetic beads (Sigma, M8823) for 4 hto over-
nightrotating at4 °C. Beads were washed four times with extract buffer
(30 mM HEPES-KOH, pH 7.5, 3.5 mM magnesium acetate, 2 mM DTT,
15% (v/v) glycerol and 0.01% (v/v) Triton X-100) containing 2 M potas-
sium acetate and four times with extract buffer containing 100 mM
potassium acetate. To assemble MILI or MIWI piRISC, beads were resus-
pended in extract buffer containing 100 mM potassium acetate and
100 nM synthetic piRNA guide (Supplementary Table 4) and incubated
withrotation for 30 minat 37 °C or room temperature. After five washes
in 2 M potassium acetate extract buffer and five washes in 100 mM

potassium acetate extract buffer, MILI or MIWI piRISC was eluted from
the beads twice with 200 ng nl™ 3xFlag peptide in 100 pl 0of 100 mM
potassium extract buffer with rotation for 1 h at room temperature.
The combined 200 pl eluate was used immediately for capture oligo-
nucleotide affinity purification or flash frozen in liquid nitrogen and
stored at—80 °C.

To purify MILI or MIWI piRISC loaded with a single synthetic RNA,
200 pl Dynabeads MyOne Streptavidin T1 paramagnetic beads
(ThermoFisher, 65601) was washed and incubated with 800 pmol
5’ biotinylated, 2’-O-methyl capture oligonucleotide (Supplementary
Table 4) according to the manufacturer’s instructions, then resus-
pended in 100 pl of 100 mM potassium extract buffer. The 200 pl
eluate with piRISC from the previous step was added to the capture
oligonucleotide-conjugated beads in the extract buffer and incu-
bated with rotationfor1hatroomtemperature. The supernatant was
removed, and then the beads were washed five times with 100 mM
potassium extract, followed by five washes with 2 M potassium extract
buffer. piRISC was eluted by rotating the beads for 2 h at room tem-
perature in 200 pl of 100 mM potassium extract buffer containing
1,200 pmol of 5’ biotinylated competitor DNA oligonucleotide (Sup-
plementary Table 4) and S20 testis lysate (total protein 200 ng pl™
final concentration (f.c., see below)). The supernatant containing
eluted piRISC was then incubated for 30 min at room temperature
with 300 pl Dynabeads MyOne Streptavidin T1 paramagnetic beads
(prewashed according to the manufacturer’s instructions followed
by two washes in100 mM potassium extract buffer) to remove excess
competitor DNA oligonucleotide. After removing streptavidin beads,
20 pl anti-Flag M2 paramagnetic beads (Sigma, M8823) was added
andincubated with the supernatant for 4 hrotatingat4 °Ctoisolate
piRISC from testis lysate. Beads were then washed four times with
2 M potassium acetate extract buffer and four times with 100 mM
potassium acetate extract buffer. piRISC was eluted from the beads
twice with200 ng pl™' 3xFlag peptide in100 pl of 100 mM potassium
extract buffer with rotation for 1 h at room temperature. The com-
bined 200 pl eluate was aliquoted, flash frozen in liquid nitrogen
and stored at -80 °C.

Testis lysate for eluting MILI and MIWI piRISC from capture
oligonucleotide

Dissected animal tissue samples were homogenized at 4 °Cin 5 vol-
umes of 30 mM HEPES-KOH, pH 7.5,100 mM potassium acetate, 3.5 mM
magnesium acetate, 1 mM DTT and 15% (v/v) glycerol in a dounce
homogenizer using 10 strokes of the loose-fitting pestle A, followed
by 20 strokes of tight-fitting pestle B to generate crude lysate. S20
was prepared by clarifying the crude lysate at 20,000g. The protein
concentration was estimated using aBCA assay (ThermoFisher, 23200).
Crude and fractionated testis lysate were flash frozen in liquid nitrogen
and stored at—80 °C.

piRNA loading and recombinant piRISC purification for Ef Piwi

Synthetic piRNA guides (IDT) were purified by electrophoresis through
al5%denaturing polyacrylamide gel. EfPiwi protein was expressed as
a His,-TEV-EfPiwi construct using the Bac-to-Bac Baculovirus Expres-
sion System (ThermoFisher, 10359016) and Sf9 cells (American Type
Culture Collection). Sf9 infection with EfPiwi-expressing baculovirus®
was performed in 750 ml cultures of 1,275 x 10° cells for 72 h at 27 °C.
Each 750 ml culture of Sf9 cells was pelleted and resuspended in 25 ml
lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl and 0.5 mM TCEP) and
lysed using a high-pressure (18,000 p.s.i.) microfluidizer (Microfluidics
M100P). Debris was pelleted by centrifugation, and the clarified lysate
wasincubated with1 mINi-NTA resin (Qiagen, 30210) per 750 ml culture
for1hat4 °C, followed by washing twice in nickel wash buffer (50 mM
Tris pH 8.0, 300 mM NacCl, 20 mM imidazole and 0.5 mM TCEP). The
resin was then washed once with wash buffer supplemented with 5 mM
CaCl,in preparation for micrococcal nuclease treatment to degrade
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co-purifying cellular RNAs. The washed resin was resuspended in nickel
wash buffer supplemented with 5 mM Cacl, (final volume of 20 ml).
Next, 100 U micrococcal nuclease (Takara Bio, 2910A) was added per
750 ml culture and incubated at room temperature for 1 h, inverting
gently every 15 min to resuspend the resin. After three washes with
nickel wash buffer without CaCl,, protein was eluted with 6x column
volumes of nickel elution buffer (wash buffer supplemented with
300 mMimidazole). Eluted protein was supplemented with 5 mM EGTA
to chelate any remaining calciumand dialysed (10,000 MWCO) against
50 mM Tris pH 8.0,300 mM NacCl, 0.5 mM TCEP buffer overnightat4 °C.

For each loading procedure, an aliquot of EfPiwi (1/50 of the
protein yield from 750 ml of Sf9 culture) was incubated with a syn-
thetic piRNA guide (15 pM f.c.) for 15 min at room temperature and
then dialysed into 50 mM Tris pH 8.0, 300 mM NacCl, 0.5 mM TCEP,
0.02% CHAPS buffer overnight at 4 °C (12,000 MWCO). To prepare
for capturing guide-loaded EfPiwi, 2.5 nmol of biotinylated capture
oligonucleotide was incubated with 40 pl high capacity neutravidin
resin (ThermoFisher,29204) in1 mlwash A buffer (30 mM Tris pH 8.0,
0.1 M potassium acetate,2 mM magnesium acetate, 0.02% CHAPS and
0.5 mM TCEP) for 30 min at 4 °C, followed by two washes with 2 ml
wash Abuffer. EfPiwi-guide complex was captured by incubating with
the capture oligonucleotide-conjugated neutravidin resinat roomtem-
perature for 1.5 hwithrotation. Theresinwas then washed three times
with2 mlwash A buffer, four times with 2 mlwash B buffer (30 mM Tris
pH 8.0,2 M potassium acetate,2 mM magnesium acetate, 0.02% CHAPS
and 0.5 mM TCEP), and three times with 2 ml wash C buffer (30 mM
Tris pH 8.0,1M potassium acetate, 2 mM magnesium acetate, 0.02%
CHAPS and 0.5 mM TCEP) at 4 °C. The resin was then resuspended in
250 plwash Cbuffer containing biotinylated competitor oligonucleo-
tide (50 uMf.c.) and incubated with rotation at room temperature for
3 h. To remove excess competitor oligonucleotide, the supernatant
was incubated for 30 min at 4 °C with 60 pl fresh neutravidin resin
(prewashed twice in wash Cbuffer), and the supernatant was dialysed
overnightat4 °Cinto extract buffer (30 mMHEPES-KOH, pH 7.5,3.5 mM
magnesium acetate,2 mM DTT, 15% (v/v) glycerol and 0.01% (v/v) Triton
X-100). The dialysed EfPiwi-guide RNA complex was aliquoted, flash
frozeninliquid nitrogen and stored at =80 °C.

