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SUMMARY

PIWI-interacting RNAs (piRNAs) play a crucial role in safeguarding genome integrity by silencing mobile ge-
netic elements. From flies to humans, piRNAs originate from long single-stranded precursors encoded by
genomic piRNA clusters. How piRNA clusters form to adapt to genomic invaders and evolve to maintain pro-
tection remain key outstanding questions. Here, we generate a roadmap of piRNA clusters across seven spe-
cies that highlights both similarities and variations. In mammals, we identify transcriptional readthrough as a
mechanism to generate piRNAs from transposon insertions (piCs) downstream of genes (DoG). Together with
the well-known stress-dependent DoG transcripts, our findings suggest a molecular mechanism for the for-
mation of piRNA clusters in response to retroviral invasion. Finally, we identify a class of dynamic piRNA clus-
ters in humans, underscoring unique features of human germ cell biology. Our results advance the under-
standing of conserved principles and species-specific variations in piRNA biology and provide tools for
future studies.

INTRODUCTION termines the ultimate fate of the target, leading to either tran-

scriptional or post-transcriptional restriction. "

PIWI-interacting RNAs (piRNAs) and their PIWI protein partners
are essential for germ cell health and the survival of species.'™
piRNA pathways establish restriction of mobile genetic elements
to protect genome integrity.>’ Mutations in essential piRNA
pathway genes result in sterility in animals and are associated
with infertility in humans.®° At the core of piRNA pathways are
PIWI-piRNA complexes, comprising a PIWI protein and its guide
RNA (piRNA).'® Within the piRNA-induced silencing complex
(PIRISC), substrate specificity is dictated by the piRNA through
complementary base pairing, while the PIWI protein partner de-

piRNA pathways function analogously to adaptive immune
systems as they rely on memory, produce mobile guards, and
establish sequence-specific restriction of endogenous retrovi-
ruses and other transposons.'? In mammals, zebrafish, and fruit
flies, millions of piRNAs originate from thousands of large
genomic regions. These “piRNA clusters” function as genetic
repositories, retaining a memory of historical transposon
mobility.'®'® Studies in fruit flies and the endogenization of a
novel retrovirus into the koala genome have demonstrated that
piRNA pathways evolve to gain control over new mobile genetic
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elements.'*?°?? However, how new piRNA clusters emerge and
adapt to novel transposons remains largely elusive.**2°

piRNA clusters are defined by computational assembly of
nearby and overlapping piRNAs into larger genomic inter-
vals."®'* They infer piRNA-precursor genes. Gene models for
these pre-piRNA genes have only been determined for pachy-
tene piRNA precursors, which produce piRNAs in meiotic sper-
matocytes in mammals.” Depletion of transposon sequences
and their largely unique sequence space enabled the direct char-
acterization of their long piRNA precursors.”’ The promoters,
splicing patterns, and potentially alternative transcripts of other
piRNA-precursor genes remain unknown.

Thousands of piRNA clusters have been identified in different
organismes, but only a few have been functionally characterized.
In Drosophila, the flamenco piRNA cluster has long been known
as an essential transposon control region in ovaries.”® The
Y-linked piRNA cluster Suppressor-of-Stellate is essential for
male fertility in flies.?® In mice, a piRNA cluster on chromosome
18 (pi18) plays a central role in gene regulation during spermio-
genesis,®® and loss of pi6 produces sperm with reduced ability
to sire viable embryos.®' In contrast, the Drosophila piRNA clus-
ters 42AB, 20A, and 38C, and the murine piRNA clusters pi2, pi7,
pi9, and pi17, are dispensable for fertility.®'* Further studies are
required to identify the piRNA clusters responsible for the sterility
phenotypes of PIWI mutants in different organisms.*®

piRNA clusters produce long single-stranded transcripts that
are processed into multiple piRNAs." %% During primary piRNA
biogenesis, the ZUC(PId6/MitoPId) endonuclease generates
piRNAs that preferentially start with uridine (1U-bias).** A coordi-
nated piRNA-guided slicing process, known as ping-pong, am-
plifies piRNA pairs with 10-nt complementarity across their 5’
ends.'*%%36 These resulting sequence patterns are often used
to characterize piRNAs, although the subtle enrichment, typically
2- to 5-fold over expected, is insufficient for piRNA selection.'*3*
Identifying bona fide piRNAs by their association with PIWI pro-
teins remains the preferred method."®

The concept of piRNA clusters has been widely adopted
and greatly facilitates functional studies. Improved piRNA
sequencing data and genome assemblies have provided oppor-
tunities to reassess piRNA clusters to better understand piRNA
precursors and explore additional species. However, methodo-
logical differences of piRNA cluster assembly, including varying
minimal requirements for piRNA coverage and cluster length,
and lack of available source code have complicated compari-
sons between studies and different organisms.''5:18:27:37

To address these challenges, we developed a versatile tool-
kit—the piRNA cluster builder (piCB)—to identify, prioritize,
and characterize piRNA clusters. We provide guidelines for opti-
mizing assembly parameters based on the number of clusters,
their combined genomic space, and the fraction of piRNAs
they account for. We suggest attributes for ranking piRNA clus-
ters by their production of piRNAs, drawing on previous studies
that showed a positive correlation between piRNA abundance
and function.'#%%:31:38:39 yging piCB, we characterized piRNA
clusters across seven species, from slug to human. Our results
revealed a gene model for mammalian pre-pachytene piRNAs
and suggest a mechanism for the origin of transposon-silencing
piRNA clusters.
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RESULTS

The piCB reveals a flamenco super-cluster in Drosophila
We developed a straightforward method for constructing,
ranking, and characterizing piRNA clusters. Our piCB refines
the original approach of identifying genomic clusters with a
high density of mapped piRNA reads by incrementally inte-
grating unique and multimapping piRNAs (Figures 1A and S1A;
Data S2 supplemental code and GitHub).'*~'® piCB’s clusters
are anchored in precise genomic positions through their “seeds”
and are expanded into cores and final clusters through the un-
ambiguous, stepwise integration of multimapping piRNAs.

We first applied piCB on the well-characterized Piwi-only
piRNA pathway in Drosophila ovarian somatic sheath
cells (0SCs).*%%4" Approximately two-thirds of these Piwi-
piRNAs could originate from multiple positions in the genome
(multi-mappers) and target endogenous retroviruses for
epigenetic restriction. Optimization of piCB parameters
ensured the incorporation of a maximum fraction of piRNAs
in a minimal genomic space (Figure S1B). We identified
more than 7,000 seeds, aggregating into over 6,000 clusters,
collectively covering about 10% of the Drosophila genome
and explaining more than 90% of all piRNAs in OSC (Fig-
ure 1B; Data S1).

Our approach, based on the incremental integration of both
unique and multimapping piRNAs, resulted in the formation of
three distinct types of piRNA clusters: solo-core, extended-
core, and multi-core clusters (Figures 1C and 1D). Solo-core
clusters assembled unique mapping piRNAs and primary align-
ments of multimapping reads. Extended-core clusters extended
a single core in one or both directions upon integration of all
possible multimapping alignments. If the extension reached
into the next core and possibly across multiple cores, piCB
built a single multi-core cluster. These large multi-core clusters
often identified transposon-rich genomic intervals with poor
mappability.

While thousands of Piwi-piRNA clusters were scattered
throughout the genome, only a few were highly productive
(Figures 1E and 1F).'**® Ranking piRNA clusters by their cumu-
lative contribution to the piRNA population revealed a steep
curve and correlated with reproducibility in biological replicates
(Figure 1G). The top 130 clusters generated 90% of all cluster-
derived piRNAs (90th percentile), with piC-1 alone accounting
for more than half. Neither the length nor the nucleotide compo-
sition of piRNA clusters were indicative for piRNA productivity
(Figures S1C and S1D).

The top-ranking piRNA cluster (piC-1) identified flamenco
(flam), a well-known piRNA cluster and essential transposon
control region.'*2%2":42 biC-1 extended beyond the previously
annotated flam and was closely followed by the second most
productive cluster, piC-2 (Figure 1H).®” Both piCs produced
piRNAs targeting the active Ty3/mdg4 family of endogenous
retroviruses (formerly known as gypsy) and were separated
only by a short ~2,200-bp interval containing a single trans-
posable element (Figure 11). Mapping all piRNAs across this
region revealed numerous alignments connecting piC-1 and
-2. In contrast, a trailing cluster, piC-67, remained isolated
(Figure S1E). Our data suggested that piC-1,2 form an
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Figure 1. Characterization of Drosophila piRNA clusters using the piCB identifies a flam-super-cluster

(A) Stepwise integration of unique mapping piRNAs (map 1), primary alignments of multimapping piRNAs (map > 1), and all possible alignments build seeds,
cores, and clusters.

