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ABSTRACT

The genome is a battleground, where different genetic elements vie for inheritance. In particular,
selfish genetic elements enhance their own transmission at the expense of host fitness, causing
intragenomic conflicts that must be resolved to protect host reproduction. To keep selfish genes in
check, animals employ several genome defense mechanisms, including the PIWI-interacting RNA
(piRNA) pathway, where small non-coding piRNAs guide PIWI proteins to find complementary
RNAs for silencing. While selfish genes are found across the tree of life, they are often sexually
dimorphic and lineage-specific. Yet, it remains poorly understood how sex- and lineage-specific
selfish genes are tamed by conserved genome defense mechanisms. To address this, | used the piRNA
pathway in Drosophila melanogaster as the model system to study sexual dimorphism and

evolutionary innovation in genome defense.

In this thesis, | first described my discovery of piRNA sexual dimorphism, which evolved in response
to the sex-specific selfish gene landscape. Next, | dissected the genetic basis and molecular
mechanisms that underpin piRNA sexual dimorphism, gaining mechanistic insights into how the
biological sex modifies the piRNA pathway to tame distinct selfish genes in two sexes. Pivoting to
evolutionary innovation, | discovered a novel piRNA locus on the Y chromosome, which | named
petrel, that silences the expression of an X-linked host gene, which | named pirate, implicating
piRNAs in resolving X-versus-Y sex chromosome conflicts. petrel piRNAs evolved very recently
after the split of D. melanogaster from its sibling species, highlighting a recent piRNA innovation
against a lineage-specific target. Finally, 1 described my discovery of a novel genome defense
protein factor, which I named Trailblazer, that tames a radically expanded selfish gene family,
Stellate. Mechanistically, Trailblazer is a germline transcription factor that, via recent innovation of
its DNA-binding domain, up-regulates the expression of two piRNA pathway effectors to
guantitatively match Stellate in abundance, indicating a new mode of defense innovation beyond

target-specific repressors.

Collectively, my thesis shows that the genomic battleground against selfish genes differs substantially
between sexes and across lineages, which selects for distinct innovations in the piRNA pathway
to control different selfish genes, thereby safeguarding genome integrity, animal fertility, and

species continuity.
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Chapter 1

INTRODUCTION
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Counter to our intuition and perhaps far from a harmonious place, the genome is a

battleground, where every bit of DNA has to fight for inheritance and evolutionary survival.
While most genes compete for inheritance by being “good citizens” of the genome—i.e.,

they help the host organism better survive and better reproduce, “hoping” that they would be
inherited—selfish genes, on the other hand, cheat the entire process by enhancing their own
propagation at the expense of the hosts. This results in the so-called intragenomic conflicts
between selfish genes and the rest of the genome, which are most severe in the germline, so
they must be resolved to protect host reproduction. To keep selfish genes in check, animals
employ several genome defense mechanisms, including the PIWI-interacting RNA (piRNA)

pathway, which is the focus of my thesis work.

At the core of the piRNA pathway, a small non-coding RNA, piRNA, guides the PIWI
protein to find complementary targets for silencing. In this context, the piRNA provides the
target specificity based on nucleotide sequence complementarity, whereas the PIWI protein
silences the target identified by its piRNA guide, e.g., via cleaving the target RNA. Even
though these core components of the piRNA pathway and their binary architecture are
conceptually simple, over 30 proteins have been identified to be dedicated to this single
pathway in the fruit fly, Drosophila melanogaster, alone, suggesting substantial elaborations
of, and innovations in, the genome-defending piRNA pathway during metazoan evolution.

However, the underlying driving force for such complexity remains largely unknown.
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In addition, most prior studies of the piRNA pathway, in any animal, have been focused on

one of the two sexes, leaving the piRNA biology virtually unexplored in the other sex. Given
that genome defense against selfish genes is most critical in the heritable genome in the germ
cell—arguably the most sexually dimorphic cell type—the piRNA pathway is very likely to
differ between sexes. Thus, to what extent, how, and why the piRNA pathway is sexually

dimorphic represent major gaps in our current knowledge of genome defense.

In this thesis, | sought to address two key questions of piRNA-guided genome defense:

sexual dimorphism and evolutionary innovation.

Thesis overview

In Chapter I, | described the makeup of the piRNA pathway and highlighted its diversity
and rapid evolution across metazoans. This is a review article invited by Molecular Biology

and Evolution, currently in preparation.

