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Maternally inherited siRNAs initiate piRNA cluster formation

Yicheng Luo?, Peng Hel2, Nivedita Kanrarl, Katalin Fejes Tothl, Alexei A. Aravinl&

1Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA
91125, USA

2present address: European Molecular Biology Laboratory, European Bioinformatics Institute
(EMBL-EBI), Wellcome Genome Campus, Cambridge, UK

Abstract

PIWI-interacting RNAs (piRNAs) guide transposable element repression in animal germlines.

In Drosophila, piRNAs are produced from heterochromatic loci, called piRNA clusters, which
act as information-repositories about genome invaders. piRNA generation by dual-strand clusters
depend on the chromatin-bound Rhino-Deadlock-Cutoff (RDC) complex, which is deposited on
clusters guided by piRNAs, forming a positive feedback loop in which piRNAs promote their
own biogenesis. However, how piRNA clusters are formed before cognate piRNAS are present,
remains unknown. Here we report spontaneous de novo piRNA cluster formation from repetitive
transgenic sequences. Cluster formation occurs over several generations and requires continuous
trans-generational maternal transmission of small RNAs. We discovered that maternally supplied
siRNAs trigger de novo cluster activation in progeny. In contrast, siRNAs are dispensable for
cluster function after its establishment. These results revealed an unexpected interplay between
the siRNA and piRNA pathways and suggest a mechanism for de novo piRNA cluster formation
triggered by siRNAs.
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Luo et al. elucidate the mechanism behind the genesis of piRNA clusters, highlighting the role of
siRNAs originating from repetitive sequences as initiators in this process. This discovery reveals
the unanticipated involvement of siRNAs and offers insights into the origin of piRNA clusters.

Introduction

Binary complexes of small non-coding RNAs and Argonaute (Ago) proteins play essential
roles in regulating gene expression and suppressing foreign and selfish nucleic acids.
Despite the common architecture of Ago-small RNA complexes, there are three distinct
classes of small RNAs - siRNA, miRNA and piRNA - that differ in their biogenesis,
functions. Both siRNA and piRNA were reported to suppress activity of endogenous and
exogenous genetic elements in various animal species'~, however, the two pathways are
believed to work independently of each other. SiRNAs are processed from double-stranded
or hairpin precursors by the Dicer nuclease and then loaded into their Ago protein
partner-10. siRNA/Ago complexes cleave complementary RNA targets in the cytoplasm?:10,
In Drosophila, siRNAs associate exclusively with Ago2 and mutation of Ago2 abrogates
siRNA-guided repression!1-15, piRNA processing is independent of Dicer but involves
multiple other proteins!3:16-20, piRNAs are loaded into a distinct clade of Argonautes called
Piwi proteins, which in flies consist of Piwi, Aub and Ago3213:21,

SiRNA precursors are recognized by their double-stranded nature. Similar to siRNAs,
piRNAs are also processed from longer RNA precursors, however these transcripts lack
distinct sequence and structure motifs. In Drosophila, the chromatin-bound Rhino-Deadlock-
Cutoff (RDC) protein complex marks dual-strand piRNA clusters, genomic regions
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that generate the majority of piRNAs in the germline. RDC complex is required for
transcription of piRNA precursors by promoting initiation16:18:22 and suppressing premature
terminationl”:19, The process of RDC complex deposition on chromatin seems to be guided
by piRNAs18:23-25_ Several studies demonstrate the critical role of piRNA inheritance from
the mother to the progeny in initiating piRNA production26-28, These findings suggest that
piRNA biogenesis is governed by a trans-generational positive feedback loop in which
piRNA biogenesis is promoted by RDC complex, which in turn is deposited on chromatin
guided by piRNAs. This positive feedback loop explains how piRNA profiles are maintained
through generations. However, in order to adapt to new transposon invasions, the pathway
must be able to generate novel piRNAs.

Here we describe the de novo formation of a piRNA cluster over several generations. This
process is accompanied by increasing piRNA levels and accumulation of the H3K9me3
mark and Rhi on cluster chromatin and requires continuous, maternal trans-generational
cytoplasmic transmission of small RNAs. We found that cognate siRNAs trigger initial
cluster activation, however, siRNA are dispensable after the cluster is established. Our
results point to a tight cooperation between the siRNA and piRNA pathways in the fight
against genome invaders and suggest that transposons are first detected by the sSiRNA
pathway, which activates a robust piRNA response.

Reporters inserted in the dual-strand 42AB cluster are repressed by piRNA, while
reporters in the uni-strand 20A cluster disrupt cluster expression

To understand how new insertions into piRNA clusters are regulated, we integrated reporters
into the two types of piRNA clusters — uni-strand and dual-strand clusters. We employed
recombinase-mediated cassette exchange (RMCE) to integrate a reporter into specific
genomic sites using a collection of Minos-mediated integration cassette (MiMIC) containing
D. melanogaster stocks. The reporter encodes nuclear EGFP expressed under control of the
ubiquitin (vb/-p63E) gene promoter, which drives expression in both somatic and germ cells
(Fig. 1A). Using RMCE we inserted reporters into the major dual-strand cluster 42AB and
the uni-strand cluster 20A (Fig. 1B). In the 20A cluster, the reporter was integrated 2.5 kb
downstream of the cluster promoter and two reporter orientations were obtained. Reporters
inserted in both clusters were expressed in somatic follicular cells of the fly ovary (Fig.1C)
indicating that the transgenes are functional. Flies with reporters in the uni-strand 20A
cluster also expressed GFP in the germline. Unlike 20A cluster transcripts, which localized
to the nucleus, GFP mRNA was predominantly in the cytoplasm. In contrast, although both
strands of the reporter sequence were transcribed, GFP protein was not expressed from the
42AB cluster insertion in the germline.

The exclusive repression of the 42AB reporter in the germline suggests that repression might
occur in a piRNA-dependent fashion. To explore if reporter sequences generate piRNAs,

we cloned small RNA libraries from ovaries of transgenic animals. Analysis of the libraries
revealed that reporter-derived piRNAs were abundant in flies with 42AB cluster insertions
but not in flies with reporters in cluster 20A and in a control non-cluster 66A6 region (Fig.
1D). The 42AB reporter-derived piRNAs have the expected bias (69.95%) for U (Uridine)
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in the first position. Though piRNA were derived from both strands of the 42AB reporter
sequence, 2.45-fold more piRNA are in antisense orientation relative to the GFP mRNA
(Fig. 1E), indicating that they are not processed from reporter mRNA. In contrast, the
few RNA reads derived from reporters inserted in 20A and the non-cluster region were
predominantly in sense orientation and did not have a U bias, indicating that they likely
represent mMRNA degradation products.

To explore whether the repression of GFP reporter inserted into the 42AB cluster depends
on piRNAs, we knock-down Zucchini (Zuc), a critical piRNA biogenesis factor 2930, in

the germline. Depletion of Zuc led to strong (26.4-fold) reduction in the level of piRNAs
mapping to the 42AB reporter (Fig. 1E) and to its derepression (Fig.1F). GFP protein
expression upon Zuc germline knockdown (GLKD) correlated with the appearance of sense
reporter transcripts in the cytoplasm of nurse cells, while antisense RNA remained in the
nucleus. Thus, insertion of a gene into the 42AB cluster leads to generation of abundant
piRNAs that trigger its repression.

To understand why 20A reporters do not produce piRNAs, we analyzed expression of

20A cluster transcripts by RT-qPCR using primer sets designed to detect cluster transcripts
upstream and downstream of the reporter insertion site. Surprisingly, we found that the
abundance of 20A cluster transcripts was strongly (> 20-fold) reduced in flies with reporter
insertions compared to both wild-type flies and the original MiMIC flies used for RMCE
(Fig. 1G). In agreement with the decreased cluster transcript level, 20A piRNA levels
dropped 84- and 321-fold in 20A[-] and 20A[+] flies, respectively, throughout the whole
cluster as far as 38 kb from the insertion site (Fig. 1B, G). In contrast, the insertion in

the 42AB cluster did not affect piRNA level from this cluster (data not shown). As the
original MiMIC line contains a promoterless insertion in the same site as the reporter lines,
this result suggests that cluster expression is disrupted by reporter transcription rather than
insertion of a heterologous sequence per se. Thus, insertion of an actively transcribed gene
in the 20A cluster close to its promoter disrupts cluster expression.

An unusual reporter behaves like a bona fide dual-strand piRNA cluster that is enriched in
Rhi and depends on it to generate piRNA

Replacement of the MiMIC cassette with the reporter through recombinase-mediated
cassette exchange (RMCE) leads to random orientation of the inserted sequence. Each
replacement experiment generates several independent Drosophila lines. Unexpectedly, we
found that one of the lines with insertion into the 20A cluster has distinct properties. This
line, which we dubbed 20A-X, lost germline expression after several months of propagation
(Fig. 2A). The somatic GFP expression, which we also confirmed by detecting abundant
cytoplasmic GFP mRNA in follicular cells by in situ hybridization, argues against genetic
damage of the reporter cassette. GFP RNA was also detected in germline nurse cells,
however, transcripts from 20A-X localized exclusively to the nuclei (Fig. 2A). Thus, unlike
other 20A insertion lines, 20A-X shows normal GFP expression in follicular cells and strong
GFP repression in the germline.