(B) Characterization of seeds, cores, and clusters assembled from Piwi-piRNAs in ovarian somatic sheath cells (OSCs).

(C) Cluster types: single-core-clusters (sCs), extended-core clusters (eCs), and multi-core-clusters (mCs).

(D) Piwi-piRNA cluster types in OSCs.

(E) Piwi-piC types throughout the Drosophila genome. Watson (W) and Crick (C).

(F) Piwi-piCs and piRNAs across the X chromosome.

(G) piCs ranked by the cumulative fraction (CF) of Piwi-piRNAs (orange). Productivity (piRNAs/kb/millions, rpkm; gray). Reproducibility as probability of 98%
nucleotide identity between piCs independently assembled from three biological piRNA replicates. Bins of 100. R = Pearson correlation coefficient.

(H) Genome track. Flamenco-super-cluster (Flam-sc). piRNA density, previously annotated flam (Han et al.*’), piCB piCs, RepeatMasker (rmsk), and mappability
(mapp., 20-mer; 1 = best, 0 = worst).

(I) Antisense annotation of genomic DNA (gDNA) and piRNAs.

(J) Strand preference (strandedness). Red/orange, weighed by cluster productivity (norm.).

(K) Strandedness of piCs from Drosophila melanogaster (D.m.) ovaries.

(L) Genome-track cluster 42AB.

(M) Features of piRNAs. Complementary piRNA 5’ start sites across positions 1-25. An about 2.5-fold enrichment of complementary piRNA start sites (5') across
position 10 indicates ping-pong amplification of piRNA pairs in Drosophila ovaries (rmp, reads per million). Sequences logos across piRNA nt 1-15. piCB is
available in supplemental code and on GitHub. piRNA cluster coordinates and attributes are available in Data S1.
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extensive flamenco super-cluster (flam-sc) spanning 495 kb
(chrX:21,631,611-22,127,300).

piRNA clusters are classified as uni- or dual-stranded, de-
pending on their capability to produce piRNAs from one or
both genomic strands.’®>'® To systematically assess piRNAs
from transposon insertions (piC) strandedness, we computed
the ratio of sense and antisense piRNAs originating from a tran-
script on the same or the opposite genomic strand (Figures 1J
and 1K). As anticipated, Piwi-piCs were predominantly uni-
stranded, with a sense-to-antisense piRNA ratio greater than
10in OSC (Figure 1J). In contrast, the majority of piRNA clusters
in Drosophila ovaries, assembled from 24- to 35-nt-long small
RNAs (Figures STF-S1H), were dual-stranded (Figure 1K). The
two strands of the well-known dual-stranded piC 42AB ranked
first and third (Figures 1L and S1H; Data S1).'#%2:544% Qverall,
piCB identified ~75% of the previously annotated piRNA clus-
ters and assembled additional clusters based on improved
piRNA sequencing depth and genome assembly (Figure S1l).

To complete our Drosophila piRNA analyses, we determined
sequence and ping-pong signatures indicative of their biogen-
esis pathways (Figure 1M)."%33 As previously reported, only a mi-
nor fraction of Piwi-piRNAs (<0.2%) had complementary piRNA
partners with no positional preferences across nt 1-25."“** Piwi-
piRNAs show a preference for uridine in the first position, indic-
ative of primary piRNAs generated by the ZUC-processor com-
plex.2* In contrast, about 1% of piRNAs from Drosophila ovaries
had a complementary piRNA partner, with a ~3-fold enrichment
in position 10, indicating ping-pong-generated piRNA pairs in
addition to 1U-biased primary piRNAs.? %36

In summary, our analyses of Drosophila piRNA clusters vali-
dates piCB as a useful tool for building, ranking, and character-
izing these clusters. Optimization curves, the distribution of solo-
, extended-, and multi-core clusters, and our straightforward
measure for strandedness offer valuable features for assessing
piRNA clusters and facilitate comparison of different piRNA
pathways.

Prediction of piRNA-precursor transcripts

The pachytene piRNA pathway, specific to mammals, functions in
meiotic and post-meiotic spermatocytes and is essential for sper-
matogenesis.*® However, the piRNAs responsible for the sterility
phenotype of PIWIL1/MIWI mutant mice and their targets remain
largely elusive.***"*>~*" pachytene piRNA precursors have been
experimentally mapped through an elaborate combination of RNA
sequencing (RNA-seq) and chromatin profiling experiments,
aided by the low fraction of transposon-derived sequences and
thus excellent mappability of these piRNAs.?"**%%° The analyses
revealed both spliced and un-spliced transcripts, often originating
from bi-directional promoters.””**°° Here, we discern patterns of
spliced and bi-directional precursors that enable us to predict
transcript structures based on computed mouse piRNA clusters.
This approach aims to facilitate studies in situations where limited
material, time, or budget constrain extensive experiments.

We assembled 1,737 and 2,023 predominantly uni-
stranded piRNA clusters from PIWIL1/MIWI-PIWIL2/MILI-piRNA
sequencing data of adult mouse testes, respectively (Figures 2A,
2B, S2A, and S2B; Data S1).°' Ranking revealed a non-uniform
distribution, pinpointing 64 top-ranking PIWIL1/MIWI- and 59

4 Cell Reports 43, 114777, October 22, 2024

Cell Reports

PIWIL2/MILI-piCs that accounted for 90% of all cluster-derived
piRNAs (90th percentile). The cumulative genomic space of the
top-200 pachytene piRNA clusters was approximately 3 Mb with
a substantial 79% overlap between PIWIL1/MIWI- and PIWL2/
MILI-piCs, and it encompassed all but the shortest experimentally
determined piRNA-precursor gene (Figure 2C).%"*° Similar to ob-
servations in flies, piRNA productivity did not correlate with length
or base composition (Figures S2C-S2F). Our findings indicate that
PIWIL1/MIWI- and PIWIL2/MILI-piRNAs predominantly originate
from the same piRNA clusters in primary spermatocytes, which
can be readily assembled using piCB.

To identify spliced piRNA precursors and predict their exon-
intron structure, we hypothesized that a shorter distance of
piRNA clusters (piC-to-piC distance) could indicate exons of
the same piC gene (Figure 2D). piC-to-piC distances showed a
bimodal distribution with a median distance of 500 kb (Figure 2E).
Most piRNA clusters were more than 100 kb apart. However, we
also observed a group with piC-to-piC distances shorter than
30 kb. These distances were comparable to the intron lengths
of piRNA precursors and protein-coding genes in mouse, which
range from a few base pairs to about 100 kb, with a median length
of approximately 1.5 kb (Figure 2F). Thus, piRNA clusters with a
piC-to-piC length of less than 30 kb might represent exons that
belong to the same pre-piRNA gene. Accordingly, we combined
89 PIWIL1/MIWI- and 71 PIWIL2/MILI-piCs into 35 and 27 piC
groups that identified 24 and 21 potentially spliced precursors,
respectively. A representative genome track illustrates piC
groups that identified the experimentally determined piRNA pre-
cursor 2-gF1-2536 (Figure 2G).*° De novo assembly of piRNAs
into transcripts for individual piC groups further improved our
prediction. Our findings indicated that the transcript structure
of spliced piRNA precursors can be estimated by considering
the distances between piCB-assembled piRNA clusters.

Pachytene piRNA precursors are often transcribed from bi-
directional promoters and result in a specific pattern of paired
uni-stranded clusters on opposite genomic strands.'®'274°
To identify these bi-directional piC-pairs, we selected piCs on
opposite genomic strands that overlapped at their 5’ ends and
were uni-stranded throughout their 3" body (Figure 2H). Using
this strategy, we identified 17 piC pairs that included all the re-
ported bi-directional precursors.?’*° A representative example
shows pairs of PIWIL1/MIWI- and PIWIL2/MILI-piCs that corre-
spond to the bi-directional precursors 5-qF-14224 and 5-gF-
14508 (Figure 21).*°

Among the top 200 PIWIL2/MILI-piCs, 48 exhibited patterns
indicative of spliced pre-piRNA genes, 30 formed 16 bi-directional
piC-pairs, and more than half (61%) were uni-stranded without
signatures of splicing or bidirectionality (Figure 2J). In summary,
our simple analyses reliably identified spliced pre-piRNA genes
and bi-directional piC-pairs. These methods could prove valuable
for inferring piRNA precursors when limitations in material, funds,
or time hinder extensive experimental characterization.

piCB-assembled uni- and dual-stranded piRNA clusters
in planaria, cichlid fish, and slug

The fundamental role of piRNA pathways in safeguarding ge-
nomes from mobile genetic elements places them at the very
core of evolution."”” To understand how piRNA pathways
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Figure 2. Assembly of mouse pachytene piRNA clusters and prediction of spliced transcripts as cluster-groups (piC group)

(A) piCs ranked by the CF of MILI- and MIWI-piRNAs.