Recombinant mouse GTSF1 purification

pCold-GST GTSF-expression vectors were transformed into Rosetta-
Gami 2 competent cells (Sigma, 71351). Cells were grown to an OD,
of 0.6-0.8 in the presence of 1 uM ZnSO, at 37 °C, then chilled onice
for 30 mintoinitiate cold shock. Protein expression was induced with
0.5mMIPTGfor18 hat15 °C. Cells were collected by centrifugation,
washed twice with PBS and cell pellets were flash frozen and stored
at—-80 °C. Cell pellets were resuspended in lysis/GST column buffer
containing 20 mM Tris-HCI pH 7.5,500 mM NaCl,1 mM DTT, 5% (v/v)
glycerol and 1x protease inhibitor cocktail (1 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (Sigma, A8456), 0.3 uM
aprotinin, 40 pM betanin hydrochloride, 10 pM E-64 (Sigma, E3132)
and 10 pM leupeptin hemisulfate). Cells were lysed by a single pass at
18,000 p.s.i. through a high-pressure microfluidizer (Microfluidics,
M110P), and the resulting lysate clarified at 30,000g for 1 h at 4 °C.
Clarified lysate was filtered through a 0.22 um Millex Durapore
low-protein-binding syringe filter (EMD Millipore) and applied to
glutathione Sepharose 4bresin (Cytiva, 17075604) equilibrated with
GST column buffer. After draining the flow through, the resin was
washed with 50 column-volumes of GST column buffer. To elute the
bound protein and cleave the GST tag in a single step, 50 UHRV3C
protease (Millipore, 71493) in 2.5 ml 20 mM Tris-HCI, pH 7.5, 50 mM
NaCl,1mM DTT and 5% (v/v) glycerol was added to the column, and
the column sealed and incubated for 3 h at 4 °C. Next, the column
was drained to collect the cleaved protein. The eluate was diluted to
50 mM NaCl and further purified using a HiTrap Q (Cytiva, 29051325)
anion exchange column equilibrated with 20 mM Tris-HCI, pH 7.5,

50 mM NaCl, 1 mM DTT and 5% (v/v) glycerol. The bound protein
was eluted using a100-500 mM NaCl gradient in the same buffer.
Peak fractions were analysed for purity by SDS-PAGE and the pur-
est were pooled and dialysed into storage buffer containing 30 mM
HEPES-KOH, pH 7.5,100 mM potassium acetate, 3.5 mM magnesium
acetate, 1mM DTT and 20% (v/v) glycerol. Aliquots of the pooled
fractions were flash frozen in liquid nitrogen and stored at —80 °C.

Recombinant EmGtsfl purification

The high-quality draft genome of E. muelleri was used to design the
expression construct of Ephydatia sp. Gtsfl orthologue. The EmGtsfl
expression vector was transformed into BL21(DE3) cells (NEB, C2527H).
Transformed cellswere grownin LB mediumsupplemented with1 pM
ZnSO0, at 37 °Cuntil an OD,, 0of 0.6-0.8. The incubation temperature
was lowered to 16 °C and protein expression was induced by the addi-
tionof ImMIPTG for16 h. Cellswere collected by centrifugation and cell
pellets flash frozenin liquid nitrogen and stored at —80 °C. Thawed cell
pelletswereresuspended inlysis buffer (50 mM Tris, pH 8,300 mM NaCl
and 0.5 mM TCEP) and passed through a high-pressure (18,000 p.s.i.)
microfluidizer (Microfluidics, M110P) to induce cell lysis. The lysate
was clarified by centrifugation at 30,000g for 20 min at 4 °C. Clari-
fied lysate was applied to Ni-NTA resin (Qiagen) and incubated for 1 h.
The resin was washed with nickel wash buffer (300 mM NacCl, 20 mM
imidazole, 0.5 mM TCEP and 50 mM Tris, pH 8.0). Proteinwas elutedin
four column volumes of nickel elution buffer (300 mM NaCl,300 mM
imidazole, 0.5 mM TCEP and 50 mM Tris, pH 8.0). TEV protease was
added to the eluted protein to remove the amino-terminal His, and
MBP tags. The resulting mixture was dialysed against HiTrap dialysis
buffer (300 mM NaCl,20 mMimidazole, 0.5 mM TCEP and 50 mM Tris,
pH 8.0) at4 °C overnight. The dialysed protein was then passed through
a5 mlHiTrap chelating column (Cytiva) and the unbound material
collected. Unbound material was concentrated and further purified by
size-exclusion chromatography using a Superdex 75 Increase 10/300
column (Cytiva) equilibrated in 50 mM Tris, pH 8.0,300 mM NaCl and
0.5 mM TCEP. Peak fractions were analysed for purity by SDS-PAGE,
and the purest were pooled, concentrated to 100 uM, aliquoted and
stored at —80 °C.

Determination of the active fraction of piRISC

Invitro cleavage assays were used to determine the fraction of active
piRISC. Target RNA substrates for cleavage assays were prepared as pre-
viously described®*. Fully complementary piRNA target site-containing
templates were PCR amplified from pGL2 (primers listed in Supplemen-
tary Table 4), in vitro transcribed with T7 RNA polymerase, purified
using a 7% denaturing polyacrylamide gel and capped using o-[**P]
GTP (Perkin ElImer) and a Vaccinia Capping System (NEB, M2080S).
Unincorporated a-[*P]GTP was removed using a G-25 spin column
(Cytiva, 27532501), target RNA was purified using a 7% denaturing poly-
acrylamide gel, eluted overnight with rotationin 0.4 MNaClat4 °Cand
collected by ethanol precipitation. Radiolabelled target (10 nM f.c.)
was added to amix of purified piRISC and GTSF1(500 nMf.c.) to assem-
ble a30 pl cleavage reaction. At 0, 5,15, 30 and 60 min, a 5 pl sample
was quenched in 280 pl 50 mM Tris-HCI, pH 7.5,100 mM NacCl, 25 mM
EDTA and 1% (w/v) SDS, then proteinase K (1 mg ml ™ f.c.) was added
and the mix incubated at 45 °C for 15 min, followed by extraction with
phenol-chloroform-isoamyl alcohol (25:24:1, pH 6.7) and ethanol
precipitation. RNA was resuspended in 10 pl 95% (v/v) formamide, 5 mM
EDTA, 0.025% (w/v) bromophenol blue and 0.025% (w/v) xylene cyanol,
heated at 95 °C for 2 min, and resolved on a 7% denaturing polyacryla-
mide gel. Gels were dried, exposed to a storage phosphor screen and
imaged on a Typhoon FLA 7000 (GE). The raw image file was used to
quantify the substrate and product bands, corrected for background.
Data were fit to the burst-and-steady-state equation to determine the
concentration of active piRISC (see equation and fitting procedure in
the section ‘Analysis of CNS data’).