Analysis of small RNA libraries cloned from ovaries of 20A-X flies revealed abundant
piRNAs and siRNAs corresponding to the reporter sequence indicating that 20A-X is active

Mol Cell. Author manuscript; available in PMC 2024 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo et al.

Page 5

as a piRNA producing locus. In fact, 20A-X generates 20.3-fold more piRNAs than the
42AB reporter. Germline knockdown of the piRNA biogenesis factor Zuc led to loss of 20A-
X piRNAs (Fig. 2B). Zuc GLKD also led to release of the germline reporter repression as
demonstrated by GFP protein expression and detection of sense RNA in the cytoplasm (Fig.
2C) indicating that, similar to 42AB insertions, repression of 20A-X is piRNA-dependent.

Several studies revealed essential differences between uni-strand and dual-strand piRNA
clusters1’:18:22.31 pyal-strand clusters, such as 42AB, are active exclusively in the germline
and their transcription, nuclear processing and export require the Rhino-Deadlock-Cutoff
(RDC) complex, which is anchored to these regions by the H3K9me3 histone mark8.19.26,
In contrast, uni-strand clusters, such as flamenco and 20A, do not depend on RDC complex
and the H3K9me3 mark and can be active in the soma. To explore if 20A-X functions as a
uni- or dual-strand piRNA cluster, we analyzed Rhino binding and H3K9me3 enrichment.
ChIP-gPCR and ChlP-seq analyses revealed that, in contrast to the native 20A cluster and
20A[+] and 20A[-] reporters, 20A-X, as well as its flanking regions, are strongly enriched
in both Rhi and the H3K9me3 mark (Fig. 2D, S1A), suggesting that it acts as a dual-strand
piRNA cluster.

To test whether 20A-X activity depends on the RDC complex, we analyzed GFP repression
and small RNA profile upon germline knockdown of RAi. As expected, R4/ GLKD reduces
the level of piRNAs generated from the 42AB reporter (Fig. 2E). RA/ GLKD also caused
4.2-fold reduction in 20A-X piRNA levels and released repression of GFP in the germline
of 20A-X flies (Fig. 2E). In agreement with the piRNA cloning and GFP imaging results,
FISH experiments detected a decrease in antisense GFP transcripts and an increase in
sense GFP transcripts upon RAi GLKD (Fig. S1B), suggesting that 20A-X transcription is
Rhi-dependent.

At dual-strand piRNA clusters Maelstrom (Mael) was proposed to repress canonical,
promoter-dependent transcription, allowing the RDC complex to initiate non-canonical
transcription32. 20A-X showed GFP expression upon Mae/ GLKD, which suggests that
Mael represses the ubiquitin promoter-driven canonical transcription of 20A-X (Fig. S1C).
In contrast, GFP expression from the 42AB[-] reporter remained silenced in the Mael
mutant (or GLKD) or the Maell Rhi double mutant (double GLKD shows expression

as a result of RA/GLKD) (Fig. S1C), which implies that this reporter can be silenced
independently of Mael32. Taken together, our results indicate that 20A-X acts as a genuine
dual-strand piRNA cluster that generates piRNAs in Rhi- and Mael-dependent manner.

The repetitive organization of the 20A-X locus correlates with its function as dual-strand
piRNA cluster

We employed several approaches to understand how 20A-X differs from 20A[+] and 20A[-]
reporters. Genomic PCR of flanking regions suggested that 20A-X harbors the reporter
cassette in the correct site in the 20A cluster (Fig. 3A). In fact, similar to other 20A
reporters, expression of 20A cluster transcripts is decreased in 20A-X flies (Fig. S2A). To
confirm the insertion site, we employed /n situ hybridization on salivary gland polytene
chromosomes using the Ubi-GFP reporter sequence as a probe. /n7 situ hybridization revealed
two signals: the expected signal in the 20A region of the X chromosome and additional
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signal on chromosome 3L, which harbors the endogenous ubi-p63E gene (Fig. 3B). To
further validate these findings, we performed whole-genome sequencing and searched for
reads corresponding to junctions between the reporter and genomic sequences (Fig. S2B).
We identified multiple reads corresponding to the two expected flanking regions in the
20A cluster, while no additional insertions were identified, corroborating results of the
chromosome hybridization (Fig. S2C). Finally, we employed CRISPR/Cas9 to generate a
deletion that removes sequences flanking the insertion site in the 20A-X line. We verified
the deletion and concomitant loss of the reporter sequence from the genome by genomic
gPCR and loss of GFP expression (Fig. 3C). Thus, the 20A-X line contains a reporter
insertion in the single genomic site in the same position as other 20A lines.

We employed whole-genome DNA-seq and gPCR to analyze reporter copy number in the
genome, which showed that while other 20A reporters harbor a single copy of the reporter
sequence, 20A-X contains approximately 10 copies (Fig. 3D, E, S2D). In addition, both
approaches revealed that, unlike the 20A[+] and 20[-] lines, the 20A-X insertion contains
plasmid backbone sequence that is used for recombinase-mediated cassette exchange and

is normally removed during this process (Fig. 1A, 3D, S2D). Furthermore, we also found
multiple DNA-seq reads indicating three unexpected junctions (Fig. 3F). We confirmed all
junctions by genomic PCR and Sanger sequencing. As in situ hybridization on polytene
chromosomes, DNA-seq and CRISPR/Cas9 deletion all indicate a single insertion site in the
genome, all reporter copies must reside in a single genomic site. Taken together, our results
indicate that the 20A-X line contain multiple, rearranged copies of the reporter sequence in
a single site. Together, analysis of 20A-X indicates that, unlike single-copy reporters in 20A,
repetitive sequences inserted in the same site generate piRNAs that induce repression in the
germline.

To explore if the “host” 20A cluster is required for 20A-X to function as dual-strand piRNA
cluster we employed CRISPR/Cas9 to delete the promoter of the 20A cluster (Fig. 3G).

In wild-type flies, deletion of the putative promoter eliminated expression of long RNA
(piRNA precursors) from the 20A cluster, indicating that deletion disrupts its function.
However, deletion of the 20A cluster promoter in 20A-X flies did not release reporter
silencing (Fig. 3G), indicating that piRNA-dependent repression of the 20A-X locus does
not require activity of the ‘host’ 20A cluster.

20A-X is inserted in the same site as the 20A[+] and 20[-] reporters but differs in

its repetitive nature as well as its structural rearrangements. Particularly, 20A-X harbors
inversions that are expected to generate dsSRNA upon their transcription and thus can give
rise to siRNAs. We tested for the presence of such siRNAs by cloning and sequencing small
RNA libraries from ovaries of flies that inherited the 20A-X locus paternally or upon GLKD
of RhJ, both of which would eliminate piRNAs (Fig. 2E, 4C). We found 21-22 nt small
RNAs mapping to the entire length of the 20A-X reporter (Fig. S2E). We also observed a
prominent peak in the SVV40 region, which due to recombination site 1 (Fig. 3F) presumably
produces dsRNA. Thus, the inverted repeats in the 20A-X cluster lead to production of
dsRNA that can be processed into siRNA. To explore if the presence of transcribed inverted
repeats is sufficient to create a functional dual-strand piRNA cluster, we generated a dsGFP
reporter, which consists of the same sequence fragments as the original reporter, but harbors
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inverted GFP sequences that would form dsRNA upon transcription (Fig. 3H). We obtained
flies with insertion of the dsGFP reporter into the same site as other 20A reporters as well

as in a control (non-piRNA cluster) region of the genome (chr 3L: 7,575,013, region 66A6).
Analysis of small RNAs in ovaries of flies carrying dsGFP constructs revealed the presence
of abundant 21 nt siRNAs generated from the inverted GFP repeat, but no other portion of
the construct (Fig. 3H). These 21 nt siRNAs are resistant to oxidation treatment (Fig. 3H,
S2F, S2G). In contrast to 20A-X, the dsGFP insertions produce only miniscule amount of
longer (24-30nt) RNA species and these RNAs lack a U-bias. There were no significant
differences between small RNAs generated from the dsGFP reporter inserted into the 20A
cluster in either orientation and in the non-cluster control genomic region. To confirm that
the dsGFP reporter only gives rise to SiRNAs and not piRNAs, we immunoprecipitated Piwi
and sequenced associated small RNAs. The number of small RNA reads mapping to the
dsGFP sequence was negligible (Fig. S2H). Overall, these results shows that inverted repeats
trigger generation of siRNAs, but not piRNAs, indicating that the presence of inverted
repeats might be necessary, but is not sufficient to make 20A-X an active dual-strand piRNA
cluster and that the multi-copy nature and/or the extended lengths of the locus might play a
critical role.

piRNA-induced repression of the 20A-X reporter depends on maternal transmission of
cognate piRNAs

Previously we and others have shown that the activity of artificial dual-strand piRNA
clusters in the progeny requires cytoplasmic inheritance of piRNAs from the mother26.27.33,
and proposed that all dual-strand clusters might depend on trans-generationally inherited
piRNAs to maintain their activity?6:27. Therefore, we explored expression of the 20A-X
reporter in the progeny after paternal and maternal inheritance. Flies that inherited the
20A-X insertion from their mothers (maternal transmission) showed — similar to their
mothers — GFP expression in follicular cells, but strong GFP repression in the germline
with sense reporter RNA restricted to the nucleus. In contrast, females that inherited the
20A-X reporter from their fathers (paternal transmission) had robust GFP protein expression
and cytoplasmic localization of GFP mRNA in the germline (Fig. 4A). We also observed
GFP repression in the germline of males that inherited the 20A-X locus maternally, but not
when they inherited it paternally. In agreement with FISH and immunofluorescence (IF)
results, RT-gPCR showed ~5-fold increase of GFP RNA after paternal transmission (Fig.
4B). Thus, repression of the 20A-X reporter in both the male and female germline requires
maternal inheritance of the reporter.