(B) Strandedness of MILI- and MIWI-piCs. Productivity normalized (norm.).
(C) Intersection of MILI- and MIWI-piCs with pachytene piRNA precursors.
(D) Prediction of spliced precursors considering piC-to-piC distance (d).
(E) Distance between MILI- and MIWI-piCs.

(F) Length of introns and exons from protein-coding genes (RefSeq) and spliced precursors in base pairs (bp).
(G) Genome track of a representative piC-group (piC-G) at piRNA precursor (2-qF1-2536). Transcript assembly (Cufflinks) from MILI-piRNAs (yellow).
(H) Systematic identification of bi-directional piCs: 5’ overlap and uni-stranded (piRNA s/as >100) 3’ bodies (3’ 70%).

(I) Representative bi-directional piCs.
(J) Types of MILI-piCs.

confront the challenges of retroviral invasion, cope with geno-
toxic stress, and ensure the protection of generations, compar-
ative analyses across different species are essential. Here, we
explored piRNA clusters in planaria, cichlid fish, and slug (Fig-
ure 3). To enrich for piRNAs from total small-RNA sequencing
data from planaria, cichlid-fish testes, and slug ovotestes, we
removed microRNAs and fragments of abundant cellular RNAs
by sequence and then selected for piRNA-sized small RNAs
(see STAR Methods) (Figure S3A). The optimization strategies

of piCB enabled us to overcome limitations of draft genomes,
the simple ratio of sense-to-antisense piRNAs provided an unbi-
ased visualization of strandedness across clusters, and the
ranking process identified a shortlist for subsequent in-depth
analyses.

Planaria are renowned for their regenerative abilities, relying
on piRNA pathways in germ cells and pluripotent stem cells.>?
To optimize piCB parameters, we experimented with different
settings and selected those capturing 60% of all piRNAs while
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Figure 3. piCB-assembled piRNA clusters in planaria, cichlid fish, and slug ovotestis

(A, F, and K) Ranked piCB-piRNA clusters (piCs) according to the CF of piRNAs.

(B, G, and L) Strandedness of piCs. Productivity normalized (norm.).

(C, H, and M) Complementary (compl.) piRNA start sites (5') across piRNA nt 1-25. On average, we observed 4,078, 14,080, and 800 complementary piRNA 5
start sites per million reads (rpm) across nucleotide 1-25 in planaria, cichlid fish, and slug, respectively.

(D, I, and N) Sequence preferences of piRNAs across nucleotides 1-15.

(E, J, and O). Representative genome tracks. Transposable elements (TEs). Plus (red) and minus (blue) strand. (A-E) Planaria-piCs assembled from 28- to 40-nt
small RNAs (Schmidtea mediterranea); (F-J) Cichlid-fish piCs assembled from testes small RNAs (24-35 nt) (Astatotilapia calliptera); (K-O) Spanish slug piCs

assembled from ovotestes small RNAs (25-35 nt) (Arion vulgaris).

restricting the combined genomic space of the resulting piCs to
less than 2% (Figures S3D-S3F). Ranking the 1,313 piCs by their
cumulative contribution to the piRNA population identified 718
top-ranking piCs that are responsible for 90% of cluster-derived
piRNAs (Figure 3A; Data S1). Planarian piRNA clusters were
diverse in length, with no observable correlation between length
or nucleotide composition and piRNA productivity (Figures S3G—
S3I). Most piRNA clusters appeared uni-stranded, with a sense-
to-antisense piRNA ratio exceeding 100 (Figure 3B). About 0.4%
of all piRNAs overlapped with a complementary piRNA with an
about 3-fold enrichment for complementary piRNAs in position
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10, which is indicative for ping-pong pairs (Figure 3C). Planaria
piRNAs showed a preference for uridine in the 5'-most position
(Figure 1D). Similar to flies and mice, planarian piCs were distrib-
uted throughout the genomes, yet their uneven productivity
created genomic hotspots for piRNA production (Figures S3J
and S3K). Figure 3E provides a representative example of piRNA
density across piRNA clusters.

East African cichlid fishes are known for their extreme pheno-
typic diversity despite high genomic sequence similarity and
provide a unique model for studying the epigenetic contributions
to species diversification.”>™>? In this context, we characterized
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Figure 4. piC-DoGs suggest a model for the formation of pre-pachytene piRNA clusters in response to retroviral invasion in mice

(A) piCs ranked by the CF of TEas (orange) or all (gray) MILI-pre-pachytene piRNAs. Insert: fraction of TEas sequences at genomic (DNA, faded colors) and piRNA
(strong colors) level.

(B) piC1,3 super-cluster associates with an upstream gene (Zim2). piC-1 and -3 are separated by a L1MdT element covered by multimapping (>1,000 alignments)
piRNAs. RepeatMasker (rmsk), mappability (mapp.; 20mers, 1 = best), and RefSeq genes.

(C) piCs, piRNAs, and transcripts associated with Zim2 in gonocytes.

(D) piC-2 overlaps with D10Wsu102e. piRNAs originate from all exons and from the 3’ extended region.

DoG length (kB, log10)

(legend continued on next page)
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piRNA clusters in testes of the eastern happy (Astatotilapia cal-
liptera). Utilizing piCB, we identified 3,494 piRNA clusters
explaining more than 80% of all piRNAs (Figure 3F). Most of
these clusters produced piRNAs from both genomic strands, ap-
pearing dual-stranded with a sense-to-antisense piRNA ratio
close to one (Figure 3G). These piRNAs showed a ping-pong
signature and a preference to harbor a uridine in the first position
(Figures 3H and 3I). A representative example of a cichlid-fish
dual-stranded piRNA cluster and its piRNAs is illustrated in Fig-
ure 3J. A follow-up study has revealed dynamic co-evolution of
piRNA pathways and mobile genetic elements furthering our un-
derstanding of genomic diversity and the need to maintain
genome integrity.°

Next, we compiled piRNA clusters from ovotestis of the Span-
ish slug (Arion vulgaris), a major European pest known for its
dense mucus.®"°? Like piRNAs in flies, mice, planaria, and fish,
slug piRNAs formed extensive genomic clusters with varying
piRNA productivity (Figure 3K). Ranking the slug piCs revealed
a steep cumulative curve with highly productive clusters that
contributed disproportionately to the observed piRNA popula-
tion. Slug piCs were predominantly uni-stranded, with a sense-
to-antisense piRNA ratio exceeding 100 (Figure 3L). Less than
1% of slug piRNAs can be matched with complementary piRNA
partners and we do not observe a clear preference for piRNA
pairs with 10-nt overlap (Figure 3M). Instead, slug piRNAs
show a preference for uridine in the first position, which is indic-
ative of primary piRNAs (Figure 3N). lllustrating a representative
top-ranked piRNA cluster, we observed piRNA production from
the minus strand capturing information from densely packed
transposon fragments on the plus strand (Figure 30). The result-
ing transposon-antisense (TEas) piRNAs could be vital to the
fertility of slugs and might provide information on how to control
this invasive species.

In conclusion, our investigation into piRNA clusters across
diverse organisms revealed both commonalities and distinc-
tions, underscoring the diversity of piRNA-generating genomic
regions and the versatility of piCB in exploring various piRNA
pathways in an impartial and adaptable manner.

piCB identified pre-pachytene piC downstream of
genes, suggesting a model for the formation of
transposon-silencing piRNA clusters in mammals
Pre-pachytene piRNAs establish lasting epigenetic restriction
of transposons in gonocytes (prospermatogonia), which are
derived from primordial germ cells and give rise to spermatogo-
nial stem cells (SSCs) in mammals.®*°” While the importance of
these piRNAs for genome integrity and fertility is well estab-
lished, little is known about their precursors and how they adapt
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to control novel genomic invaders throughout evolution. Using
available PIWIL2(MILI-) and PIWIL4(MIWI2-)piRNA data from
newborn mouse testes,®® we assembled 28,626 and 11,461
pPiRNA clusters, respectively (Figures S4A-S4D). Based on their
function in transposon control, we prioritized piRNA clusters by
their cumulative production of TEas piRNAs and identified three
top-ranking clusters that collectively accounted for more than
15% of all transposon-targeting piRNAs (Figure 4A). piC-1-3
were enriched in sequences of the same three retrotransposon
families: the non-long terminal repeat (LTR) elements Line-1
(L1), the endogenous retroviruses 1 (ERV1), and ERVK, and
over 60% of their piRNAs were directed against these elements
(Figure 4A insert).