RNA bind-'n-Seq for K; measurements

RNAbind-'n-Seq (RBNS) was performed as previously described® with
modifications. A library of RNA oligonucleotides containing a central
region of 20 random-sequence positions (Extended Data Fig. 1a) was
obtained from IDT, 5’[**P]-radiolabelled with «-[*2P]GTP (Perkin Elmer)
and T4 PNK (NEB, M0201) and purified using a 15% denaturing poly-
acrylamide gel, extracted with phenol-chloroform-isoamyl alcohol
(25:24:1, pH 6.7) and collected by ethanol precipitation. To sequence
theinputlibrary, RNA was denatured at 90 °C for 1 min, annealed to
aRT primer (Supplementary Table 4) and reverse transcribed with
SuperScript Ill. RNA was degraded by alkaline hydrolysis in 0.4 M
NaOH for1hat55°C, and cDNA was recovered by ethanol precipita-
tion. The sample was then amplified in 25 pl using AccuPrime Pfx DNA
polymerase (ThermoFisher, 12344024; 95 °C for 2 min, 15 cycles of
95°Cfor15s,65°Cfor30s, 68 °Cforl5s; primers listed in Supple-
mentary Table 4). PCR products were purified with a 2% agarose gel
and sequenced on a NextSeq 550 (Illumina) to obtain 79-nucleotide,
single-end reads.

For RBNS, DNA-blocking oligonucleotides (Supplementary Table 4)
were annealed to the RNA library in 30 mM HEPES-KOH, pH 7.5,
120 mM potassium acetate and 3.5 mM magnesium acetate using a
1:1.2 molar ratio of RNA pool to DNA blockers by first incubating at
95 °C for 1 min, then at 65 °C for 10 min and finally cooled to room
temperature. For each trial, the final piRISC concentrationsin the six
RBNS reactionswere 0.003 nM, 0.01 nM, 0.032 nM, 0.1 nM, 0.316 nM
and 1 nM active piRISC. Each trial also included a control in which
protein storage buffer replaced piRISC. Binding for each piRISC
concentration was performed in 20 pl 25 mM HEPES-KOH, pH 7.9,
110 mM potassium acetate, 3.5 mM magnesium acetate, 0.01% (w/v)
Triton X-100, 2 mM DTT, 10% (w/v) glycerol and 100 nM (f.c.) RNA
library. To reduce non-specific binding, each reaction also included
2.5mg ml™ BSA and 0.5 mg ml™ yeast tRNA. Reactions were incu-
bated for 2 h at 33 °C (ref. 51) and then filtered through a Whatman
Protran nitrocellulose membrane (Sigma, WHA10402506) on top of
an Amersham Hybond-XL (Cytiva, RPN2222S) nylon membrane in
a Bio-Dot apparatus (Bio-Rad, 1706545). To reduce the retention of
freesingle-stranded RNA, nitrocellulose and nylon membranes were
pre-conditioned as previously described® . In brief, the nitrocellu-
losefilter was pre-soaked in 0.4 MKOH for 10 min, and the nylon filter
was incubated in 0.1 M EDTA, pH 8.2 for 10 min, washed three times
in1M NaCl for 10 min each followed by an 15 s rinse in 0.5 M NaOH.
Nitrocellulose and nylon filters were then rinsed in water until the
pHreturned to neutral and then equilibrated in wash buffer (20 mM
HEPES-KOH, pH 7.9,100 mM potassium acetate, 3.5 mM magnesium
acetate and 1mM DTT) for at least 1 h at 37 °C. After applying seven
samples (no-piRISC and six piRISC concentrations; Extended Data
Fig.1a) onto the nitrocellulose and nylon membrane under vacuum,
the two membranes were washed with 100 ml wash buffer for 3 s.
Membranes were air-dried and signals detected by phosphorimaging
to monitor binding. The nitrocellulose membrane areas containing
piRISC-bound RNA were excised and incubated with 1 mg ml™ pro-
teinase Kin 100 mM Tris-HCI, pH 7.5, 10 mM EDTA, 150 mM sodium
chloride and 1% (w/v) SDS for 1 h at 45 °C shaking at 300 r.p.m. After
phenol-chloroform extraction and ethanol precipitation, RNA was
reverse transcribed, amplified and sequenced as described above
for the input RNA pool.

Determining equilibrium dissociation constants by double-
filter binding assays

Binding assays were performed as previously described®*in 5 pl in
30 mM HEPES-KOH, pH 7.5, 120 mM potassium acetate, 3.5 mM
magnesium acetate, 2 mM DTT and 0.01% (w/v) Triton X-100. The
5’[*?P]-radiolabelled RNA targets (0.1 nM; listed in Supplementary
Table 4) were incubated with 0.001-0.8 nM piRISC. The assay also

included a control reaction using piRISC storage buffer. Binding reac-
tions were incubated at 33 °C for 2 h. RNA binding was measured by
capturing protein—RNA complexes on Protran nitrocellulose (GE,
GE10600002) and unbound RNA onaHybond-XL (Cytiva, 45-001-151)
inaBio-Dotapparatus (Bio-Rad). After applying the sample under vac-
uum, membranes were washed with10 pl equilibration buffer (30 mM
HEPES-KOH, pH 7.5,120 mM potassium acetate, 3.5 mM magnesium
acetateand 2 mM DTT). Membranes were air-dried and signals detected
by phosphorimaging. Because K; < [RNA target], allbinding data were
fit to the following equation using IgorPro 6.11 (WaveMetrics):

B+ [S:1+Ky - J([ET] +[St]+K9? - 4[E71[S7]
f= ,
25,1

wherefisthe fraction target bound, [E;] is the total piRISC concentra-
tion, [S;] is the total RNA target concentration and Kj is the apparent
equilibrium dissociation constant.