To understand if derepression of GFP after paternal transmission is caused by changes in
PiRNA expression, we cloned small RNA libraries from ovaries of progeny that inherited
the locus maternally and paternally. Upon paternal transmission, piRNA level was 10.1-fold
reduced (Fig. 4C). Thus, piRNA generation from the 20A-X locus requires its maternal
inheritance and derepression of GFP upon paternal reporter transmission is explained by
the dramatic decrease in reporter-targeting piRNA. Next, we determined enrichment of the
H3K9me3 mark and Rhino protein on chromatin of the 20A-X reporter in the progeny
upon paternal or maternal inheritance of the locus. Both Rhi and H3K9me3 were reduced
on 20A-X chromatin after paternal transmission to levels comparable to those detected at
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the control euchromatic region (Fig. 4D). Thus, loss of piRNA upon paternal transmission
correlates with loss of H3K9me3 and Rhino from the 20A-X locus.

Progeny that inherits the 20A-X locus from their mothers receive two distinct contributions.
First, the locus itself might have different chromatin imprints when inherited maternally

or paternally. Second, mothers deposit piRNAS into the oocyte, while paternal progeny

do not inherit piRNA from their fathers26:27.33_ Therefore, it is important to discriminate

if the parent-of-origin effects of 20A-X depend on inheritance of the genomic locus or
cytoplasmic transmission of piRNAs to the next generation. To discriminate between these
possibilities, we designed two different crosses: in both crosses the progeny inherited 20A-X
paternally, however, in one cross the mothers also carried a copy of the 20A-X locus which,
however, was not transmitted to the progeny (Fig. 4E). The presence of the 20A-X locus

in mothers caused GFP repression and piRNA generation in the progeny even though the
locus itself was not transmitted to the offspring. Indeed, progeny that inherited the 20A-X
locus from their fathers but received cognate piRNAs from their mothers had similar level
of 20A-X piRNAs as progeny that simply inherited the 20A-X locus maternally. It is worth
noting that maternally inherited cognate piRNAs (in crosses where the mothers carried the
20A-X locus but the locus itself was not transmitted to the progeny) were not able to
convert the 20A[+] and 20A[-] loci to piRNA-producing clusters, nor did they change the
expression of GFP from these reporters in the adult progeny (data not shown). These results
collectively indicate that the activity of 20A-X as a piRNA-generating locus requires both
the extended, multi-copy nature of the locus and cytoplasmic inheritance of cognate piRNAs
through the maternal germline.

pPiRNA cluster is established over several generations

The finding that maternal inheritance of piRNAs is required for the activity of the 20A-

X locus in the progeny prompted us to re-examine the observation that initially, upon
establishment of the 20A-X transgenic flies by RMCE, GFP was expressed in the germline
but got repressed in later generations (Fig. 5A). First, we established that the age of flies
did not influence GFP silencing, as repression was similar in young (5-days) and old
(30-days) females of the 14 months old stock (Fig. 5A). Next, we analyzed small RNA
profiles in ovaries of 20A-X flies 1, 11 and 21 months after establishment of the stock.
piRNAs and siRNAs derived from 20A-X were already present at 1 months, but their
abundance increased 4-fold and 3.7-fold, respectively, by 11 months (Fig. 5B). At 11
months 20A-X piRNAs also showed stronger sign of ping-pong processing as measured by
complementary piRNA pairs that overlap by 10nt (Z-scores at 1 months and 11 months
were 1.0 and 4.2, respectively) (Fig. 5C, S3A). No further increase in abundance of 20A-X
piRNAs and ping-pong processing was observed when comparing 11 and 21 months-old
stocks. Thus, transgene-derived piRNA abundance is increasing over multiple generations
after transgenesis and this increase correlates with repression of GFP in the germline. The
findings that 20A-X requires maternally supplied piRNAs in order to generate piRNAS
suggests that 20A-X was not active as a piRNA cluster in the first generation after
establishment of this stock.
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The loss of 20A-X’s ability to generate piRNAs upon paternal inheritance provides a
unique opportunity to explore de novo establishment of a piRNA cluster. After paternal
transmission the progeny (GO) generated very few piRNAs and siRNAs with levels similar
to those of 20A[+] and 20A[-] flies (after normalization to transgene copy numbers) (Fig.
S3B). We monitored whether 20A-X can recover its ability to generate piRNAs in future
generations upon continuous maternal transmission (Fig. 5D). While no GFP repression
occurred in the germline of GO, each subsequent generation showed decreased GFP
expression, until complete repression was observed in G8 (Fig. 5D, S3C). Establishment of
GFP repression over multiple generations also occurred in the male germline. Interestingly,
ovaries of flies of intermediate generations (G2-G5) showed large variation in the extent

of repression between individual egg chambers (Fig. 5D, E, S3C). For example, in G2
almost equal fractions of flies showed normal expression, complete silencing and a mixed
phenotype (Fig. 5E).

We profiled small RNAs (piRNAs and siRNAS) in ovaries of G3 flies after separating them
into three groups (active, mixed and silenced) based on GFP expression as well as from
ovaries of GO and G8 flies. Reporter piRNA and siRNA levels increased over generations.
Importantly, the three groups of G3 ovaries with different levels of GFP repression had
proportionally different levels of reporter piRNAs and siRNAs, indicating that repression
correlates with small RNA abundance (Fig. 5F). Intriguingly, by analyzing the ratio of
siRNAs and piRNAs, we observed that piRNA abundance increased more significantly over
generations (Fig. 5F). This finding has led us to hypothesize that siRNAs may be produced
first and serve as stimuli to initiate piRNA generation. To validate this hypothesis, we
performed Degradome-seq, cloning and sequencing of long 5’ monophosphorylated RNAs
that form as a result of siRNA and piRNA-guided cleavage, as well as degradation of
MRNAs by other nucleases. Analysis of Degradome-seq and small RNA libraries from GO
flies revealed the presence of a 5’ cleavage product of GFP mRNA with 10 nt overlap to
siRNAs. This indicates that siRNAs can induce cleavage of the reporter within the GFP
sequence, which can lead to initiation of piRNA production (Fig. 5G).

piRNAs are generated by two mechanisms, each with unique roles: phased cleavage of
precursors by Zucchini increases the diversity of piRNAs and the ping-pong amplification
loop boosts piRNA abundance, as documented in previous studies 234-36, We analyzed
signatures of phasing (the distance from the 3" end of each piRNA to the 5" end of the next
downstream piRNA) and ping-pong processing in GO, G3 (active, mixed and silenced), and
G8 flies. We observed decrease in phased processing over generations: Z0 scores changed
from 2.5 in GO to 1.0 in G8). In contrast, ping-pong was not detectable in GO flies and
became prominent at G8: Z10 scores changed from 0.8 in GO to 2.7 in G8 (Fig. S3D).
Furthermore, we observed higher phasing and low ping-pong in the “active’ group of G3
flies, while the ‘silenced’ G3 group had lower phasing and higher ping-pong (as expected,
the intermediate group had intermediate scores for both). Additional phasing analysis by
measuring the distance from the 5" ends of upstream piRNAs to the 5" ends of downstream
piRNAs also detected slightly increased phasing signal in GO compared to G8 (Fig. S3E).
These results suggest that initial cleavage by siRNAs triggers phased processing of target
transcripts, while ping-pong processing becomes efficient later when piRNA levels are
sufficiently high.
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Finally, we determined enrichment of the H3K9me3 mark and Rhino protein on chromatin
of the 20A-X reporter in ovaries of GO and G8 progeny. While Rhi and H3K9me3 were
lost after paternal transmission in GO, both Rhi and H3K9me3 were enriched on 20A-X
chromatin in G8 (Fig. 5H). Previous studies have shown that Piwi can genetically interact
with Rhi and promote Rhi binding to piRNA clusters 23. Therefore, we tested the role

of Piwi during 20A-X piRNA cluster formation. We found that GLKD of Piwi leads to
partial derepression of GFP expression from 20A-X (Fig. S3F), implying that silencing of
the 20A-X GFP reporter is, at least in part, mediated by Piwi. Overall, our results indicate
that 20A-X gradually establishes its ability to generate piRNAs over eight generations if
maternal 20A-X piRNAs are transmitted to the progeny in each generation.