The most productive piC (piC-1) overlapped with the last exon
of a known gene, zinc-finger imprinted 2 (Zim2) and was trailed
by piC-3 (Figure 4B). Similar to flam-sc in Drosophila, piC-1
and -3 were connected by a young LINE-1 (L1MdT) insertion,
which became visible when plotting piRNAs with more than
100 mappable positions in the genome (Figure 4B insert). Exam-
ining Zim2 gene expression in embryonic mouse testes (E16.5)
revealed transcriptional readthrough, resulting in transcripts
that extended beyond the annotated polyadenylation site (PAS)
and across piC1-3 (Figure 4C).%° These readthrough transcripts
potentially exceeded 100 kb in length and produced piRNAs
throughout the transcript. Our data corroborate previous sug-
gestions that the Zim2 promoter generates a piRNA precursor
and reveal a readthrough transcript.®®

The second top-ranking cluster (piC-2) intersected with a
known protein-coding gene (D70Wsu102e). Similar to piC-1,
we observed a readthrough transcript across piC-2 and de-
tected piRNAs from all exons. This suggested that the piC-2
piRNA precursor is transcribed from the host gene’s promoter
as a spliced transcript that extends beyond the annotated PAS
(Figure 4D). Motivated by these instances of transcriptional read-
through leading to pre-pachytene piRNA precursors, we con-
ducted a systematic analysis to explore the connection between
piRNA clusters and transcriptional readthrough. Our results un-
veiled that 269 out of the top 1,000 piRNA clusters were posi-
tioned downstream of known genes and overlapped with their
last exon (Figure 4E). A focused examination of transcriptional
readthrough using RNA-seq data from sorted embryonic gono-
cytes (E16.5) identified bona fide readthrough transcripts at 76
piC-associated genes, highlighting the significance of transcrip-
tional readthrough in generating pre-pachytene piRNA precur-
sors (Figure 4E).%%7°

Next, we sought to understand the reason behind the produc-
tion of these readthrough transcripts in gonocytes. Previous
research in somatic cell lines has associated transcriptional

(E) 27% of the top-1000 MILI-piCs overlap with an upstream gene (RefSeq, protein(prot)-coding and non-coding).
(F) Length of DoG transcripts in gonocytes, primary spermatocytes, and adult testis. Pie charts: DoGs (blue) as percentage of all annotated genes (RefSeq).

Yellow, expressed in gonocytes; gray, non-expressed.

(G) DoGs in gonocytes: piC-DoGs are generally longer than non-piC-DoGs.
(H) Genomic transposon (TE) content does not correlate with DoGs.

() The most productive piC-DoGs are enriched in TE antisense.

(J) A gene model for transposon-silencing piRNA precursors in murine gonocytes: promoters of protein-coding and non-coding genes generate long piRNA-
precursor transcripts that extend beyond their original polyadenylation site (PAS-1). piC-DoGs capture a transposon-rich region downstream of the gene before
terminating at a new polyadenylation site (PAS-2). The resulting transcript generates piRNAs with antisense complementarity to transposons and the ability to

silence the corresponding elements in trans.
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readthrough with various stress conditions, including viral infec-
tion, and identified transcripts that contained sequences down-
stream of genes (DoG).”"~"® However, the physiological rele-
vance of these stress DoGs remains elusive. Our discovery
that pre-pachytene piRNAs originate from DoG transcripts
raised the possibility that gonocytes might suffer from acute
stress. Alternatively, piC-DoGs could be relicts of historical
stress events, potentially linked to the endogenization of a novel
retrovirus or transposon activity.

To test these hypotheses, we measured the overall extent of
readthrough transcription in gonocytes.®®’° For comparison,
we re-analyzed confirmed stress DoGs in murine fibroblasts
(Figure S4E) and examined readthrough transcripts in whole
testes and primary spermatocytes, where piRNAs do not origi-
nate from piC-DoGs (Figure 4F).?”%"7%7° Somatic stress DoGs
were previously reported to be lengthy, with a mean readthrough
extension of 5 kb or more, and some exceeding 50 kb (Fig-
ure S4E).”® In contrast, DoG transcripts in gonocytes, primary
spermatocytes, and whole testes were similar to un-stressed so-
matic cells, indicating the absence of acute stress (Figure 4F).
However, the top-ranking piRNA clusters stood out by the length
of their DoG transcripts (Figure 4G). DoG transcripts associated
with piC-1 and -2 exceeded 50 kb and were comparable to the
longest stress DoGs in somatic cells (Figures 4G and S4F). Our
results suggested that, although prominent piC-DoGs share
length similarities with stress DoGs, they exist in the absence
of acute stress in gonocytes.

Top-ranking piC-DoGs contained densely packed transposon
fragments downstream of the gene. Thus, we tested whether
transposon insertions DoG more generally correlate with read-
through transcription. We calculated the fraction of transposon
sequences across 10 kb downstream of all annotated PASs (Fig-
ure 4H). Because our top-ranking piC-DoGs showed a remark-
able bias for TEas sequences, we stratified sense and antisense
transposon content with respect to the transcriptional orienta-
tion of the upstream gene. We observed a similar median
(~15%) content of transposon sense and antisense sequences
within 10 kb DoG that were not expressed (non-expr.), those
that were expressed but did not show signs of transcriptional
readthrough (non-DoGs), genes that produced DoG transcripts
but no piRNAs (non-piC-DoGs), and piRNA clusters with read-
through transcription (piC-DoGs). Weighting piC-DoGs by their
piRNA production revealed an enrichment of TEas sequences
in highly productive piC-DoGs. Our data showed that there is
no general association between transposon content down-
stream of a gene and transcriptional readthrough in murine
gonocytes.

Our results reveal a gene model for pre-pachytene piRNA pre-
cursors (Figure 4J). These piC-DoGs harness promoters of pro-
tein-coding and non-coding genes and generate 3' extended
transcripts while maintaining splicing patterns and preserving
coding sequences of their host genes. The Zim2 promoter has
previously been shown to be essential for piRNA production
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from a downstream piRNA cluster.*® Because Zim2 is not protein
coding, this individual instance could have been interpreted as
mis-annotation at the time. However, our data show that Zim2
is not an isolated example but reveal a general mechanism for
pre-pachytene piRNA production. The striking amount of TEas
content in piC-DoGs could be the results of purifying selection
to optimize these alternative transcripts to produce trans-
poson-silencing piRNAs.

piC-DoGs produce transposon-silencing piRNAs in
human and hamster

Next, we investigated whether the phenomenon of piC-DoGs is
conserved in other mammals. We identified 25,004 human and
3,083 hamster pre-pachytene piRNA clusters based on publicly
available piRNA sequencing data from a 5-year-old boy and a
3-day-old hamster (Figures 5A and 5B).°#° Similar to our obser-
vations in mouse, approximately 25% of the human and 10% of
the hamster piCs were located DoG and overlapped with the
genes’ last exons (Figures 5A and 5B inserts).

Ranking human pre-pachytene piCs by their cumulative pro-
duction of transposon-silencing piRNAs (TEas-piRNAs) revealed
a lead cluster (piC-1) located downstream of TMEM181, encod-
ing a transmembrane protein. piC-1(TMEM181) pre-piRNA
transcripts are alternative variants of the piRNA precursor pi-
TMEM181.1 and include intronic space that harbors major trans-
poson insertions (LINE-1 and ERV1) on the opposite genomic
strand.®® The piC-1(TMEM181) transcripts capture transposon
fragments downstream of TMEM181 in antisense orientation
(Figure 5C) and generate ample piRNAs against LINE-1 and
ERV1 (Figure 5C insert). Another piC-DoG, piC-4, extends
downstream of the KANTR gene, which encodes an integral
membrane protein. The piC-4(KANTR)-DoG transcript has
recently been mapped as a pre-pachytene piRNA precursor
(pi-KANTR.1) (Figure S5A).°° It captures antisense information
of ERVL and ERVK insertions downstream of the annotated
KANTR mRNA while maintaining the upstream transcript struc-
ture. In summary, our data suggest that, similar to mice, human
pre-pachytene piRNAs originate from piC-DoGs and their pre-
cursors are readthrough transcripts of piC-associated genes.