Cleave-'n-Seq to determine target cleavage rates
To the ssDNA oligonucleotide pool of Cleave-'n-Seq (CNS) targets
(Extended Data Fig. 3b) obtained from TWIST Bioscience, a T7 pro-
moter wasadded by PCR (primers listed in Supplementary Table 4). The
PCR products werein vitro transcribed with T7RNA polymerase, then
treated with TURBO DNase (ThermoFisher, AM2238), and the CNS tar-
getRNA library was purified using a 7% denaturing polyacrylamide gel.
DNA-blocking oligonucleotides (Supplementary Table 4) in1.2-fold
excess were annealed to 100 nM CNS target RNA library in 10 mM
Tris-HCI (pH 7.4) and 20 mM NacCl by heating the mixture to 95 °C,
coolingitat-0.1°Cs™to 22 °C and incubating at 22 °C for 5 min. The
100 nMtarget RNA library was diluted with water to1nM, aliquoted and
stored at-80 °C. Cleavage assays were performed in 20 mM HEPES-KOH
(pH 7.5), 80 mM potassium acetate, 3.5 mM magnesium acetate, 4 mM
DTT,10% (v/v) glyceroland 0.01% (v/v) Triton X-100. Each reaction con-
tained 0.1nMRNAlibrary, 500 nM GTSFland 1 nMactive piRISC (single
turnover conditions). Reactions were conducted by prewarming com-
ponentsto 33 °C, first mixing piRISC with GTSF1and then adding target
libraries, immediately before incubating at 33 °C (ref. 51) for 0,1, 2, 4
and 8 minor 0, 20, 60, 120, 240, 480 and 960 min. At each time point,
a5 plsample was quenched in 280 pl 50 mM Tris-HCI, pH 7.5,100 mM
NaCl, 25 mM EDTA and 1% (w/v) SDS, then proteinase K (1 mg mi™f.c.)
added, and the mixincubated at 45 °C for 15 min followed by extraction
with phenol-chloroform-isoamyl alcohol (25:24:1, pH 6.7). The RNA
was collected by ethanol precipitation, resuspended in 10 pl water,
denatured at 90 °Cfor1min, annealed with1 pl 50 pM RT primer (Sup-
plementary Table 4) at 65 °C for 5 min, and reverse transcribed with
SuperScript lll (ThermoFisher, 18080093). cDNA was recovered by
ethanol precipitation, and the sample was then amplified in 25 pl using
AccuPrime Pfx DNA polymerase (ThermoFisher, 12344024; 95 °C for
2 min, 15cycles of 95 °Cfor15s, 65 °Cfor30 sand 68 °Cfor 15 s; primers
listed in Supplementary Table 4). PCR products were purified using a
2% agarose gel and sequenced on a NextSeq 550 (Illumina) to obtain
60-nucleotide, single-end reads. All time points in each trial (that is,
both the 0-8 min and the 0-960 min subsets) were sequenced in the
same NextSeq 550 run. Data from three trials of each of the 0-8 min
and 0-960 min subsets were combined to estimate pre-steady-state
cleavage rates.

Cloning and sequencing 3’ cleavage products from CNS reactions

For Extended Data Fig. 5c, amodified DNA library of CNS targets with
8 nucleotide barcodes (each unique to a target variant) was obtained
from TWIST Bioscience (Supplementary Table 5). The procedure was
identical to the CNS protocol described in the previous section except
for the addition of the 5" adapter ligation step after annealing the RT
primer and before reverse transcription: 3’ cleavage products were
ligated to a mixed pool of equimolar amount of two 5’ RNA adapters



Article

(toincrease nucleotide diversity at the 5’ end of the sequencing read;
Supplementary Table 4) in 20 pl 50 mM Tris-HCI (pH 7.8), 10 mM
MgCl,, 10 mM DTT, 1 mM ATP with 60 U high concentration T4 RNA
ligase (NEB, M0437M) at 16 °C overnight. Ligation was followed by
ethanol precipitation. Cleavage reactions were for performed for
2 hat 33 °C. To account for 5’-to-3’ exonucleolytic digestion or addi-
tion of non-templated nucleotides to RNA 5’ ends, a set of five syn-
thetic 5 monophosphorylated oligonucleotides (Supplementary
Table 4) was added to the CNS library before starting the cleavage
reaction.

FACS isolation and immunostaining of mouse germ cells

Testes of 2-6-month-old mice were isolated, decapsulated and incu-
bated for 15 min at 33 °C in 1x Gey’s balanced salt solution (GBSS,
Sigma, G9779) containing 0.4 mg ml™ collagenase type 4 (Worthington,
LS004188) rotating at 150 r.p.m. Seminiferous tubules were then
washed twice with 1x GBSS and incubated for 15 min at 33 °Cin 1x GBSS
with 0.5 mg ml™ trypsin and 1 pug ml™ DNase I, rotating at 150 r.p.m.
Next, tubules were homogenized by pipetting through a glass
Pasteur pipette for 3 minat4 °C. FBS (7.5%f.c., v/v) was added to inac-
tivate trypsin, and the cell suspension was then strained through a
pre-wetted 70 um cell strainer (ThermoFisher, 22363548). Cells were
collected by centrifugation at 300g for 10 min. The supernatant was
removed, cells resuspended in1x GBSS containing 5% (v/v) FBS,1pg ml™
DNase land 5 pg ml™Hoechst 33342 (ThermoFisher, 62249) and rotated
at 150 r.p.m. for 45 min at 33 °C. Propidium iodide (0.2 pg ml™, f.c.;
ThermoFisher, P3566) was added, and cells strained through a
pre-wetted 40 pm cell strainer (ThermoFisher, 22363547). Spermato-
gonia, primary spermatocytes, secondary spermatocytes and round
spermatids were purified**** (Supplementary Fig. 5) using a FACSAria
Il Cell Sorter (BD Biosciences; University of Massachusetts Medical
School FACS Core). The 355 nm laser was used to excite Hoechst 33342;
the 488 nm laser was used to record forward and side scatter and to
excite propidiumiodide. Propidiumiodide emission was detected using
a610/20 bandpass filter. Hoechst 33342 emission was recorded using
450/50 and 670/50 band pass filters.

Germ cell stagesinthe unsorted population and the purity of sorted
fractions were assessed by immunostaining aliquots of cells. Cells were
incubated for 20 min in 25 mM sucrose and then fixed on a slide with
1% (w/v) paraformaldehyde containing 0.15% (v/v) Triton X-100 for2 h
at room temperature in a humidifying chamber. Slides were washed
sequentially for 10 minin the following solutions: (1) PBS containing
0.4% (v/v) Photo-Flo 200 (Kodak, 1464510); (2) PBS containing 0.1% (v/v)
Triton X-100; and (3) PBS containing 0.3% (w/v) BSA, 1% (v/v) donkey
serum (Sigma, D9663), and 0.05% (v/v) Triton X-100. After washing,
slides were incubated with primary antibodies in PBS containing 3%
(w/v) BSA, 10% (v/v) donkey serum and 0.5% (v/v) Triton X-100 over-
nightat room temperature in ahumidified chamber. Rabbit polyclonal
anti-SYCP3 (Abcam, ab15093, RRID:AB_301639; 1:1,000 dilution) and
mouse monoclonal anti-yH2AX (Millipore, 05-636, RRID:AB_309864;
1:1,000 dilution) were used as primary antibodies. Slides were washed
again as described above and then incubated with secondary don-
key anti-mouse IgG (H+L) Alexa Fluor 594 (ThermoFisher, A-21203,
RRID:AB_2535789; 1:2,000 dilution) or donkey anti-rabbit IgG (H+L)
Alexa Fluor 488 (ThermoFisher, A-21206, RRID:AB_2535792;1:2,000
dilution) for 1 h at room temperature in a humidified chamber. After
incubation, slides were washed three times (10 mineach) in PBS contain-
ing 0.4% (v/v) Photo-Flo 200 and once for 10 minin 0.4% (v/v) Photo-Flo
200. Finally, slides were dried and mounted in ProLong Gold antifade
mountant with DAPI (ThermoFisher, P36931). To assess the purity of
sorted fractions, 50-100 cells were staged by DNA, yH2AX and SYCP3
staining>. All samples used in this study met the following criteria:
spermatogonia, 95-100% pure with <5% pre-leptotene spermatocytes;
primary spermatocytes, 10-15% leptotene/zygotene spermatocytes,
45-50% pachytene spermatocytes, 35-40% diplotene spermatocytes;

secondary spermatocytes, 100%; round spermatids, 95-100%, <5%
elongated spermatids.