Maternal siRNA triggers activation of piRNA cluster in the progeny

To test the role of siRNAs in piRNA cluster activation, we crossed males carrying the 20A-
X locus with heterozygous females carrying dsGFP constructs harboring simple inverted
repeats that generate siRNAs (Fig. 6A). As seen before, paternal transmission of 20A-X

led to release of GFP repression in the germline of the progeny (Fig. 6B). However,

GFP remained repressed in progeny that carried maternally inherited dsGFP constructs.
Remarkably, a similar level of GFP repression was also observed in sibling progeny that did
not inherit the dsGFP construct from their mothers, indicating that the presence of cognate
siRNAs in the mothers was sufficient to activate repression in progeny (Fig. 6B).

To further explore the role of siRNAs, we abrogated the siRNA pathway either in the
mothers or in the progeny using Ago2 mutation (Fig. 6C). In flies, Ago2 is required

for the stability and function of siRNAs and its mutation completely disrupts the sSiRNA
pathway 15, GFP repression was strongly disrupted and piRNAs mapping to the reporter
decreased in the progeny of Ago2-deficient mothers, confirming that piRNA production
and reporter silencing depends on trans-generational cytoplasmic transmission of sSiRNA
(Fig. 6D). In contrast, Ago2-deficient progeny that inherited siRNA from their heterozygous
mothers show strong GFP repression. We note that in the absence of maternal Ago2, the
presence of zygotic dsGFP led to slightly reduced GFP expression (Fig 6D), implying
that that zygotic siRNAs are capable of triggering piRNA biogenesis and repression albeit
less efficiently than maternal siRNAs. Taken together, these results indicate that initiation
of 20A-X repression in the progeny requires trans-generational inheritance of cytoplasmic
siRNAs, while the siRNA pathway is dispensable for maintenance of the repression.

To further analyze the effect of SIRNA on activation of 20A-X we cloned and sequenced
small RNAs. As expected, progeny that inherited the dsGFP construct had high level of
siRNAs targeting GFP (>100-fold increase compared to progeny with only paternal 20A-X)
(Fig. 6E). These abundant siRNAs were restricted to the GFP sequence, which forms
inverted repeats in the dsGFP construct. Interestingly, sibling progeny that inherited the
balancer chromosome instead of dsGFP also showed moderate (3~7-fold) increase in GFP
SiRNA level compared to flies with paternal 20A-X only. Remarkably, both the progeny
that inherited the dsGFP construct and their siblings that inherited the balancer chromosome
had elevated levels of piRNA mapping to the 20A-X reporter (Fig. 6E). piRNAs mapping

to the GFP sequence were 15-26-fold more abundant in progeny that inherited the dsGFP
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constructs and 5-12-fold more in progeny with the balancer chromosome when compared to
flies that only had the paternal 20A-X. However, even more remarkably, both progenies that
inherited dsGFP and those with the balancer chromosome had similar, 3 to 8-fold elevated
levels of piRNA produced from regions of 20A-X that are not targeted by GFP siRNAs.
This means that maternally contributed GFP siRNAs that target a portion of the 20A-X locus
were sufficient to induce piRNA generation from the entire 20A-X locus in the progeny. We
noted the presence of some piRNAs in GO flies that mapped to the SV40 part of the 20A-X
reporter in sense orientation and were unaffected by R4/ GLKD (Fig. 2E, 5F), suggesting
that they arise from the GFP-SV40 mRNA. It is unlikely that these piRNAs are involved in
triggering 20A-X piRNA production as repression and piRNA production only occurred in
progeny that inherited double-stranded GFP (dsGFP) (Fig. S4A). Finally, using ChIP-gPCR
we found that cytoplasmic inheritance of GFP siRNAs from the mother was sufficient to
trigger accumulation of H3K9me3 and Rhi on chromatin of paternally inherited 20A-X
(Fig. 6F). These results suggest that siRNAs can provide the initial trigger that converts the
20A-X locus into a dual-strand piRNA cluster.

Maternal siRNA triggers activation of another, unrelated piRNA cluster

The complexity of the 20A-X structure and its genomic location may make it unique.

To understand whether siRNA-induced cluster initiation is a general phenomenon and not

a peculiarity of the 20A-X locus, we took advantage of the only other de novo piRNA
cluster described, T1/BX227. Strains T1 and BX2 contain seven tandem copies of the
P-lacZ-White (pLacW) transgene inserted in the same genomic region (Fig. S5A), yet T1
produces abundant piRNAs, while BX2 does not?”. However, maternal piRNAs derived
from the T1 locus can convert the inactive BX2 region into a piRNA cluster, which after this
initial conversion is maintained through multiple generations. We first determined whether
paternal transmission of the T1 piRNA cluster leads to loss of piRNA production (Fig. 6G).
Consistent with our observations for the 20A-X locus, paternal transmission of T1 led to
loss of T1 piRNAs and siRNAs effectively inactivating its function as a piRNA cluster (Fig.
6H) and allowing us to use it to study de novo cluster establishment. Next, we crossed

male T1 flies with the ‘inactivated” T1 piRNA cluster to females expressing siRNAs against
the white gene in the germline (using a construct that expresses white double-stranded

RNA under control of the germline MT-GALA4 driver) and analyzed piRNA production

in the progeny (Fig. 6G). The presence of white siRNA in the mothers led to more than
5-fold increase in T1-mapping piRNA levels in the progeny compared to flies with only

the paternal T1 (Fig. 6H). Remarkably, this effect was independent of the inheritance of the
construct expressing the white double-stranded RNA in the progeny, i.e., the presence of
maternal siRNAs was sufficient to trigger piRNA biogenesis in the progeny. Furthermore,
we observed similar increase in piRNA level when females expressing the white SIRNAS in
the germline were crossed to BX2 males, even though BX2 was never active as a piRNA
cluster (Fig. 6H). These results indicate that induction of piRNA production by maternally
inherited siRNAs is a general phenomenon that can occur in different genomic and sequence
contexts, supporting our conclusions that SiRNAs provide the initial trigger for conversion of
homologous regions into dual-strand piRNA clusters.
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Discussion

siRNAs can provide initial trigger to activate piRNA biogenesis

As a system that protects the genome against selfish genetic elements, the piRNA pathway
has to be able to adapt to new invader elements. Previous studies have revealed mechanisms
to store information about genome invaders in piRNA clusters and to maintain piRNA
biogenesis through a positive feedback loop that involves trans-generational cytoplasmic
transmission of piRNAs26:27, However, the question of how the pathway adapts to new
TEs and starts creating piRNAs against novel threats remained unresolved. One possibility
for adaptation is the integration of new transposons into pre-existing piRNA clusters,
which would lead to generation of novel piRNAs (Fig 7), a process that has been

modeled experimentally26:37 and observed naturally38:39, Other studies suggest that entire
new piRNA-generating regions can arise in evolution, providing another mechanism for
acquiring immunity against novel elements#C. piRNA cluster regions are extremely labile
in Drosophila evolution, suggesting frequent acquisition and loss of piRNA clusters?©,
The spontaneous formation of novel piRNA clusters from transgenic sequences has been
observed?’.

The finding that sSiRNAs can activate piRNA biogenesis provides an explanation for how
immunity to new transposons can be established through initial detection of new element by
the siRNA pathway, which then triggers a stable piRNA response. In contrast to the piRNA
pathway that relies on genetic and epigenetic memory to recognize its targets, the SiRNA
pathway uses a simple rule for self/non-self-discrimination. Transposons often generate
both sense and antisense transcripts that form dsRNAs, which are recognized by Dicer and
processed into siRNAs, providing a simple yet efficient mechanism to discriminate mobile
genetic elements from host genes. Indeed, the siRNA pathway has well-established functions
in recognizing and suppressing both endogenous (transposons) and exogenous (Viruses)
invader genetic elements in all eukaryotic lineages. As both pathways target foreign genetic
elements*142, siRNAs provide an ideal signal to activate piRNA biogenesis against novel
invaders.

Our results indicate that sSiRNAs are important to jump-start piRNA cluster activity but are
dispensable later (Fig. 6). Consistent with siRNAs being dispensable for maintenance of
piRNA biogenesis, a previous study showed that sSiRNAs are not required for the activity of
an artificial piRNA cluster?”. Our results and the previous findings suggest a two-step model
of cluster activation (Fig. 7): during the first step siRNAs activate piRNA generation from
cognate genomic regions, while during the second step continuous generation and maternal
inheritance of piRNAs reinforces piRNA biogenesis making siRNAs dispensable.

The precise molecular mechanism by which siRNAs trigger piRNA biogenesis remains to
be understood. The cleavage of complementary transcripts by siRNAs (Fig. 5G) creates
aberrant RNAs with 5’-monophosohorylated ends, which are good substrates for the
cytoplasmic piRNA processing machinery suggesting that siRNA-induced cleavage of
complementary transcripts generates substrates for piRNA processing. Cytoplasmic piRNA
processing, in turn, generates piRNAs that are loaded into the three piwi proteins, including
the nuclear Piwi protein*3-45. As the nuclear Piwi/piRNA complex guides establishment of
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the H3K9me3 mark and Rhi deposition23, our model provides a plausible mechanism for
how cytoplasmic siRNAs are capable of inducing chromatin changes that are associated with
piRNA cluster activation (Fig. 7).