In golden hamster, another well-established model for
mammalian piRNA biology, we identified two lead piRNA clus-
ters, piC-2 and -22, separated by a gap in the genome assembly
chaperon (Figure 5D).%"#% piC-(2,22) extended more than 10 kb
downstream of the C7120rf45 gene and captured a transposon-
dense genomic interval representing MMERVK, Lx5, and other
young transposon families, producing piRNAs with mostly
TEas information.®? Integrating gene expression and piRNA
sequencing data from testes of a 3-day-old hamster, we
observed piRNA production from the exons but not the introns
of C120rf45, and from the region downstream of the annotated
PAS, consistent with piRNA production from a readthrough tran-
script.?° Another potential piC-DoG associated with the Cb/
proto-oncogene, which encodes an E3 ubiquitin ligase on the

Figure 5. Pre-pachytene piC-DoGs and dual-stranded piRNA clusters in human and hamster
(A and B) piCs ranked by the CF of TEas piRNAs in human (H.s.) (A) and golden hamster (M.au.) (B). Insert: piC-DoGs, 25% of human and 10% of hamster pre-

pachytene piCs overlap with upstream genes.

(C—F) Representative examples of top-ranking uni-stranded (C and D) and dual-stranded (E and F) piCs.
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(B) Adult piRNA length distributions per piC for adult-specific piCs (top) and shared piCs (bottom). Signature piRNA length per piC (Sign. length). The length profile
of juvenile piRNAs agrees with PIWIL2/4-associated piRNAs (peak-length 26 nt). In contrast, PIWIL1-associated piRNAs peak at 30 nt.

(C) Expression of PIWIL1-4 in testes RNA-seq from individuals of varying age identifies three groups based on PIWIL1 expression (indicated).

(D) piRNA length distribution in PIWIL1-high, -medium, and -low groups, and juvenile testes.

(E) Differential expression of PIWIL1 and PIWIL4 according to the Young Adult Human Testis Atlas. Spermatogonial stem cells (SSCs, A1), late primary sper-
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minus strand of HiC-scaffold-8 (Figure S5B). Taken together, our
findings in mouse, human, and hamster support a conserved role
for piC-DoGs and their readthrough transcripts in generating
transposon-silencing pre-pachytene piRNAs.

In addition to piC-DoGs, we identified dual-stranded piRNA
clusters among the top-ranking transposon-silencing piCs in
human and hamster with no signs of potential readthrough
from upstream genes. For instance, human piC-9 captures anti-
sense information from densely packed LINE-1 insertions on the
plus strand and other L1 insertions on the minus strand (Fig-
ure 5E). Despite overlapping with a protein-coding gene, chro-
modomain helicase DNA binding protein 1-like (CHD1L), we
observed piRNAs from introns and exons of CHD1L, suggesting
that a piC-9 uses an independent transcriptional unit. In hamster,
piC-1 is part of a dual-stranded pair with the lower-ranking
piC-535 and spans a large internal LTR element of the young
potentially active IAP/LTR3 subfamily (Figure 5F).2? Two addi-
tional examples of dual-stranded piRNA clusters in human and
hamster are illustrated in Figures S5C and S5D. Overall, our sys-
tematic analysis of pre-pachytene piRNA clusters in human and
hamster identified patterns of piC-DoGs and dual-stranded clus-
ters, emphasizing conserved patterns and diversity among
mammalian piRNA precursors.

A new class of developmentally dynamic piRNA clusters
produces pre-pachytene as well as pachytene piRNAs in
human testes

Finally, we used piCB to characterize piRNA clusters in adult hu-
man testes. Our analyses, integrating publicly available single-
cell, bulk, and piRNA sequencing data, unveiled distinct piRNA
pathways in adult SSCs and meiotic spermatocytes and discov-
ered a new category of dynamic piRNA clusters that produce
stem cell (pre-pachytene) piRNAs in juvenile testes and meiotic
(pachytene) piRNAs in the adult.®®%

Among the top-ranking adult piRNA clusters in the testes of a
69-year-old, we observed a substantial overlap with juvenile
piRNA clusters (Figures 6A and S6A).°° Of the top 1,706 adult
piCs, accounting for 90% of all cluster-derived piRNAs, 85%
coincided with juvenile piCs from a 5-year-old (Figure 6A insert).
Sorting piRNA clusters based on their cumulative contribution to
adult piRNAs did not separate these shared from the adult-spe-
cific piCs, indicating that piRNA production is not a distinguish-
ing feature. However, we noticed a significant difference in the
length profiles of piRNAs generated from shared or adult-spe-
cific clusters. Shared piCs predominantly produced 26-nt piR-
NAs, reminiscent of juvenile piRNAs associated with PIWIL2
and PIWIL4 (PIWIL2/4). Conversely, adult-specific piCs pro-
duced mainly 30-nt piRNAs, aligning with the profile of PIWIL1-
piRNAs (Figure 6B). The length of piRNAs is dictated by the foot-
print of their associated PIWI proteins.®%-15:63:8586 Qyr findings,
revealing distinct length profiles of piRNAs produced by shared
or adult-specific piRNA clusters, suggest their association with
different PIWI proteins.

Cell Reports

The human genome encodes four PIWI proteins (PIWIL1-4),
three of which are expressed during spermatogenesis.®'84:87:68
PIWIL1, expressed post puberty, distinguished juvenile from
adult testes across 17 males aged 5-69 years (Figure 6C). As
anticipated, PIWIL2 was expressed in all samples, and the
oocyte-specific PIWIL3 was absent. Intriguingly, PIWILA4, typical
in gonocytes of embryonic and juvenile mouse testes, displayed
robust expression in adult human testes, aligning with the persis-
tence of undifferentiated SSCs beyond puberty in humans
(S6B).29%° According to the differential expression of PIWIL1
and -4, we observed varying piRNA length profiles in testes of
low-, medium-, and high-PIWIL1 individuals (Figure 6C).%° Inte-
gration of single-cell gene expression data from the Human
Testis Atlas revealed the distinct expression of PIWIL4 and
PIWIL1 in SSCs and primary spermatocytes, respectively (Fig-
ure 6E).%? Co-expression of PIWIL2 and other essential piRNA
biogenesis factors in both cell types supported the presence of
two distinct piRNA pathways in adult human testes (Figure S6C).
Taken together, our data suggested that the unique length
profiles of shared and adult-specific piRNAs indicate their func-
tion in distinct piRNA pathways and at specific stages of
spermatogenesis.

To estimate the activity of individual piRNA clusters during
different stages of spermatogenesis, we calculated the preferred
piRNA length for each cluster. As expected, adult-specific piCs
showed a signature length of 30 nt, consistent with PIWIL1-
piRNAs in spermatocytes, and identified pachytene piRNA pre-
cursors (Figure S6D). Surprisingly, shared piCs separated into
two groups based on their signature piRNA length. Most shared
piRNA clusters (90%) produced piRNAs with a preferred length
of 26 nt, indicating PIWIL2/4-associated piRNAs in adult SSCs
(Figure SBE). The signature piRNA length for these SSC-piCs
was the same for adult and juvenile testes and identified the
top-ranking pre-pachytene piRNA cluster piC-1 (TMEM181)
(Figures S6F and 5B). Ten percent of shared piCs exhibited a dy-
namic signature length, producing piRNAs with a preferred
length of 30 nt in adult and 26 nt in juvenile testes (Figures 6F
and 6G). These “dynamic piCs” constitute a novel class of
piRNA clusters that generate pre-pachytene piRNAs in germline
stem cells and pachytene piRNAs in meiotic and post-meiotic
spermatocytes during different stages of life.

In summary, considering piRNA length, indicative of associ-
ated PIWI proteins, and spatiotemporal expression of PIWIL1-4
in testes, we untangled different piRNA pathways in adult human
testes and identified three classes of piRNA clusters (Figure 6H).
Adult-specific piRNA clusters produce PIWIL1-piRNAs in meiotic
and post-meiotic germ cells. Shared piRNA clusters are active in
juvenile and adult testes and comprise two types: SSC-piCs spe-
cifically produce pre-pachytene piRNAs in undifferentiated sper-
matogonial stem cells, while dynamic piCs also produced
PIWIL1-piRNAs in meiotic and post-meiotic germ cells in the
adult. piRNA clusters of all three classes contributed significantly
to adult piRNA population and could not be deconvoluted by their

(F and G) (F) Dynamic piCs produce piRNAs with different length profiles in juvenile and adult testes. Representative example piC (G).
(H) Three classes of piRNA clusters in human testes. Shared SSC-piCs produce piRNAs in SSCs with a PIWIL2/4 length profile in juvenile and adult. Dynamic piCs
produce piRNAs with a PIWIL2/4 length profile in juvenile and with a PIWIL1 length profile in adult. Adult-specific piCs are only present in adult testes and

associate with PIWIL1.
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@ ) Figure 7. A model for the origin of piRNA
INFECTION clusters in response to retroviral invasion
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pervasive readthrough transcription (stress DoGs)
(A) and inserts proviruses into the genome (B). A
readthrough transcript that captures viral anti-
sense information produces protective piRNAs,
allowing the germ cell to survive (C). Surviving
germ cells contribute to new generations and
maintain readthrough transcription across the
protective piC-DoG long after acute stress has
been resolved.
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piRNA production (Figures 6A and S6G). Results from our ana-
lyses revealed that the complexity of piRNAs in adult testes re-
sults from diverse piRNA pathways in different cell types that
represent distinct stages of spermatogenesis.