Small RNA sequencing library preparation

Total RNA from sorted mouse germ cells was extracted using a mir-
Vana miRNA isolation kit (ThermoFisher, AM1560). Small RNA librar-
ies were constructed as previously described*® with modifications.
Beforelibrary preparation, an equimolar mix of nine synthetic spike-in
RNA oligonucleotides (Supplementary Table 4) was added to each
RNA sample to enable absolute quantification of small RNAs (Sup-
plementary Table 6); the median cell volume from ref. 21 was used to
calculate the intracellular concentration. To reduce ligation bias and
to eliminate PCR duplicates, the 3’ and 5’ adaptors both contained
nine random nucleotides at their 5 and 3’ ends, respectively* (Sup-
plementary Table 4) and 3’ adaptor ligation reactions contained 25%
(w/v) PEG-8000 (f.c.): 500-1,000 ng total RNA was first ligated to
25 pmol of 3’ DNA adapter (Supplementary Table 4) with adenylated
5’ and dideoxycytosine-blocked 3’ ends in 30 pl of 50 mM Tris-HCI
(pH 7.5), 10 mM MgCl,, 10 mM DTT and 25% (w/v) PEG-8000 (NEB)
with 600 U of homemade T4 Rnl2tr K227Q at 16 °C overnight. After
ethanol precipitation, the 50-90 nucleotide (14-54 nucleotide small
RNA + 36 nucleotide 3’ adapter containing unique molecular iden-
tifiers) 3’ ligated product was purified from a 15% denaturing urea—
polyacrylamide gel (National Diagnostics). After overnight elutionin
0.4 M NaCl followed by ethanol precipitation, the 3’ ligated product
was denatured in 14 pl water at 90 °C for 60 s, 1 pl of 50 pM RT primer
(Supplementary Table 4) was added and annealed at 65 °C for 5 minto
suppress the formation of 5’-adapter-3’-adapter dimers during the next
step. The resulting mix was then ligated to a mixed pool of equimolar
amount of two 5’ RNA adapters (to increase the nucleotide diversity
atthe 5’ end of the sequencing read; Supplementary Table 4) in 20 pl
of 50 mM Tris-HCI (pH 7.8),10 mM MgCl,, 10 mM DTT and 1 mM ATP
with 20 U of T4 RNA ligase (ThermoFisher, EL0021) at 25°C for 2 h.
The ligated product was precipitated with ethanol, cDNA synthesis
was performedin 20 plat42 °Cfor1husing AMV reverse transcriptase
(NEB, M0277), and 5 pl of the RT reaction was amplified in 25 pl using
AccuPrime Pfx DNA polymerase (ThermoFisher, 12344024; 95 °C for
2min,15cyclesof 95 °Cfor15s, 65 °Cfor30 sand 68 °Cfor15s; primers
listed in Supplementary Table 4). Finally, the PCR product was purified
ina2%agarose gel. Small RNA sequencing (RNA-seq) libraries samples
were sequenced using aNextSeq 550 (Illumina) to obtain 79 nucleotide,
single-end reads.

RNA-seq library preparation

Total RNA from sorted germ cells was extracted using amirVanamiRNA
isolation kit (ThermoFisher, AM1560) and used for library preparation
as previously described® with modifications, including the addition of
the ERCC spike-in mix to enable absolute quantification of RNAs and
the use of unique molecular identifiers in adapters (Supplementary
Table 4) to eliminate PCR duplicates®. Before library preparation, 1 pl of
1:100 diluted ERCC spike-inmix 1 (ThermoFisher, 4456740) was added
to 1 g total RNA. To remove rRNA, 1 pg total RNA was hybridized in
10 pltoapool of 186 rRNA antisense oligos (0.05 pMf.c. each) in10 mM
Tris-HCI (pH 7.4),20 mM NaCl by heating the mixture to 95 °C, cooling
at-0.1°Cs™'t022°C,andincubatingat 22 °C for 5 min. RNase H (10 U;
Lucigen, H39500) was added and the mixture incubated at 45 °C for
30 minin20 pl containing 50 mM Tris-HCI (pH 7.4),100 mM NaCl and
20 mM MgCl,. Thereaction volume was adjusted to 50 pl with 1x Turbo
DNase buffer (ThermoFisher, AM2238) and then incubated with 4 U
Turbo DNase (ThermoFisher, AM2238) for 20 min at 37 °C. Next, RNA
was purified using RNA Clean & Concentrator-5 (Zymo Research, R1016)
toretain >200 nucleotide RNAs, followed by the stranded, dUTP-based
RNA-seq protocol as previously described®®. RNA-seq libraries were
sequenced using a NextSeq 550 (Illumina) to obtain 79+79 nucleotide,
paired-end reads.



Sequencing of 5’-monophosphorylated long RNAs

Total RNA from sorted mouse germ cells was extracted using a mir-
Vana miRNA isolation kit (ThermoFisher, AM1560) and used to pre-
pare alibrary of 5-monophosphorylated long RNAs as previously
described®*¢ with modifications. rRNA was depleted as described
above for RNA-seq libraries. RNA was ligated to a mixed pool of equi-
molaramount of two 5’ RNA adapters (to increase the nucleotide diver-
sity at the 5’ end of the sequencing read; Supplementary Table 4) in
20 pl of 50 mM Tris-HCI (pH 7.8), 10 mM MgCl,, 10 mM DTT and 1 mM
ATP with 60 U of high concentration T4 RNA ligase (NEB, M0437M) at
16 °C overnight. The ligated product was isolated using RNA Clean &
Concentrator-5(Zymo Research,R1016) to retain>200 nucleotide RNAs
andreverse transcribed in 25 pl with 50 pmol RT primer (Supplemen-
tary Table 4) using SuperScript Ill (ThermoFisher, 18080093). After
purification with 50 pl Ampure XP beads (Beckman Coulter, A63880),
cDNA was PCR amplified using NEBNext High-Fidelity (NEB, M0541;
98 °Cfor 30s; 4 cyclesof 98 °Cfor10s,59 °Cfor30s,72°Cfor12s; 6
cyclesof98°Cfor10s,68 °Cfor10s,72°Cfor12s;and 72 °Cfor 3 min;
primers listed in Supplementary Table 4). PCR products between
200 and 400 bp were isolated from a 1% agarose gel, purified using a
QIAquick Gel Extraction kit (Qiagen, 28706), and amplified again with
NEBNext High-Fidelity (NEB, M0541; 98 °C for 30 s; 3 cycles of 98 °C
for10s,68°Cfor30s,72°Cforl4s; 6 cyclesof 98 °Cfor10s,72 °Cfor
14 s;and 72 °Cfor 3 min; primerslisted in Supplementary Table 4). The
PCRproduct was purified froma1%agarose gel and sequenced using a
NextSeq 550 or NovaSeq 6000 (Illumina) to obtain 79+79 nucleotide
or150+150 nucleotide, paired-end reads.

Analysis of RBNS data

To analyse RBNS* data, the sequence of the 3’ adapter (5-TGGA
ATTCTCGGGTGCCAAGG-3’) wasremoved using fastx toolkit (v.0.0.14),
then eachsequencingreadinthe RNAinputlibrary and piRISC-bound
libraries wasinterrogated for the presence of all binding sites of interest.
The entire single-stranded 20 nucleotide random-sequence region
flanked by four nucleotides of constant primer-binding sequence on
either side (GATCNNNNNNNNNNNNNNNNNNNNTGGA) was searched
for the presence of piRISC-binding sites. The sequencing depth of the
input library (about 50 x 10° reads) allowed measurement of input
frequencies for <12 nucleotide motifs. Tointerrogate non-overlapping
target sets, each <10 nucleotide contiguous binding site was required
to be flanked by nucleotides that not complementary to the guide: for
example, ag4-gl2 contiguous target site did not pair to guide positions
g3 and gl3. Each 11-nucleotide-long contiguous complementary site
was required to be flanked by a non-matching nucleotide only at its
5 end:forexample, ag4-gl4 contiguous target site did not pair to guide
positiong3. To eliminate interference from potential piRISC cleavage
activity, GTSF1 was omitted from binding reactions; we also relied on
the fact that, in our analyses, we do not interrogate sites that are long
enough (=15 nucleotides) to be cleaved by piRISC.