Genomic requirements for piRNA cluster function

Not every region that generates self-targeting siRNAs turns into a piRNA cluster, indicating
that sSiRNAs might be necessary but not sufficient to convert a region into a piRNA cluster.
The extended length and repetitive nature seems to be important for de novo establishment
of clusters. The extended repetitive organization might be required for maintenance of

the RDC chromatin compartment. piRNA clusters are enriched in the heterochromatic
H3K9me3 mark and the RDC complex that binds this mark18:19.22.26:46 | jke HP1, Rhi

is capable of self-interactions through its chromo and chromo-shadow domains and these
interactions are required for formation of RDC compartments and the function of piRNA
clusters26:46, We postulate that the combination of the extended length and the presence

of tandem repeats might be necessary to form a stable RDC chromatin compartment.
Establishment of such a region that is capable of maintaining RDC-rich heterochromatin
might be the first step in developing piRNA immunity to a new element (Fig. 7).

LIMITATIONS OF THE STUDY

To understand de novo formation of piRNA clusters we used artificial (transgenic)

clusters and propose that the mechanisms by which natural clusters form are similar.

We had to limit our studies to artificial clusters because it is impossible to eliminate
pre-existing piRNAs that map to natural clusters. As we only know of two examples of
artificial clusters, it is difficult to understand the exact structural requirements for piRNA
clusters. The two artificial clusters used in this study are large and repetitive loci that

were generated by spontaneous sequence re-arrangements rather than deliberate design.
Hopefully, further development of transgenic technologies will enable the design large
transgenes to comprehensively dissect the structural requirements for the formation of new
piRNA loci.

STAR Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by Alexei Aravin (aravin@caltech.edu).

Materials availability—D. Melanogaster strains and plasmids generated by this study
(key resources table) are available on request from the lead contact.

Data and code availability

. Libraries generated from this study are deposited in GEO under accession codes
GSE193091. Pol Il ChIP-seq data analyzed in this study were from GSE43829%
and GSE9771916. The original images have been deposited at Mendeley: DOI:
10.17632/d65h9pttby. 1.
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. The scripts and code are available on DOI:10.5281/zenodo.8351702.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Drosophila stocks—All fly lines used in this study are listed in key resources table. Flies
were raised at 25°C.

Transgenic flies—To make the Ubi-GFP-NLS-SV40 reporter, Ubiquitin promoter, GFP-
NLS and SV40 were PCR amplified and PCR products were assembled into the EcCoR1

and BamH1 digested pBS-KS-attB1-2 vector by Gibson Assembly. The recombinant vector
was integrated into three genomic sites chrX: 21522657 dm6 (20A, BDSC #50496), chr2R:
6338399 dm6 (42AB, BDSC #43121) and chr3L: 7575013 dm6 (66A6 control, BDSC
#38579). To make the Ubi-GFP(sense)-NLS-GFP(antisense)-SV40 fly, antisense GFP was
amplified by PCR and digested with Bglll and Eagl, then ligated into the Bglll and Eagl
double-digested Ubi-senseGFP vector. Recombinant vectors were integrated into genomic
site chrX: 21522657 dm6 (20A, BDSC #50496) and chr3L: 7575013 dm6 (66A6 control,
BDSC #38579). All constructs were injected by Bestgene.

20A-X and 20A promoter deletion gRNAs were designed using CRISPR Optimal Target
Finder and synthesized by IDT. Oligos were cloned into the pCFD5 vector by Gibson
Assembly as described 48. The DNA oligos sequences are shown below:

20A-X deletion gRNA sequence

Forward:
GCGGCCCGGGTTCGATTCCCGGCCGATGCATTGAAGCTCCCACGAAGTTAGTTTT
AGAGCTAGAAATAGCAAG

Reverse:
ATTTTAACTTGCTATTTCTAGCTCTAAAACTAGTTGACGAGTGTCCGCTTTGCACCA
GCCGGGAATCGAACCC

20A promoter gRNA sequence
Forward:

GCGGCCCGGGTTCGATTCCCGGCCGATGCAACTACGTTACTAAGCATTTGGTTTTA
GAGCTAGAAATAGCAAG

Reverse:
ATTTTAACTTGCTATTTCTAGCTCTAAAACGATGTCCAAACTTGCAATTTTGCACCA
GCCGGGAATCGAACCC

All transgenic constructs were inserted into the attP40 landing site at 25C6 (y1lw67c23;
P[CaryP]attP40) on the 24 chromosome and attP2 landing site at 68A4 (ylw67c23;
P[CaryP]attP2) on the 3™ chromosome, unless specifically mentioned. To obtain 20A
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promoter deletion flies, flies carrying gRNAs were crossed with Nos-Cas9 flies (CAS-0001,
NIG-FLY). Individual progenies were screened to verify the promoter deletion by genomic
PCR followed by sanger sequencing. Transgenic flies used in this study are listed in key
resources table.

METHOD DETAILS

RNA HCR-FISH—The HCR-FISH RNA protocol was adapted from a previous
protocol9:50, Fly ovaries were dissected in cold PBS and subsequently fixed in 300 pl of
fixation solution containing 4% paraformaldehyde and 0.15% Triton X-100 in PBS at room
temperature. After fixation, the samples underwent three washes with PBX solution (PBS
with 0.3% Triton X-100) for a duration of 5 min each at room temperature. The samples
were then dehydrated in 500 pl of 70% ethanol and were allowed to permeabilize overnight
at 4°C while placed on a nutator. Following permeabilization, the samples were rehydrated
in 500 pl of wash buffer (consisting of 2 x SSC, 10% [v/v] formamide) for 5 min at

room temperature. Subsequently, they were pre-hybridized in 500 ul of hybridization buffer
(containing 50% formamide, 5x SSC, 9 mM citric acid pH 6.0, 0.1% Tween 20, 50 pg/ml
heparin, 1x Denhardt’s solution, 10% dextran sulfate) for a duration of 30 min at 37°C.
After pre-hybridization, the samples were exposed to the hybridization solution that included
2 pmol of each probe and incubated for a period of 12-16 hours at 37°C. The samples
underwent a series of washes: four times with 500 pl of probe wash buffer (comprising
50% formamide, 5x SSC, 9 mM citric acid pH 6.0, 0.1% Tween 20, 50 ug/ml heparin)

for 15 min each at 37°C, three washes with 5 x SSCT (5x SSC with 0.1% Tween 20) for

5 min each at room temperature. Samples were then incubated in 500 pl of amplification
buffer (5x SSC, 0.1% Tween 20, 10% dextran sulfate) for 30 min at room temperature.
Hairpin H1 and hairpin H2 were each prepared separately by incubating them at 95°C for
90 seconds and then allowing them to cool to room temperature in the dark for 30 min.
Samples were incubated with the hairpin solution for a duration of 12-16 hours in the dark
at room temperature. After hairpin incubation, samples were washed with 500 pl of 5x
SSCT at room temperature in the following sequence: 2 times for 5 min each, 2 times for
30 min each, and 1 time 5 min.The probes were designed and synthesized by Molecular
Technologies and Alexa594 was used for probe detection. Images were acquired using the
ZEISS LSM880 and data was processed using Zen software. Scale bar is 20um and 2um for
egg chamber and single nurse cell nuclei, respectively. Images were taken using the same
settings for all constructs.

ChlP-seq and ChIP-gPCR—AII ChIP experiments were performed based on previous
descriptionl”:51, Approximately 100 dissected fly ovaries were fixed with 1.8%
formaldehyde in PBS for 10 min at room temperature. Subsequently, glycine (25 mM final
concentration) was used to quench the fixation for 5 min at room temperature. The samples
were then dounced and sonicated in lysis buffer (20 mM Tris-Cl (pH 7.4), 150 mM NacCl,
0.35% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, EDTA-free protease inhibitor, 10 mM
NaF, and 0.2 mM Na3zVO,). Sonication was conducted using a Bioruptor (Diagenode) at
high power for 30 cycles (30 seconds on, 30 seconds off). Subsequently, two volumes of
lysis dilution buffer (20 mM Tris-Cl, pH 7.4, 150 mM NaCl, EDTA-free protease inhibitor,
10 mM NaF, and 0.2 mM Na3zVO,) were added. The samples were then centrifuged, with
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inputs saved, and the remaining supernatants were incubated with the appropriate antibody
at 4°C overnight. After this incubation, pre-cleared beads (pre-treated with 10 mg/mL BSA
and 10 pg salmon sperm DNA) were added to the supernatants and further incubated at 4°C
for 3 hours. Subsequently, the samples were washed five times with LiCl buffer (10 mM
Tris-Cl, pH 7.5, 500 mM LiCl, 1% NP-40, 1% sodium deoxycholate). The purified DNA
was eluted with 100 pg of proteinase K in proteinase K buffer (200 mM Tris-Cl, pH 7.4,

25 mM EDTA, 300 mM NacCl, 2% SDS) at 55°C for 3 hours, followed by an additional
incubation at 65°C overnight. Finally, the eluted DNA was purified using phenol-chloroform
extraction followed by ethanol precipitation. SYBR Green gPCR was performed by using
MyTaq HS Mix (BioLine). CT values were calculated from technical duplicates. All ChlIP-
gPCR were normalized to respective inputs and to control region rp49. ChIP-qPCR were
performed on a Mastercycler®ep Realplex PCR thermal cycler machine (Eppendorf), All
gPCR primers are listed in key resources table. ChlP-seq libraries were generated using

the NEBNext ChlIP-Seq Library Prep Master Mix Set. All libraries were sequenced on the
Illumina HiSeq 2500 platform (SE 100 bp reads).