DISCUSSION

Variations in piRNA cluster patterns and the uneven
distribution of piRNA production

With 10% or more of the entire genome, the piRNA-producing
genomic space exceeds that of protein-coding genes.’** How-
ever, most piRNAs originate from only a few clusters.'® Priori-
tizing piRNA clusters is essential to characterize their pathways
and identify outstanding piCs for in-depth analysis. Based on
their essential function in transposon silencing, ranking mamma-
lian pre-pachytene piRNA clusters by their production of TEas
piRNAs identified unique piRNA clusters that—like flamenco in
flies—captured sequences of densely packed transposon frag-
ments across tens of kilobases. Unlike flam, these piRNA clus-
ters often resided DoG with piRNA precursors originating from
readthrough transcription. These piC-DoGs illustrate common
patterns (flam-like super clusters) and species-specific varia-
tions (readthrough transcription and spliced piRNA precursors)
of piRNA clusters. With piCB as a versatile tool to characterize
piRNA clusters in different organisms, future studies are bound
to reveal more patterns and variations across species.

Little is known about the promoters of transposon-
silencing piRNA clusters and the gene models of their
piRNA precursors

Promoters of pachytene piRNA clusters, which are not linked to
transposon regulation, have been identified.””-331:50:95.96 Ho-
ever, the promoters serving transposon-silencing piRNA clusters
remain largely elusive. Drosophila flamenco is thought to be tran-
scribed from a single promoter, as suggested by the elimination
of flam piRNAs through a single P element insertion downstream
of the DIP-1 gene.'*?%2"? However, with advances in genome
assembly revealing flam’s potential length of about 500 kb;

downstream region.*?

Transposon promoters were sug-
gested to contribute to the generation of
piRNA precursors in mice, and retroviral genomes are directly
processed into piRNAs in koala.?>® Here, we identified a mech-
anism that harnesses host gene promoters to transcribe piC-
DoGs in mammals. We observe dense transposon fragments
in these piC-DoGs immediately downstream of their associated
host gene and extending across kilobases. The impeccable pre-
cision of these insertions to avoid damage to the host gene’s
coding sequence and splicing pattern suggests the powerful ac-
tion of purifying selection. While piC-DoGs seem to produce
mostly the longer pre-piRNA transcript in gonocytes, the same
genes produce the annotated shorter host transcripts in other
cell types. Future studies are geared at identifying the molecular
mechanisms underlying the regulation of transcriptional read-
through at these specific genes.

O

A plausible model for the formation of protective piRNA
clusters in response to retroviral infection in germline
stem cells

Stress-induced transcriptional readthrough has been observed
in somatic cells ex vivo, although its function remains unclear.”>"®
One possible reason for the cells’ ability to produce stress DoGs
might be found in germline stem cells. Here, we propose a plau-
sible model for the formation of piC-DoGs in response to retroviral
stress (Figure 7). Retroviral infection or the activity of mobile ge-
netic elements could induce stress DoGs in germline stem cells
(Figure 7A). The insertion of new proviruses and the associated
DNA damage might contribute the stress-induced transcriptional
readthrough. At the same time, proviral insertions add sequence
information about the invader into the host genome (Figure 7B).
On rare occasions, that readthrough transcription that captures
viral sequences generates piRNAs that can silence the invading
virus, allowing the germ cell to survive (Figure 7C). These surviv-
ing germ cells give rise to future generations. To ensure the
persistence of protective piRNAs, purifying selection maintains
readthrough transcription at protective piC-DoGs long after the
initial stress has been resolved. Over time, genomic recombina-
tion and other mechanisms could add and remove sequences
to form the massive piRNA clusters observed today.?®°’
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piC-DoGs might have originated as stress DoGs but have
evolved into “watchdogs.” Their observable remnants reveal
ancient battles between genome invaders and the piRNA-guided
defense, battles that the piRNA pathway has ultimately won.

Limitations of the study
In mammals, piRNA-guided epigenetic silencing of transposons
occurs in arare population of transient germline stem cells and is
best studied in murine gonocytes at embryonic day 12.5."1%32
The rarity and inaccessibility of these embryonic germ cells for
ex vivo manipulation hampers in-depth experimental analysis.
While readthrough transcripts across piC-DoGs are readily
observed in RNA-seq data of sorted gonocytes (Figure 4), our
extended evolutionary model for the origin of piRNA precursors
from stress DoGs remains speculative (Figure 7). To date, there
is no experimental model for the endogenization of a retrovirus
into a germline genome in mammals, and stress DoGs have
only been studied ex vivo in somatic cell culture.”*’® If the phys-
iological relevance of stress DoGs occurs during embryonic
development, appropriate in vivo models need to be developed.
The current germline invasion of a retrovirus into the koala
genome offers a unique glimpse into mammalian evolution. A
study observing the piRNA pathway’s acute response has
started to illuminate the molecular events during this critical
evolutionary event.”” Novel piRNA precursors and other retro-
viral insertions will permanently alter the genomes of these
animals. The success of the piRNA pathway will determine the
survival and genetic make-up of future generations.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Astrid D. Haase (astrid.
haase@nih.gov).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o Small-RNA sequencing data generated in this study have been depos-
ited at GEO (GSE259230) and are publicly available as of the date of
publication. This manuscript analyzes existing, publicly available data.
DOls and accession numbers are listed in the key resources table.

o Computational analyses are documented in Data S2 (supplemental
code) and are available on GitHub (https://github.com/Haasel.ab/
PICB and https://zenodo.org/doi/10.5281/zenodo.13376884).

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Arion vulgaris (Spanish slug)

Wild Arion vulgaris animals collected from central Bohemia (Czech Republic) were kept in plastic boxes containing coconut fiber sub-
strate at room temperature. Slugs were sacrificed in 30% ethanol and ovotestis from adult hermaphrodite animals were immediately
collected for RNA isolation.

METHOD DETAILS

RNA libraries

Publicly available and original libraries used in this paper are listed in the supplemental data (Data S1). We prepared a small RNA
library from slug Arion vulgaris ovotestis and used publicly available small RNA and RNA libraries from Drosophila melanogaster,
Mus musculus, Mesocricetus auratus, Homo sapiens, Schmidtea mediterranea and Astatotilapia calliptera.

Small RNA library preparation

For the small RNA-seq analysis of Arion vulgaris ovotestis, total RNA was isolated using Qiazol and small RNA libraries were prepared
using the NextFlex Small-RNA-seq v3 kit (PerkinElmer). Libraries were prepared according to the manufacturer’s instructions with
ligation of the 3’ adapter overnight at 16°C. Libraries were separated on a 2.5% agarose gel using 1x lithium borate buffer and visu-
alized with ethidium bromide. The 140-170 bp fraction was cut from the gel and the MinElute Gel Extraction Kit (Qiagen) was used to
retrieve DNA. Final libraries were sequenced with single-end reads of 75 nucleotides using the lllumina NextSeg500/550 platform.
Raw data were deposited in the Gene Expression Omnibus (GEO: GSE259230).

Processing small RNA sequencing data

Each small RNA library was processed according to the protocol used or the information provided in the respective publication. The
Drosophila OSS Piwi-IP libraries for example, had the following structure: 5-FivePrimeAdapter-NNNNNNNN-smallRNA-NN-Three-
PrimeAdapter-3. First, the constant region of the adapter sequences was trimmed from the small RNA libraries using cutadapt.'*° For
libraries such as the example above, that contain unique molecular identifiers (UMls, Ns), trimmed reads were collapsed by sequence
to eliminate PCR duplicates, and UMIs were removed using cutadapt. When analyzing total small RNA libraries from piRNA-relevant
tissues (e.g., animal gonads), size-filtering may be necessary to remove abundant cellular contaminants. These may include siRNAs
and miRNAs (typically <24 nucleotides) and, in some cases, longer RNA species or fragments if long reads were acquired during
sequencing. A size distribution analysis of the sequencing reads is recommended in order to determine appropriate lower and upper
size limits. These size filters can be applied during the initial reads processing (e.g., using cutadapt with parameters: -m 24 -M 34) or
while loading bam files into piCB (e.g., using piCBload with parameter: READ.SIZE.RANGE = c(24,34)) for non-PIWI-IP samples.
Alternatively, miRNAs can be removed by annotation if a reliable miRNA annotation is available for the corresponding model organ-
ism. For PIWI-IP or pre-size-filtered total small RNA libraries, we suggest using the default piCBload parameters, which import reads
between 18 and 50 nucleotides long. Applied size filters for all the small-RNA libraries used in our study are reported in the supple-
mental data (Data S1). A comprehensive list of adjustable parameters and output columns is available in the piCB GitHub repository
(https://github.com/HaaseLab/PICB).