Aread was assigned to asite category ifit contained one single bind-
ing motif. Reads containing multiple instances of binding sites (from
the same or a different site category) and reads containing partially
overlapping sites were not included in the analysis. Reads that did
not have any of the binding motifs of interest were classified as reads
with nosite. Fitting of the binding model from a previously described
method* to estimate K, values for binding sites was performed using a
Python-based implementation (MLE_KD.py from https://figshare.com/
articles/software/MicroRNA-binding_thermodynamics_and_kinetics_
by _RNA _Bind-n-Seq/19180952) on each of the 49 different combinations
of 7initial guesses of piRISC concentration (0.1,0.2,0.5,1,2,50r10 nM)
and 7initial guesses of K; for RNAwith no enriched site (0.1,0.2,0.5,1,2,
50r10 nM).Foreachtrial, the median of the 49 estimates was reported.
Two trials of mouse AGO2 RBNS data for let-7a (piRNA-1in Fig. 1) are
from a previous study??; the third trial was conducted separately for

this study. Allother mouse AGO2 RBNS dataare from a previous study*.
All human AGO2 RBNS data are from a previous study®. AGO2 RBNS
data were downloaded from the National Center for Biotechnology
Information and analysed using the same binding model as previously
described®. Predicted binding energy, AG®, was estimated using the
RNAplex nearest neighbour algorithm,

Analysis of CNS data

Afterthesequenceofthe3’ adapter (5-TGGAATTCTCGGGTGCCAAGG-3’)
was removed using fastx toolkit (v.0.0.14), CNSlibrary target sites (Sup-
plementary Table 1) were identified without allowing mismatches or
insertions or deletions. The 8 nucleotide barcodes were used when
3’ cleavage products were cloned and sequenced (Supplementary
Table 5). Sequencing data (representing the abundance of uncleaved
targets) were first normalized to the sequencing depth (parts per mil-
lion (ppm)). To adjust for the decrease in total abundance of the library
over the course of cleavage reaction, each ppm value was divided by
the sum of ppm values of targets that contained <7 nucleotide com-
plementarity to the piRISC piRNA guide. Next, the relative abundance
of cleaved product at non-zero time points was inferred as follows:
[P:etative] = (PPMg min = PPMymin)/PPMg min- [Pretacive] ranged from 0
(no cleaved product) to1 (all substrate cleaved). The combined [P, jaive]
data from three independent trials of each 0-8 min and 0-960 min
subsets (thatis, three trials of each 1, 2, 4, 8, 20, 60, 120, 240, 480 and
960 min) were llgsed to fit the burst-and-steady-state scheme

k
E+S 2 ES S EP$ E + P, using equation:
ko

[Prelative] =f(t) = [Erelative]([kz/(k2+ k3)]2 X (l - e_[k2+k3]t)
+ [koks/ (ky + k) OD ([E erarive)) -

The fit was performed using the Trust Region Reflective algorithm
implemented inthe optimize.curve_fit function from Python module
scipy (v.1.8.1)*’ for the maximum number of 10,000 function evalua-
tions before the termination. The following physically meaningful con-
straintsonthe parameters were used: 0.5 < [E,¢zivel <1;0 <k, <100 min™;
and for the single turnover experiment setup, 0 < k; < 0.0001 min™. For
eachfitting procedure, the mean and the standard deviation of the esti-
mate for each parameter are reportedina Supplementary Table1. The
resulting (k, + k;) was reported as the pre-steady-state cleavage rate (k).

Mouse AGO2 CNS data for let-7a and miR-21 RISCs are from a previ-
ous study?, and mouse AGO2 CNS data for LIMC RISC was generated
for this study.

Analysis of small RNA datasets

The 3’ adapter (5-TGGAATTCTCGGGTGCCAAGG-3’) wasremoved using
fastx toolkit (v.0.0.14), and PCR duplicates were eliminated as previ-
ously described®. rRNA matching reads were removed using bowtie
(parameter-v1;v.1.0.0)*° against the M. musculus setin the SILVA rRNA
database®. Deduplicated and filtered data were analysed using Tailor®?
toaccount for non-templated tailing of small RNAs. Sequences of syn-
thetic spike-in oligonucleotides (Supplementary Table 4) were identi-
fied, allowing no mismatches with bowtie (parameter -v 0; v.1.0.0)°,
and the absolute abundance of small RNAs calculated (Supplemen-
tary Table 6). Because piRNA 3’ trimming by PNLDC1 results in piRNA
3’ end heterogeneity, sequencing reads were next grouped by their 5/,
25 nucleotide prefix. For further analyses, we kept only prefix groups
that met three criteria. First, the 25 nucleotide prefix unambiguously
mapped toasingle genomic position (>80% of the 25 nucleotide piRNA
prefixes met this criterion). Second, the prefix group total abundance
was >1 ppm (thatis, >10 piRNAs/mouse primary spermatocyte), ensur-
ing that, assuming a Poisson or a negative binomial distribution for
piRNA concentrationin different cells, 299.99% of primary spermato-
cytes contained at least 1 molecule of the piRNA 25 nucleotide prefix.
Third, the prefix group totalabundance was >1 ppminall 12 replicates
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of control C57BL/6 samples (Supplementary Table 6). piRNAs were
considered undetectable in pi2” pi9” pil7”~ mutants if their mean
abundance in mutants (n =9) was <0.1 ppm.

RNA-seq analysis

RNA-seq analysis was performed using piPipes for genomic alignment®.
Before starting piPipes, sequences were reformatted to extract unique
molecular identifiers®. The reformatted reads were then aligned to
rRNA using bowtie2 (v.2.2.0)**. Unaligned reads were mapped to mouse
genome mm10 using STAR (v.2.3.1)* and PCR duplicates were removed™.
Transcript abundance was calculated using StringTie (v.1.3.4). Differ-
ential expression analysis was performed using DESeq2 (v.1.18.1)%. In
parallel, reformatted reads were aligned to an index of ERCC spike-in
transcripts (ThermoFisher, 4456740) using bowtie (v.1.0.0)°, PCR
duplicates were removed as previously described® and the absolute
quantity of transcripts calculated (Supplementary Table 7).