Small RNA-seg—Total RNA was isolated from dissected ovaries using TRIzol
(ThermoFisher #15596018). 4pg total RNA was loaded onto a 15% polyacrylamide gel and
small RNA between 19 and 29 nt in length was excised and isolated, treated with 200 mM
Sodium periodate at 25°C for 30min for the oxidized samples shown in Fig. 3H, S2F and
S2G. Size selected small RNA was ethanol-precipitated and small RNA library constructed
using the NEBNext small RNA library preparation set (#E7330S). Libraries were sequenced
on the Illumina HiSeq 2500 platform (SE 50-bp reads).

RT-qPCR—Around 20 ovaries were dissected and homogenized in 1mL TRIzol
(ThermoFisher #15596018) and total RNA was extracted following the manufacturer’s
recommendation. DNase | treatment and reverse transcription was performed from 1pg

total RNA starting material, using DNase | and SuperScript 111 (Invitrogen) following

the manufacturer’s recommendation. gPCR was performed by using MyTag HS Mix
(BioLine) contain SYBR Green on a Mastercycler®ep Realplex PCR thermal cycler machine
(Eppendorf). CT values were calculated from technical duplicates. All g°PCR data were
normalized to the rp49 mRNA expression. All gPCR primers are listed in key resources
table.

DNA FISH—Polytene chromosomes DNA FISH was performed as previously
described®253 with the following modifications. Salivary glands were dissected from 3'd
instar larvae and fixed in fixation buffer (3.7% Formaldehyde, 1% Triton X-100 in PBS,
pH 7.5) for 5 min, then transferred into solution (3.7% Formaldehyde, 50% acetic acid)
for 2 min on the cover slip. Cover slip was put on poly-L-lysine coated microscope slide
and chromosomes were spread and quashed by gently moving the cover slip back and
forth followed by pressure applied to the cover slip by thumb. Slides were flash frozen in
liquid nitrogen to remove cover slip and submerged in PBS for 10 min followed by three
5 min washes in 2x SSC. Samples were dehydrated by 5 min incubations twice in 70%
ethanol and twice in 96% ethanol, followed by air-drying slides. Slides were incubated in
2x SSC for 45 min at 70°C and dehydrated again as described above. To denature the DNA,
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slides were incubated in 100 mM NaOH for 10 min, washed three times with 2x SSC

and dehydrate as described above. Slides were incubated in hybridization buffer (2X SSC,
10% dextran sulfate, 50% formamide, 0.8 mg/mL salmon sperm DNA) for 5 min at 80°C
and snap cooled on ice. DNA FISH probes were prepared following the manufacturer’s
recommendations (ThermoFisher # F32947 and F32949) using the BAC construct (BACPAC
Resources #CH322-184J4) as probe template for 20A (Alexa 594) and the original reporter
vector (non-RMCE) as probe template for the GFP reporter (Alexa 488). Probes pre-warmed
to 37°C were loaded on the slides, covered with cover slip, sealed with rubber cement and
incubated in a dark and humid chamber at 37°C overnight. Slides were washed in 2x SSC
three times at 42°C and once at RT, 5 min each time followed by DAPI staining for 10

min and two washes in PBS. Slides were mounted with mounting medium (Vector Labs
#H-1000). Images were acquired using the ZEISS LSM880.

Bioinformatic analysis—ChlP-seq processing and mapping. Trimmomatic (version
0.33)>* and cutadapt (version 1.15)°° were used to trim off adaptors and filter out those
shorter than 50 nt after trimming. The first 50 nt from each read were mapped to dm3
genome and vector sequence respectively, using Bowtie%® (version 1.0.1, parameters:

-v 2 -k 1 -m 1 -t —best -y --strata). After mitochondria reads were removed, aligned

reads were then used to generate piled-up RPM signals and enrichment profiles by our
customized scripts and deepTools®”. Regions blacklisted by ENCODE®8 were excluded from
enrichment analysis. Read counts over equal-sized bins were calculated using deepTools2
and BEDOPS®9, and figures were made using MATLAB.

To map fusion read, the first 20 nt and full length of the reads were mapped to vector
sequences using the aforementioned bowtie settings. Reads where the first 20nt mapped to
vector sequences but the full length did not were selected. The last 20 nt of such reads
was mapped to the reference genome with the same settings. Mappable reads among these
were considered fusion reads between the vector and genome which were used to identify
insertion location.

For small RNA-seq analysis, Trimmomatic and cutadapt were used to trim off adaptors and
filter out reads shorter than 20 nt after trimming. We then extracted reads of have specific
lengths were extracted: 21-22 nt (siRNA), 23-29 nt (piRNA) and 21-30 nt (small RNA).
The selected reads were mapped to the dm6 genome using Bowtie (parameters: -v 0 -a -m

1 -t --best --strata). After mitochondrial reads were removal, deepTools2 and BEDOPS were
used to calculate read counts over equal-sized bins. Ping-pong signature was inferred using
a published method®0. Reporter coverage was calculated based on 10 nt bin size, and figures
were made using MATLAB.

QUANTIFICATION AND STATISTICAL ANALYSIS

Phasing analysis was performed as described previously3® with the following modifications.
The selected 23—-29bp reads were mapped to the vector sequence. Considering only pairs

of nonoverlapping (d > 0) piRNA reads on the same strand, the distribution of head-to-tail
distances (d, ;) were calculated. We focused on the distance distributions between Obp and
50bp and normalized by linearly scaling (P) or standardization (Z).
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dij=Rj1 — Ri»
C,= Z[d,’/. = d]
i,j
Pld=X)= — X
Xx-0Cx
Zd=X)= Cx = Cxp<xsm .
\/Zo<xszo(CX - CX|0<X520)
20

Where R, and R, , are the left and right coordinates of a mapped read and C, is the frequency
of head-to-tail distances.

Then, considering only the pairs of piRNA reads that are not sharing the 5’ end, within
200bp range (0 < D < 200), and on the same strand, the distribution of head-to-head distances
(Di,j) were calculated.

DI,/'|+ =R 1— R,

Di.j|— = R/.z - Ri,z

Car = Z[Di.fH = D]
l’./

Ca- = 2Dy = D
i

Where R, and R, are the left and right coordinates of of a mapped read, C, is the frequency
of head-to-head distances.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A transcribed repetitive transgene is spontaneously converted into a piRNA
cluster
. Establishment of piRNA cluster requires inheritance of cognate small RNA
from mothers
. siRNAs initiate the formation of piRNA cluster, but are dispensable after its

establishment
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Figure 1. Reporters integrated in uni- and dual-strand clusters have different expression and
effects on cluster activity.

(A) Scheme of reporter integration into piRNA clusters using recombinase-mediated cassette
exchange (RMCE) to replace Minos-mediated integration cassettes (MiMIC).

(B) Profiles of the dual-strand cluster 42AB (top) and uni-strand cluster 20A (bottom).
Shown are profiles of uniquely-mapping piRNAs, positions of the putative promoter (Pol 11
ChIP peak) of the 20A cluster and positions of the reporters. Position of primers used in Fig.
1G are indicated by solid lines.

(C) Expression of reporters integrated in 20A and 42AB clusters. Expression of GFP
protein and sense and antisense RNA in flies with reporter insertions in the 20A and 42AB
clusters. The 42AB reporter generates transcripts from both strands and both sense and
antisense RNA are localized in the nucleus. Scale bar is 20um and 2um for egg chamber and
single nurse cell nuclei, respectively.

Mol Cell. Author manuscript; available in PMC 2024 November 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Luo et al.

Page 25

(D) piRNAs and siRNA are generated from the reporter in the 42AB cluster, but not
the reporter inserted into 20A or the control locus. Error bars indicate standard deviation
of two biological replicates.

(E) Knockdown of Zuc eliminates 42AB reporter piRNA. Error bars indicate standard
deviation of two biological replicates.

(F) Derepression of 42AB reporter expression upon Zuc GLKD. Shown are GFP protein
expression and FISH signal for both strands of the reporter.

(G) Ovarian expression of the 20A cluster is suppressed upon reporter integration.
(Left) 20A cluster transcripts were measured by RT-gPCR. Error bars indicate the standard
deviation of three biological replicates. (Right) Expression of 20A cluster piRNA. Error bars
indicate standard deviation of two biological replicates.
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Figure 2. An unusual reporter insertion in the 20A cluster is a dual-stand piRNA cluster that
generates piRNAs in a Rhi-dependent manner

(A) The 20A-X reporter is silenced in the germline after several months of maintaining
this line. Top: GFP protein in ovaries of 20A[+] and 20A-X flies at different times after the
establishment of lines. Bottom: GFP protein and sense RNA expression in flies 14 months
(20A reporters) and 1 month (42AB[-]) after the establishment of lines.

(B) 20A-X generates piRNAs in a Zuc-dependent manner. Error bars indicate standard
deviation of two biological replicates.

(C) Zuc knockdown releases 20A-X repression in the germline. Shown are expression
of GFP protein and sense RNA in control (white GLKD) and upon Zuc GLKD driven by
nos-GALA4.