Mapping small RNA libraries to the reference genome

Prior to genome mapping, we removed abundant cellular RNAs (rRNAs, tRNAs, snRNAs, snoRNAs, and miRNAs) by annotation
where possible for Drosophila, mouse, and human samples. We then aligned sequences to the reference genomes using STAR”®
typically allowing up to 1 mismatch and 100 alignments per read. Reference genomes used were: Drosophila (Dm6), mouse
(mm10), human (hg38), hamster (PRJDB10770,%"; planaria (schMed3,'°®; slug'®® and cichlid fish (fAstCal1.2). Species-specific ex-
ceptions to standard parameters included: 1000 alignments per read for golden hamster, up to 2 mismatches for planaria and cichlid
fish, and 0 mismatches with 5000 alignments per read for slug. To suppress spliced alignments, we generated genome indexes
without annotation GTF files and used the STAR option —alignintronMax 1.

Analyses of ping-pong signhatures

The ping-pong signature analysis was performed using the “Small RNA signatures” toolkit from the ARTbio project (https://github.
com/ARTbio/tools-artbio/tree/main/tools/small_rna_signatures).'® BAM files were first filtered to retain only primary alignments us-
ing 'samtools view -F 256°. These filtered files were then processed with the signature.py script from the toolkit, applying the following
parameters: —-minquery 23 -maxquery 34 —mintarget 23 -maxtarget (23-34 nucleotides). To normalize the observed overlaps to the
library size and assess the prevalence of ping-pong signatures, we calculated Reads Per Million (RPM) by multiplying the number of
pairs in each position by 2 and dividing by the number of primary alignments in millions. This adjustment was necessary because
’Small RNA signatures’ reports the number of pairs rather than individual reads. The resulting z-scores and RPM values per overlap
position were visualized using the ggplot2 package in R. This analysis allowed us to quantify and visualize the characteristic
10-nucleotide overlap indicative of the ping-pong amplification cycle. In addition to the overlap analysis, we generated sequence
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logos to visualize nucleotide preferences characteristic of ping-pong signatures, particularly the presence of an adenine (A) at posi-
tion 10 of piRNAs. To generate the sequence logos, we loaded the originally sequenced piRNA sequences (not reference) in R using
the PICBIload function with additional parameters: GET.ORIGINAL.SEQUENCE = TRUE and IS.SECONDARY.ALIGNMENT = FALSE.
We then trimmed the sequences down to their first 15 nucleotides and generated sequence logos using the R package ggseq-
logo (v0.2).

Mapping total RNA-seq libraries to the reference genome

Bulk RNA-seq of mouse and human samples were mapped directly to their reference genomes (mm10, hg38) allowing up to 100
alignments with a maximum mismatch ratio of 0.05. RNA-seq data from 3-days old golden hamster testes were mapped to the refer-
ence genome (PRJDB10770,%") allowing up to 20 alignments with —outFilterMismatchNMax 999 option (STAR, ).

Published clusters/precursors used for comparison

To compare with our predicted piRNA clusters, we retrieved previously published piRNA clusters and precursors from Drosophila,'*
mouse (°/, as refined in*°) and human.® Where necessary, we converted the published genomic coordinates to current reference
genome builds (Dm6 for Drosophila, mm10 for mouse, and hg38 for human) using UCSC LiftOver tool.

Prediction of piRNA clusters by PICB

PiCB is an R library that enables seamless integration of piRNA clustering into bioinformatics pipelines using standard genomic
R packages, such as GenomicRanges and can be easily installed on any computer running R. A piRNA dataset in the form of a co-
ordinate-sorted bam file is the required input for PICB. The user is additionally required to provide the reference genome in one of the
following formats: BSgenome, Seginfo from GenomelnfoDb (chromosome names and lengths) or fasta. PICB dissects the reference
genome into sliding windows with adjustable width and assembles piRNA clusters through a stepwise integration of the imported
uniquely mapping alignments (which make up the seeds), primary multimapping and secondary alignments. Seeds and primary mul-
timapping windows overlapping seeds merge into cores, while cores and secondary alignment windows overlapping cores merge
into clusters. Standalone seeds and cores are also considered cores and clusters, respectively. In addition to the coordinates of
the piRNA clusters, PICB output includes cluster information such as various productivity measures. PICB allows a wide-range of
parameter adjustments to adapt to incomplete reference genomes of non-standard model organisms and to specific limitations
of the input data set (such as reduced coverage and microRNA contamination). All clusters assembled by piCB in this study can
be found in the supplemental table (Data S1). PiCB source code, user manual, and tables of adjustable settings are available in
the supplemental code as well as on GitHub (https://github.com/HaaselLab/PICB). Future versions will be deposited in the same
GitHub repository.

QUANTIFICATION AND STATISTICAL ANALYSIS

Optimization of PICB parameters per sample

To determine the optimal number of uniquely mapping reads per window (threshold) required for seed discovery, we tested thresh-
olds ranging from 1 unique read up to 10 fragments per kilobase of transcript per million mapped reads (FPKM). We then assessed
performance by plotting the fraction of total library reads explained and the genomic space occupied by the resulting clusters.
Through this optimization we defined default PICBbuild parameters with sample-specific thresholds (Figures S1B, S1F, S3A,
S3B, S4C, and S4D). The default threshold of 2 FPKM was used for all the samples with the following exceptions: hamster (5.9
FPKM), planaria (17.7 FPKM), mouse MIWI2 (2.8 FPKM), cichlid fish (5.88 FPKM) and slug (12.36 FPKM).

Unambiguous attribution of piRNA reads to piCB-clusters

To assign multi-mapping reads to a single predicted piRNA cluster, we developed a priority attribution system. First, we ranked all
predicted clusters by the number of uniquely mapping reads overlapping each cluster. We then assigned all sequences with at least
one reported alignment (primary or secondary) within the boundaries of the top-ranked cluster to that cluster. For the remaining unas-
signed sequences, we repeated this attribution to the next highest ranked cluster. This iterative process enabled the unambiguous
allocation of multi-mapping piRNAs to our predicted clusters based on a ranked priority system.

Ranking of piCB clusters

Ranking of piRNA clusters is essential for prioritizing the most impactful piRNA sources and uncovering key characteristics that may
be conserved. The ranking strategies to be used should be aligned with the objectives of the downstream investigation(s). In this
study, we used several different strategies tailored to specific biological context and questions. The sum of all piRNAs per cluster
was most commonly used to rank clusters. For piRNA samples enriched in multimapping sequences, we derived the sum of piRNAs
per cluster after the unambiguous allocation of the multimapping reads as described earlier (Figures 1G, 3A, 3D, 3G, 4A, 6A, S1G,
SBA, and S6G). For the repeat-depleted pachytene mouse piRNAs, we used the primary alignments per cluster (Figure 2A). To iden-
tify clusters deriving from longer, possibly spliced precursor transcripts, we normalized the primary alignments to cluster length and
extracted the top 200 clusters (Figures 2E, 2F, and 2J). This allowed us to group short neighboring cluster-exons of similar
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productivity regardless of their length. Alternatively, ranking of mouse, human and hamster pre-pachytene piRNA clusters by the sum
of their transposon antisense (TEas) piRNAs, allowed us to prioritize loci that are likely to serve crucial genome defense roles
(Figures 4A, 5A, and 5B).

Estimation of cluster reproducibility

To assess the reproducibility of piCB-assembled piRNA clusters, we analyzed three biological replicates of Drosophila Ovarian So-
matic Cells (OSC). Using the PICBcombine function, we identified the intersection of cluster coordinates across all replicates. For
each cluster in replicate 1, we calculated the percentage of its genomic space that overlaps with this three-replicate intersection.
We then sorted replicate 1 clusters by productivity, defined by the sum of piRNAs per cluster after the unambiguous allocation of
multimapping reads as described earlier. Using a sliding window approach (window size: 100 clusters, step size: 1 cluster), we group-
ed the sorted clusters and calculated the fraction of clusters within each group that had >95% of their genomic space reproduced
across all three replicates. This fraction served as a probability measure of reproducibility. We used Pearson correlation to analyze
the relationship between this reproducibility probability and the productivity-based group order.