Analysis of 5’-monophosphorylated long RNA-sequencing data
Sequencing data for 5-monophosphorylated long RNAs was aligned
to the mouse genome using piPipes®. Before starting piPipes, the
degenerate portions of the 5" adapter sequences were removed
(nucleotides 1-15 of read 1). Because each library was sequenced at
least twice toincrease the sequencing depth, to harmonize the length
of paired-end reads from different runs, sequences were trimmed
to 64 nucleotide (read 1) + 79 nucleotide (read 2) paired reads. The
trimmed reads were then aligned to rRNA using bowtie2 (v.2.2.0)%*.
Unaligned reads were mapped to mouse genome mm10 using STAR
(v.2.3.1)%, alignments with soft clipping of ends were removed using
SAMtools (v.1.0.0)®® and reads with the same 5’ end were merged to
represent a single 5’-monophosphorylated RNA species. For further
analyses, only unambiguously mapping 5’-monophosphorylated
RNA species for which abundance was >0.04 ppm were used. For
5-monophosphorylated RNAs mapped in annotated transcripts, the
nucleotide sequence of the corresponding transcript was used to find
piRNAs potentially explaining the cleavage, and we used the genomic
sequence for 5-monophosphorylated RNAs mapped outside any anno-
tated transcript. To ensure that piRNA-target combinations for all pair-
ing configurations did not overlap, the piRNA nucleotide immediately
after the paired region was required to be unpaired with the target: for
example, for g2-g10, g1l was unpaired and thus did not overlap with
g2-gl1,g2-g12,ansoon. Calculating of the fraction of cleaved sites was
performed for acollapsed, non-redundant list of cleavage sites, that is,
evenifacleavage site was explained by several piRNAs, it was counted
only once. Cumulative abundance of all piRNAs explaining each site
was used to assess the effect of piRNA concentration.

Logistic regression classifierimplementation

For each of the 16 permutations of 4 C57BL/6 control and 4 pi2™”~
pi9 pil7”~ mutant primary spermatocyte datasets, we identified
3,150-3,750 5’-monophosphorylated RNAs (that is, potential 3’ cleav-
age products of piRNA-guided slicing) for which abundance was
>0.1 ppm and that were explained by =19 paired nucleotides between
g2 and g25 of pi2, pi9 and pi17 piRNAs (target insertions or deletions
were not allowed). Note that although abundance and binding energy
remained the best predictive features regardless of the minimum
number of paired nucleotides used as athreshold, requiring <19 paired
nucleotides produced too few piRNA-target data points to informthe
importance of pairing to piRNA 5’ terminal nucleotides. A target site
was considered cleaved, that is, P(cleaved) =1, if the abundance of
the 5’-monophosphorylated RNAs decreased by >8-fold in pi2 ™ pi9™"
pil7”~ mutants compared with C57BL/6 controls. All other sites were
assigned as uncleaved, thatis, P(cleaved) = 0.

1

+ @ (Bo+Bra+Baxa*...+B3sxas)

P(cleaved) = 1

The logistic function representing the probability of target site
cleavage, P(cleaved), contained 35 independent variables as follows:
X,—X,,: absence (0) or presence (1) of pairing to g2-g25; x,: total number
of paired nucleotides between g2-g25, rescaled to [0,1]; x,,: piRNA
abundance, that is, the total abundance of all piRNAs with the same
25 nucleotide, 5’ prefix (see the section ‘Analysis of small RNA datasets’),
rescaled to[0,1]; x,;: negative of the predicted energy of piRNA-target
pairing AG° estimated with RNAplex*®, rescaled to [0,1] (use of the nega-
tive of AG® creates apositive relationship between strength of binding
and probability of cleavage). Moreover, x,g: equals 1if t1A, O if t1B; X,o:
equals 1iftlU, 0if t1V; x50 equals 1if t1C, 0 if t1D; x5;: equals 1if t1G, O if
t1H; x;,: equals 1target site isin the 5’ UTR, O if outside the 5’ UTR; x;;:
equals lifthe targetsiteisinthe ORF, O if outside the ORF; x;,:equals 1
if the target site isin the 3’ UTR, O if outside the 3’ UTR; x;5: equals 1if
the targetsiteisinIncRNA, O ifin mRNA.

The logistic function was fit using the Limited-memory Broyden—
Fletcher-Goldfarb-Shanno algorithm (L-BFGS) implemented in
LogisticRegression from the Python module scikit-learn®® using
L2-regularization (A =1) with default parameters on acceptance of
convergence and the maximum number of iterations set at 1,000. To
balance cleaved and uncleaved classes, weights inversely proportional
toclassfrequencies were used. RepeatedStratifiedKFold and cross_vali-
date from scikit-learn were used to perform 5x repeated 5-fold cross
validation, resultingin 5 x 5 = 25logistic function fits for each of the 16
permutations of 4 control 4 mutant datasets, generating the total of
25x16 =400 logistic regression models. To assess model performance,
areaunder the precision-recall curve (AUC) for each of the 400 logistic
functions was calculated either with the corresponding pi2™ pi9™~
pil77" dataset (400 AUC values total) or with each of the 16 permuta-
tions of 4 C57BL/6 and 4 pi7”~ mutant datasets (6,400 AUC values total).

Simulation of transposon sequence mutagenesis

The consensus sequences of active mouse LINE transposons’” were
mutagenized by adding 1,000 random single-nucleotide substitu-
tions at ratios that reflect the established mouse germline mutation
rates’. Only synonymous substitutions were allowed in LINE ORFs,
and 100 independent simulations were performed for each consen-
sus sequence. piRNAs from fetal mouse testis (embryonic day 16.5)
were sequenced and used for the analyses, and 21 nucleotide siRNAs
were simulated using piRNA 5’ prefixes. piRNA and siRNA guides were
predicted to cleave the mutated transposon sequence using the fol-
lowing rules: <6 total mismatches at any position were allowed for
26 nucleotide piRNAs; <5 total mismatches, <1 mismatch between g2
and g8, and no mismatches at g9, g10, gll and g13 were allowed for
21 nucleotide siRNAs.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing data are available from the National Center for Biotech-
nology Information Small Read Archive under the accession number
PRJNA848233. Mouse genome sequence and annotation (build mm10/
GRCm38.92) were downloaded from the ftp sites https://ftp.ensembl.
org/pub/release-92/fasta/mus_musculus/dna/and https://ftp.ensembl.
org/pub/release-92/gtf/mus_musculus/, respectively. Transposon
consensus sequences were obtained from Repbase (v.27.02; https://
www.girinst.org/repbase/).

Code availability

Code used in this work has been deposited at GitHub (https://github.
com/ildargv/Gainetdinov_et_al_2023).
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see SupplementaryFig.1.
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using nitrocellulose filter binding assay. Mean and the standard deviation of
thedatafromthreeindependent trials are shown. d, MIWI, MILI, EfPiwi, and
mouse AGO2 binding affinities for >11-nt complementary stretches
contiguously paired fromall guide nucleotides. Mean and standard deviation
fromthreeindependenttrials are shown.

Extended DataFig.2|Binding affinities of Argonaute proteins. a,b, Mouse
and human AGO2 affinities for 6-11-nt complementary stretches contiguously
paired fromg2 (a) and for 9-nt complementary stretches contiguously paired
fromall guide nucleotides (b) for miR-34b, miR-449a, let-7, miR-1, miR-7, miR-
124, miR-155, and Isy-6. Mouse AGO2 data are fromref. 32. Human AGO2 data
arefromref. 57. ¢, Measurements of MIWI piRISC affinity for its targets (0.1 nM)
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Extended DataFig. 3 | Pairing to piRNA 3’ end is dispensable for PIWI

slicing. a, MILI, MIWI, and EfPiwi pre-steady-state cleavage rates for targets of
piRNAs contiguously paired from nucleotide g2. Dataare for targets with all
possibleidentities of nucleotide t1.b, Overview of Cleave-'n-Seq. ¢, Benjamini-
Hochberg corrected p-values for post hoc pairwise, two-tailed Mann-Whitney

tests for differencein pre-steady-state cleavage rate of targetsin Fig. 2a.