(D) 20A-X, but not other 20A reporters are enriched in Rhino and the H3K9me3
mark. Rhino ChlP-seq profiles (mean of two biological replicates) on the reporters and 1
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kb flanking regions (left). Rhino and H3K9me3 enrichment were determined by ChIP-qPCR
(right). Error bars indicate the standard deviation of three biological replicates.

(E) Rhino knockdown reduces 20A-X piRNA and releases its silencing in the germline.
piRNA profiles in control flies (white GLKD) and upon RA/GLKD driven by nos-GAL4
(left). Error bars indicate the standard deviation of two biological replicates. GFP protein
expression upon Rhi GLKD (right).
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Figure 3. The 20A-X locus contains rearranged, multi-copy reporter sequences

5 10 19 21 23 25 27 29

(A) Determining reporter orientation by genomic PCR. 20A-X has the same minus-

strand orientation as the 20A[-] reporter.
(B) 20A-X is located in a single site in the 20A region. DNA FISH on polytene

chromosomes using probes against the reporter (green, Cy488) and the 20A cluster (red,
Cy594). Probes against the reporter detected two locations: one co-localizes with the 20A
cluster signal, the other signal is localized on chromosome 3L where the native ubiquitin

gene resides.

(C) Verification of the 20A-X insertion site by CRISPR deletion. Detection of reporter
sequences using qPCR (left) shows absence of reporter in flies with the deletion. No GFP

expression is detected in flies with the deletion (right).
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(D) 20A-X includes plasmid backbone sequence. (Top) Profiles of whole-genome DNA-
seq reads. Only 20A-X flies harbor plasmid backbone sequence. (Bottom) piRNA profiles
over the reporter sequence. Profiles represent a mean of two biological replicates.

(E) 20A-X contains multiple copies of reporter sequence. Different portions of the
reporter sequence were measured by genomic gPCR. Error bars indicate standard deviation
of three biological replicates.

(F) Reporter sequence rearrangements in 20A-X. Three abnormal sequence junctions
were detected in the 20A-X sequence by DNA-seq, Sanger sequencing PCR-amplified
genomic DNA.

(G) Deletion of the 20A cluster promoter does not affect activity of 20A-X. The putative
promoter of the 20A cluster was deleted using CRISPR/Cas9 (A20A) in wild-type and
20A-X flies. RT-gPCR shows a dramatic reduction of cluster transcripts in flies with the
deletion. Error bars indicate standard deviation of three biological replicates.

(H) Inverted repeat reporters generate abundant endo-siRNA, but not piRNA. Scheme
of the inverted repeat dsGFP reporter. Shown are small RNA profiles (19-30 nt) along the
reporter sequence in ovaries of flies with reporter integration into the 20A cluster and the
control region (66A6). Shown on the right are size distributions and nucleotide composition
of reporter mapping small RNAs.
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Figure 4. piRNA-induced repression of the 20A-X reporter depends on maternal transmission of
cognate piRNAs.

(A) 20A-X repression is released after paternal transmission. Scheme of crosses to test
effects of maternal and paternal transmission of 20A-X. Shown are GFP and sense and
antisense RNA expression in ovaries and testes of the progeny.

(B) GFP RNA expression increases after paternal transmission of 20A-X. RT-gPCR

of GFP RNA in progenies from the two crosses in (A). Error bars indicate the standard
deviation of three biological replicates.

(C) 20A-X piRNA level drops after paternal inheritance. Shown are piRNA and siRNA
profiles along the reporter sequence in progeny from the two crosses shown in (A).
Bargraphs on the right show number of piRNA and siRNA reads mapping to the reporter.
Error bars indicate standard deviation of two biological replicates.

(D) Rhino and H3K9me3 are lost on 20A-X chromatin after paternal transmission.
The levels of Rhino and H3K9me3 on chromatin were measured by ChIP-gPCR. Error bars
indicate the standard deviation of three biological replicates.

(E) Cytoplasmic piRNA inheritance is sufficient for repression of paternally
transmitted 20A-X. Scheme of crosses to test the effect of maternal piRNA inheritance

on repression of paternally transmitted 20A-X. Error bars indicate standard deviation of two
biological replicates.
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Figure 5. piRNA cluster is established over several generations.
(A) Establishment of 20A-X repression over several generations. Shown are GFP protein

and RNA expression in 20A-X flies 1 and 14 months after establishment of the line.

(B) 20A-X piRNA level increases over several generations. Shown are ovarian reporter-
mapping piRNA and siRNA profiles 1 and 11 months after establishing the 20A-X line.
Error bars indicate standard deviation of two biological replicates.

(C) Ping-pong signature of 20A-X-mapping piRNAS increases over several generations.
Shown are Z-scores indicating ping-pong signature of 20A-X piRNAs. Z-scores of DOC
transposon piRNA are shown for comparison. Error bars indicate standard deviation of two
biological replicates.

(D) Recovery of 20A-X repression after paternal transmission. Scheme of crosses to
monitor 20A-X after its paternal transmission (left). After paternal transmission in the first
cross (G0), 20A-X is inherited maternally in each subsequent generation (G1-G8).
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(E) Accumulation of 20A-X repression over several generations. In each fly germline
GFP expression was determined and assigned one of three values: ‘silenced’ indicates
complete lack of expression, ‘active’ indicates expression in the majority of germline nuclei,
while ‘mixed’ indicates variable expression between individual egg chambers. Plotted is

the fraction of ovaries with corresponding expression pattern in each generation. Error bars
indicate the standard deviation of three biological replicates.

(F) Accumulation of 20A-X piRNAs over several generations. Shown are profiles of
20A-X piRNAs and siRNAs in different generations. In G3, ovaries were separated in

three groups according to GFP expression as described in (E). Error bars indicate standard
deviation of two biological replicates.

(G) siRNAs recognize and cleave reporter transcripts in the GO generation. Degradome-
seq and siRNA data were analyzed to search for cleavage sites. One example of a 10 nt
overlap between siRNAs and a cleavage product was detected.

(H) Accumulation of Rhino and H3K9me3 on 20A-X chromatin. Rhino and H3K9me3
levels on chromatin were measured by ChIP-gPCR in ovaries of GO and G8 generation.
Error bars indicate the standard deviation of three biological replicates.
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Figure 6. Cytoplasmic inheritance of siRNAs activates piRNA biogenesis in the progeny
(A) Crossing scheme to test the role of siRNAs in triggering 20A-X repression. Progeny

that inherited the dsGFP locus and those that did not were compared.

(B) Cytoplasmic inheritance of siRNAs triggers 20A-X repression in the progeny. GFP
expression in progenies of each genotype was assessed by fluorescent microscopy (top) and
assigned one of the three values as described in Fig. 5E (bottom). N indicates the number of

ovaries analyzed for each genotype.

(C) Crossing scheme to test the role of Ago2 in 20A-X repression. Crosses are similar to
crosses shown in (A) except of the presence AgoZ2 mutation either in mothers or the progeny.
(D) Triggering of 20A-X repression by trans-generational siRNAs depends on a
functional siRNA pathway in the mothers, but not in the progeny. Analysis of GFP

expression in progenies of crosses shown in (C).
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(E) Cytoplasmic inheritance of siRNAs activates piRNA production in the progeny.
Shown are profiles of piRNAs and siRNAs in progenies of crosses shown in (A). Error bars
indicate standard deviation of two biological replicates. Statistical significance is estimated
by two-tailed Student’s t-test; *p<0.05, **p<0.01.

(F) Cytoplasmic siRNA inheritance is required for accumulation of H3K9me3 and

for Rhino recruitment. Rhino and H3K9me3 levels were measured by ChIP-gPCR in
progenies of crosses shown in (A). Error bars indicate the standard deviation of three
biological replicates.

(G) Crossing scheme to test the role of siRNAs in triggering T1/BX2 piRNA cluster
formation.