Evaluation of cluster strand preferences (strandedness)

To evaluate strand biases within predicted piRNA clusters, we calculated a ratio of sense to antisense piRNAs uniquely mapping on
each strand. For every cluster, we divided the number of unique sense piRNAs by the numer of unique antisense piRNAs. We de-
picted the distribution of ratio values across all predicted clusters in violin plots. Ratios between 0.1 and 10 were considered to repre-
sent putative dual-strand clusters while ratios above 10 were interpreted as clusters with a strong unidirectional strand preference.
Weighing the ratios by cluster productivity during plotting prevented poorly expressed clusters from disproportionately impacting
perceived overall strand preferences (Figures 1J, 1K, 2B, 3B, 3E, and 3H).

Evaluation of cluster nucleotide biases and their effect on productivity

To investigate potential implications of the nucleotide composition of clusters on piRNA abundance, we examined the nucleotide
frequencies within the predicted cluster genomic sequences. For each predicted cluster, unique base counts for A, T, C, G, A or
T (A/T) and C or G (C/G) were normalized to total cluster length. We tested for correlations between specific nucleotide frequencies
and cluster productivity using the Pearson correlation test (Figures S1D, S2E, S2F, and S3F).

Estimating mappability of genomic loci

To estimate the mappability within a genomic region, we divided the selected locus into 20 nucleotide long sliding windows (sliding
step = 1). We then aligned their sequences to the reference genome, allowing up to one mismatch and up to 1000 alignments per
sequence. The sum of unique 20-mers was then averaged within larger 1000 nucleotide long sliding windows. The uniqueness of
sliding 20-mers across the region was then visualized with a heatmap across the genomic region of interest (1 = good mappabil-
ity/uniqueness, 0 = poor mappability/repetitiveness) (Figures 1H, 1L, and 4B).

Identifying potentially spliced mouse pachytene piRNA clusters

To identify pachytene piRNA clusters that may originate from the same spliced transcripts in mice, we first examined exon and intron
lengths of annotated mouse protein-coding genes (RefSeq) and previously published pachytene piRNA precursors (7, as refined
in“®). We then filtered for the top 200 most productive pachytene clusters by fragments per kilobase of transcript per million mapped
reads (FPKM) and grouped clusters on the same strand located less than 30 kilobases apart (Figure 2E). This 30 kilobase cutoff
marked the bimodal distribution bottleneck of inter-cluster distances and covered the average intron sizes of both protein-coding
genes and published pachytene precursors (Figure 2F). To visualize and validate potential splicing within the grouped pachytene
piRNA clusters (Figure 2G), we used the Cufflinks software'®® which assembles aligned RNA-seq reads into transcripts and can
report both annotated and novel splice variants. For this analysis, we first remapped MILI-piRNAs to the mouse genome, this
time allowing the reporting of spliced reads. Then we used all mapped reads as input for cufflinks which we ran without a reference
annotation to enable the detection of novel transcripts. The resulting transcript assembly (in GTF format), is displayed in Figure 2G
(vellow track). While total RNA or mRNA-sequencing data are typically used as input for Cufflinks, we ran the software with piRNA-
sequencing data since our aim was to extract maximum information from existing datasets without the need for additional experi-
ments. We used this approach as a cost-effective and resource-efficient method to test our cluster grouping rationale. The identified
spliced clusters can be prioritized for downstream experimental validation if needed.

Identifying bidirectional piRNA clusters and precursors

We leveraged the broad boundaries of our computationally predicted clusters which resulted in overlaps for clusters derived from
bidirectional promoters. To extract such clusters, we first identified cluster pairs transcribed from opposite strands with overlapping
5 ends but non-overlapping 3’ ends. We then filtered out clusters where the ratio of sense to antisense piRNAs mapping to the
3’-most 70% of either cluster was less than 100. For published piRNA precursors, which lack extended ends, we first computationally
extended the precursors by 2,000 nucleotides upstream of their annotated transcription start site before searching for 5’ end overlaps
(Figure 2J).
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Identifying clusters linked to upstream annotated genes

To determine if predicted piRNA clusters may be transcriptionally linked to annotated upstream genes, we looked for overlaps be-
tween gene 3' ends and cluster 5' ends. Specifically, we extended the 3' UTRs of annotated genes upstream by 1,000 nucleotides, or
for genes without an annotated 3' UTR, we took the 3'-most 1/3 of the gene body. We then checked whether these expanded gene
regions overlapped with the 5'-most 25% of each predicted piRNA cluster. Clusters with such overlap were considered to have
putative transcriptional links (Figures 4E and 5B). As an adjustment for the hamster data analysis where long predicted clusters
overlapped short annotated genes, we shortened the cluster regions checked for overlap to just the 5-most 5 nucleotides of
each hamster cluster (Figure 5A).

Transcriptional readthrough analysis (down-stream-of-genes transcripts, DoGs)

To systematically analyze and characterize transcriptional readthrough, we used the published ARTDeco pipeline (v0.4,”°). Total RNA-
seq from sorted mouse spermatogonia from embryonic day 16.5 (SRR11916388,°°), primary spermatocytes (SRR7760359,°"), and day
42 postpartum testes (SRR765631,") were used as input for the ARTDeco pipeline requesting a minimum downstream of Gene (DoG)
length of 2 kb and a minimum DoG coverage of 0.1 FPKM (Figures 4E-4G and S4F). We differentiated between non-expressed genes
(non-expr.), expressed genes with no predicted DoGs (non-DoGs), and expressed genes with predicted DoGs (DoGs). Non-expressed
genes with predicted DoGs were assigned in the 'non-expr.’ group.

To evaluate whether clusters (piC) that overlap with expressed DoGs (piC-DoGs) derive from an acute stress state, we compared
them to DoGs from published RNA-seq from NIH 3T3 fibroblasts treated with heat shock, osmotic stress or oxidative stress as well as
untreated (GSE98906, °) (Figure S4E). The Welch’s t test was used to assess the significance between lengths of piC-DoGs and Non-
piC-DoGs (Figure 4G).

To assess the enrichment of Transposable Elements (TE) downstream of non-expressed (non-expr.), non-DoG-, non-piC-DoG-,
and piC-DoG-genes, we calculated the genomic fraction covered by transposable elements (RepeatMasker) in both sense and anti-
sense orientation relative to the transcription of the upstream gene. The enrichment was assessed across a 10-kilobase segment
downstream of the 3’-end of the gene’s most distal annotated isoform (Figure 4H). In addition, we assessed the TE enrichment within
the assembled cluster regions of piC-DoGs. We weighted the TE-covered genomic fraction by the respective piRNA cluster produc-
tivity (primary alignments RPKM) (Figure 41).

Human testis disentanglement of piRNA clusters

To untwine piCs predicted from published human testis small RNA-seq (SRP185903,°%), we selected the top-ranking piCs accom-
modating 90% of the explained reads from one representative adult (SRR8575350, 1706 clusters) and one juvenile (SRR8575410,
8701 clusters) sample (Figures 6A, S6A, and S6G). piCs of the adult sample overlapping with those of juvenile samples were identified
and termed ‘shared (adult & juvenile)’ and divided into two groups based on the piC’s most dominant piRNA length (‘shared SSC-
piCs’ < 28 nt and ‘shared dynamic-piCs’ > 28 nt), while non-overlapping piCs were segregated and termed as ‘adult-specific’.

Human PIWI expression analysis

Published unsorted human testis total RNA-seq from 18 samples (14 adult, 3 juveniles including duplicates from one juvenile,
SRP185903,°°) were mapped to the reference genome (hg38) as previously described. Read counts were generated with feature-
Counts (v2.0.3,"%") and converted to Log2-transformed FPKMs. Values below 1.5 were set to 0. Euclidean distances were calculated
(stats-package) using the normalized expression levels of PIWIL1 and PIWIL4 to perform complete linkage clustering (Figures 6C and
6D). This created three major PIWI expression groups. To show the prevalence of PIWI-genes and associated gene markers in spe-
cific testis developmental stages, figures and data values were extracted from the Young Adult in the Atlas Dataset in Human Testis
Atlas Browser.%”

Human piRNA length distribution analysis for PIWI expression groups

Within each expression group established in the PIWI expression analysis with total RNA-seq, the mean value and standard error for
each length of the piRNA length distribution were calculated (Figure 6D). Two samples in the mid PIWIL1 group (SRR8575391,
SRR8575348) and one sample in the high PIWIL1 group (SRR8575387) were excluded due to lower read count and quality
(Figure 6D).
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