Kruskal-Wallis test (one-way ANOVA on ranks) p-values are <10 for datawith
one and two mismatches. d, MILI, MIWI, EfPiwi, and mouse AGO2, binding
affinities (K;) for ag2-g8 match with different t1nucleotide identities. Mean
and standard deviation from threeindependent trials are shown.
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Extended DataFig. 4 |PIWIslicing tolerates mononucleotide and
dinucleotide mismatches at any position. a, Change in EfPiwi, MILI, MIWI,
mouse AGO2 pre-steady-state cleavage rate for one or two consecutive
mismatches between g2-g20. Box plots show IQR and median: for one
mismatch, n=24 (three geometries x four piRNAs x MILIand MIWI), n = 6 for
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geometry for LIMCRISC and nine geometries for let-7aand miR-21RISCs).

b, Benjamini-Hochberg corrected p-values for post hoc pairwise, two-tailed
Mann-Whitney tests for difference in pre-steady-state cleavage rate of targets
withamononucleotide mismatch eitheratglO or gllamong EfPiwi, MILI,
MIWI, mouse AGO2 in panel a. Kruskal-Wallis test (one-way ANOVA on ranks)
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a, Pre-steady-state cleavageratein absence or presence of mouse GTSF1for
mouse AGO2, MILIand MIWI, and EmGtsf1for EfPiwi. b, Acceleration of
pre-steady-state cleavage rates by mouse GTSF1for MILIand MIWI, and by

EmGtsf1for EfPiwi. Data are for four different piRNA guide sequences bound to
MILIor MIWIand for two piRNA guide sequences bound to EfPiwi (Extended
DataFig.1c). Box plots show IQR and median; 95% confidence interval was
calculated with10,000 bootstrappingiterations.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data are available from the National Center for Biotechnology Information Small Read Archive using accession number PRINA848233. Code used in this
work was deposited at github.com/ildargv/Gainetdinov_et_al_2023; mouse genome sequence and annotation (build mm10/GRCmM38.92) were downloaded from
https://ftp.ensembl.org/pub/release-92/fasta/mus_musculus/dna/ and https://ftp.ensembl.org/pub/release-92/gtf/mus_musculus/; transposon consensus
sequences were obtained from Repbase (v27.02; https://www.girinst.org/repbase/).
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Ethics oversight N/A
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Data exclusions  No data were excluded from the analyses.

Replication All data were collected during independent trials conducted on separate days. When using several types of data for analyses, all possible
permutations of samples were analyzed (e.g., 4 control x 4 mutant data sets produced 16 permutations). All attempts at replication were
successful.

Randomization  This study did not involve treatment or exposure of animals to any agent. Instead, the goal of this work was to compare untreated wild-type
mice and untreated mutant mice lacking piRNAs from four genomic loci: all wild-type animals were compared to all mutant mice. Therefore,

randomization is not relevant to this study.

Blinding Blinding is not relevant to our study, because during analyses wild-type control and mutant data sets are easily identified. Blinding was not
performed during data acquisition and/or analysis.
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Materials & experimental systems Methods
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Antibodies
Antibodies used Anti-FLAG antibody (M2, Sigma M8823); Anti-SCP3 antibody (Abcam, ab15093); Anti-phospho-Histone H2A.X (Ser139) antibody,
clone JBW301 (Millipore, 05-636, clone JBW301); Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor 594 (ThermoFisher, A-21203); Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488
(ThermoFisher, A-21206)
Validation Anti-FLAG antibody (https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Bulletin/f1804bul.pdf); Anti-SCP3

antibody (https://www.abcam.com/products/primary-antibodies/scp3-antibody-ab15093.pdf); Anti-phospho-Histone H2A.X (Ser139)
antibody, clone JBW301 (https://www.emdmillipore.com/US/en/product/Anti-phospho-Histone-H2A.X-Ser139-Antibody-clone-
JBW301,MM_NF-05-636#anchor_COA)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T and Sf9 cells (lab stock) were obtained from ATCC. Primary mouse spermatocytes were from male mice.
Authentication The cell lines were not authenticated; the cell lines were only to produce recombinant proteins.
Mycoplasma contamination Not tested.

Commonly misidentified lines  no commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL/6 wild-type and mutant adult male mice.
Wild animals The study did not involve wild animals.
Reporting on sex Only males have testes.

Field-collected samples  No field-collected samples were used in the study.

Ethics oversight (1) Pl on IACUC protocol: Phillip D. Zamore
(2) Name of IACUC: UMass Medical School Institutional Animal Care and Use Committee
(3) IACUC Docket: A2222-17, “Investigation of mechanisms of small RNA function in vivo”

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Testes of 2-6-month-old mice were isolated, decapsulated, and incubated for 15 min at 33°Cin 1x Gey's Balanced Salt
Solution (GBSS, Sigma, G9779) containing 0.4 mg/ml collagenase type 4 (Worthington, LS004188) rotating at 150 rpm.
Seminiferous tubules were then washed twice with 1x GBSS and incubated for 15 min at 33°Cin 1x GBSS with 0.5 mg/ml
Trypsin and 1 ug/ml DNase |, rotating at 150 rpm. Next, tubules were homogenized by pipetting through a glass Pasteur
pipette for 3 min at 4°C. Fetal bovine serum (FBS; 7.5% f.c., v/v) was added to inactivate trypsin, and the cell suspension was
then strained through a pre-wetted 70 um cell strainer (ThermoFisher, 22363548); cells were collected by centrifugation at
300 x g for 10 min. The supernatant was removed, cells resuspended in 1x GBSS containing 5% (v/v) FBS, 1 ug/ml DNase |,
and 5 pg/ml Hoechst 33342 (ThermoFisher, 62249) and rotated at 150 rpm for 45 min at 332C. Propidium iodide (0.2 pg/ml,

f.c.; ThermoFisher, P3566) was added, and cells strained through a pre-wetted 40 um cell strainer (ThermoFisher, 22363547).

FACSAria Il Cell Sorter (BD Biosciences; UMass Medical School FACS Core)
BD FACSDiva (v9.0)

Spermatogonia: ~100,000 cells/animal; ~95-100% pure with < 5% pre-leptotene spermatocytes;

Primary spermatocytes: ~1,000,000 cells/animal; ~10-15% leptotene/zygotene spermatocytes, ~¥45-50% pachytene
spermatocytes, ~35-40% diplotene spermatocytes;

Secondary spermatocytes: ~1,000,000 cells/animal; ~100%;

Round spermatids: ~1,500,000 cells/animal; ~95—-100%, < 5% elongated spermatids.

The gating strategy used to sort mouse primary germ cells is detailed in Supplementary Figure 5. Briefly, propidium iodide
was used to label dead cells (top left panel in Supplementary Figure 5), forward and side scatter were used to isolate single
cells (two top middle panels in Supplementary Figure 5), Hoechst 33342 emission in 450/50 and 670/50 bandpass filters was
used to separate spermatogonia, spermatocytes, and spermatids (bottom left panel in Supplementary Figure 5). Forward
scatter was then used to isolate round spermatids form the mixed population of round and elongated spermatids top right
panel in Supplementary Figure 5). The percentages for each subpopulation are shown in the bottom right panel in
Supplementary Figure 5.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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