(H) Inheritance of White siRNAs triggers T1/BX2 piRNA production in the progeny.
Shown are profiles of piRNAs and siRNAs in progenies from crosses shown in (G). The
green boxes indicate the dsWhite target region. Error bars indicate standard deviation of two
biological replicates.
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Figure 7. A model for siRNA-triggered activation of piRNA immunity
Top: piRNA production to a new TE invader can be induced by different mechanisms. TEs

can integrate into existing clusters. Alternatively, new clusters can arise from TE insertions
de novo without pre-existing piRNAs. Bottom: Proposed model for siRNA-induced de novo
piRNA cluster formation. Newly inserted transposable elements generate double-stranded
RNA leading to siRNA production. Ago2-bound siRNAs can then recognize and cleave
targets, generating the 5’ end of RNAs that are processed into piRNAs (left). Transposition
events can lead to genomic rearrangements and formation of proto-clusters. Piwi-piRNA
complexes recognize cognate sequences in the proto-cluster, leading to the recruitment

and deposition of Rhino and conversion into a bona fide cluster that can sustain piRNA
production in an siRNA-independent manner (right).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal to Histone H3 (tri methyl K9) Abcam Cat# ab8898;

RRID:AB_306848

Rabbit polyclonal to Rhino Mohn et al.18 N/A

Bacterial and virus strains

Biological samples

Chemicals, peptides, and recombinant proteins

TRIzol™ Reagent Thermo Fisher Scientific Cat# 15596018

16% Formaldehyde (w/v), Methanol-free Thermo Fisher Scientific Cat# 28908

Poly-D-Lysine Thermo Fisher Scientific Cat# A3890401

Formamide Thermo Fisher Scientific Cat# 17899

Dextran sulfate sodium salt

MilliporeSigma

Cat# D8906-5G

Denhardt’s Solution

Thermo Fisher Scientific

Cat# 750018

Heparin sodium salt MilliporeSigma Cat# H3149-10KU
Triton X-100 MilliporeSigma Cat# X100-100ML
TWEEN 20 MilliporeSigma Cat# P1379-100ML

NP-40 Surfact-Amps Detergent Solution

Thermo Fisher Scientific

Cat# 85124

Sodium deoxycholate MilliporeSigma Cat# D6750-10G
Sodium dodecyl sulfate MilliporeSigma Cat# L3771-100G
Sodium fluoride MilliporeSigma Cat# 201154-5G
Sodium orthovanadate MilliporeSigma Cat# S6508-10G
Salmon Sperm DNA Solution Thermo Fisher Scientific Cat# 15632011
EDTA-free Protease Inhibitor Cocktail MilliporeSigma Cat# 11873580001

Antifade Mounting Medium

VECTASHIELD

Cat# H-1000-10

Critical commercial assays
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REAGENT or RESOURCE SOURCE IDENTIFIER
FISH Tag DNA Green Kit, with Alexa Fluor 488 dye Thermo Fisher Scientific Cat# F32947
FISH Tag DNA Red Kit, with Alexa Fluor 594 dye Thermo Fisher Scientific Cat# F32949
SuperScript 111 Reverse Transcriptase Thermo Fisher Scientific Cat# 18080093
NEBNext Small RNA Library Prep Set for lllumina New England Biolabs Cat# E7330S
NEBNext ChIP-seq Sample Prep Master Mix Set New England Biolabs Cat# E6240

Deposited data

Original images for Figures This paper Mendeley Data: DOI:
10.17632/d65h9ptthy.1

Raw and analyzed sequence data This paper GSE193091

Scripts and code This paper DOI:10.5281/zenodo.8351702

Experimental models: Cell lines

Experimental models: Organisms/strains

D. melanogaster integration strain: pUbi > eGFP-NLS 20A[-] This paper N/A

D. melanogaster integration strain: pUbi > eGFP-NLS 20A[+] This paper N/A

D. melanogaster integration strain: pUbi > eGFP-NLS 20A-X This paper N/A

D. melanogaster integration strain: pUbi > eGFP-NLS 42AB[-] This paper N/A

D. melanogaster integration strain: pUbi > eGFP-NLS 66A6 This paper N/A

D. melanogaster integration strain: pUbi > eGFP(sense)-NLS- This paper N/A

GFP(antisense) 20A[-]

D. melanogaster integration strain: pUbi > eGFP(sense)-NLS- This paper N/A

GFP(antisense) 20A[+]

D. melanogaster integration strain: pUbi > eGFP(sense)-NLS- This paper N/A

GFP(antisense) 66 A6

D. melanogaster. y[1] w[*]; Mi{y[+mDint2]=MIC}MI107308 Bloomington Drosophila Stock BDSC #43121
Center

D. melanogaster. y[1] w[*] Mi{y[+mDint2]=MIC}MI108972 Bloomington Drosophila Stock BDSC #50496
Center

D. melanogaster. y[1] v[1]; P{y[+17.7] Bloomington Drosophila Stock BDSC #33623

V[+t1.8]=TRiP.HMS00017}attP2 Center

D. melanogaster. P{y[+t7.7] v[+t1.8]=TRiP.GL00041}attP2 Bloomington Drosophila Stock BDSC #35171
Center

D. melanogaster. y[1] sc[*] v[1] sev[21]; P{y[+t7.7] Bloomington Drosophila Stock BDSC #33724

V[+t1.8]=TRiP.HMS00606}attP2 Center

D. melanogaster. w; pW22>zuc_sh1[attp40]/CyO; Sb/TM3,Ser Vienna Drosophila Resource #313693
Center

D. melanogaster. w; ; pPGLKD>mael_sh1[attP2]/TM3,Sb; Vienna Drosophila Resource #313154

Center
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GACCGTTCCAGATTCGCTGC

REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster. UASt > double strand White Vienna Drosophila Resource #30033
Center

D. melanogaster. 20A-X deletion gRNA This paper N/A

D. melanogaster. A20A-X This paper N/A

D. melanogaster. 20A promoter gRNA This paper N/A

D. melanogaster. A20A promoter This paper N/A

D. melanogaster. A20A promoter 20A-X This paper N/A

D. melanogaster. attP40{nos-Cas9} NIG-FLY CAS-0001

D. melanogaster. w[*]; P{w[+mC]=matalpha4-GAL-VP16}V37 Bloomington Drosophila Stock BDSC #7063
Center

D. melanogaster. w[1118]; P{w[+mC]=GAL4::VP16- Bloomington Drosophila Stock BDSC #4937

nanos.UTR}CG6325[MVD1] Center

D. melanogaster. w[*]; AGO2[414] Kyoto Stock Center #109027

D. melanogaster. Rhi[2] Klattenhoff et al.22 N/A

D. melanogaster. Rhi[KG] Klattenhoff et al.22 N/A

D. melanogaster. w[*]; mael[r20]/TM3, Sb[1] Bloomington Drosophila Stock BDSC #8516
Center

D. melanogaster. Mael[391] Gift of Hannon lab N/A

D. melanogaster. T1/CyO de Vanssay et al.Z’ N/A

D. melanogaster. BX2/CyO de Vanssay et al.?’ N/A

Oligonucleotides

20A-X upstream qPCR F IDT N/A

GCCAGTAGTCGTCTCTCATTTATGC

20A-X upstream qPCR R IDT N/A

GCTGAAGCACTTGATTGCCAAC

20A-X downstream qPCR F IDT N/A

GCTTCCCATAAACCTCCCATGTG

20A-X downstream qPCR R IDT N/A

TCGTGGGAGCTTCAAGAGTATTGG

20A gPCR F IDT N/A

GCCTACGCAGAGGCCTAAGT

20A gPCRR IDT N/A

CAGATGTGGTCCAGTTGTGC

20A-X genomic A IDT N/A

ATGAGTTCAATTCGCTACTGCGAG

20A-X genomic B IDT N/A

ACTTCAACAGGAGCATACCGCTAC

20A-X genomic C IDT N/A

GTGCTTTCCCCGTGTGTGG

20A-X genomic D IDT N/A

CCGACAACCACTACCTGAGC

20A-X deletion A IDT N/A

GCCAGTAGTCGTCTCTCATTTATGC (Same as 20A-X upstream

gPCR F)

20A-X deletion B IDT N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pUbi gPCR F IDT N/A
TGCATTTCAAGGTCTTTGTTCGG

pUbi gPCR R IDT N/A
GCGAAAATCAACACGCAAGTTTT

GFP gPCRF IDT N/A
TACAACAGCCACAAGGTCTATATCA

GFP gPCR R IDT N/A
GGTGTTCTGCTGGTAGTGGTC

SV40 gPCR F IDT N/A
TGGTGGAATGCCTTTAATGAGGA

SV40 gPCR R IDT N/A
CCTTGGGGTCTTCTACCTTTCTC

ColE gPCR F IDT N/A
AACTATCGTCTTGAGTCCAACCC

ColE gPCR R IDT N/A
GTAGTTAGGCCACCACTTCAAGA

AmpR gPCR F IDT N/A
ACGATCAAGGCGAGTTACATGAT

AmpR gPCR R IDT N/A
TACGGATGGCATGACAGTAAGAG

Non-gene gPCR F IDT N/A
CCCCATTTCCAGACGAGTCC

Non-gene gPCR R IDT N/A
TGACGGCAATAAGGATGCGA

White gPCR 1 F IDT N/A
CACAATATGGACATCTTTGGGGC

White gPCR 1 R IDT N/A
CTGCGAATAGAAACTCACCGTTC

White qPCR 2 F IDT N/A
GAACGGTGAGTTTCTATTCGCAG

White qPCR 2 R IDT N/A
GATCGAAAGGCAAGGGCATTC

rp49 gPCR F IDT N/A
CCGCTTCAAGGGACAGTATCTG

rp49 gPCR R IDT N/A
ATCTCGCCGCAGTAAACGC

GFP sense probes Molecular Technologies 3066/A160
GFP antisense probes Molecular Technologies 4017/D577
GFP sense probes (co-FISH) Molecular Technologies 3743/D811
GFP antisense probes (co-FISH) Molecular Technologies 3743/D813

Recombinant DNA

BAC construct: 20A

BACPAC Resources

#CH322-184J4

pUbi-GFP-NLS-SV40

This paper

N/A

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

ZEN lite Zeiss https://www.zeiss.com/
microscopy/en/products/
software/zeisszen-lite.html

MATLAB MathWorks https://www.mathworks.com/
products/matlab.html

ImageJ National Institutes of Health https://imagej.net/downloads

Other
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