In Chapter 11, | described the first systematic definition of piRNAs in D. melanogaster
testis and substantial sexual dimorphism of the piRNA program in the fly gonads. | showed
that the sex-specific piRNA program parallels the sexually dimorphic transposon
landscape, suggesting an adaptation of the piRNA program to distinct transposon threats in
two sexes. In addition, | described the discovery of a new piRNA locus on the Y
chromosome, petrel, which evolved very recently to control the expression of an X-linked
gene, pirate, implicating the piRNA pathway in resolving X-versus-Y sex chromosome

conflicts. This also assigned a novel function to the D. melanogaster Y chromosome,
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which has been studied for over 100 years. Intriguingly, a different class of small RNAs,

SiRNAs, evolved in a sibling species to control the orthologous pirate gene,
suggesting phenotypic convergence where two distinct small RNA pathways were recruited
to tame a conserved gene in <3 million years of evolution. Chapter 11 is a research article

published in 2021 in Genes & Development.

In Chapter IV, | studied a protein complex called the Rhino-Deadlock-Cutoff (RDC)
complex, which licenses the non-canonical transcription of piRNA clusters in the
Drosophila germline. It was thought that the RDC complex was female-specific, raising
the question of how piRNA clusters are transcribed in the male counterpart. Challenging
this dogma, | showed that the RDC complex operates in the male germline but exhibits
several prominent sex differences. In particular, RDC differentially binds different piRNA
clusters to mount a sex-specific piRNA program in each of the two sexes. Furthermore,
RDC shows unique spatio-temporal dynamics during early spermatogenesis, activating
different piRNA clusters at different stages of male germline development. Chapter IV is a

research article published in 2021 in PLoS Genetics.

In Chapter V, | followed up with my discovery of piRNA sexual dimorphism in
Drosophila gonads and showed that most of it originates from the germline, rather than
gonadal somatic cells. Building on this, | dissected the underlying genetic control
mechanisms of germline piRNA sexual dimorphism. Specifically, | employed unique
genetic tools in Drosophila to independently manipulate sex chromosome compositions
and germline sex determination. | found that the Y chromosome is both necessary and
sufficient to recapitulate some aspects of the male piRNA program—in fact, the Y

chromosome can produce otherwise male-specific piRNAs in female cellular environments.
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On the other hand, by manipulating the sex determination pathway, | showed that sex

determination directly controls piRNA sexual dimorphism via the key switch protein, SxI.
The effect of cellular sexual identity on piRNA sexual dimorphism is mediated, in part,
through two chromatin proteins: a histone reader protein, Phf7, and a zinc finger
protein, Kipferl. Together, my work showed that the sex chromosome and cellular sexual
identity control different facets of piRNA sexual dimorphism, and it is their collective action
that sculpts the piIRNA sexual dimorphism. Chapter V is a research article published in

2023 in Current Biology.

In Chapter VI, | conducted a targeted in vivo RNAI screen and discovered a new piRNA
pathway factor that 1 named Trailblazer. Trailblazer specifically protects the male
germline against a male-specific selfish gene family, Stellate, representing the first piRNA
pathway machinery known to be specifically required for genome defense in male, but not
female, flies. Mechanistically, Trailblazer is a germline transcription factor that up-
regulates the expression of two piRNA pathway effectors— Aub and AGO3—thereby
silencing the highly abundant Stellate transcripts produced from the ampliconic Stellate
genes. The ability of Trailblazer to tune the piRNA pathway results from its recent
innovation in its DNA-binding domain, as a close ortholog from a sibling species that
diverged <3 million years ago is unable to substitute its function in D. melanogaster.
Based on these findings, | proposed a new mode of evolutionary innovation in genome
defense: quantitatively tuning the general, target-nonspecific defense machinery to match
selfish genes in abundance. Given that copy-number expansion is a recurrent feature of
diverse selfish genes found across the tree of life, | envision that this is likely a widespread
phenomenon and a central strategy in evolutionary battles against the expanding selfish

genes. Chapter V1 is a research article recently submitted for journal publication.






Chapter 2

RAPID EVOLUTION OF THE PIRNA PATHWAY

B.Chen, A. A. Aravin (2024).
Invited review for Mol Biol Evol; in preparation



Main Text

Introduction

In 1961, a peculiar observation was made under the microscope: needle- or star-shaped
crystals accumulate in the spermatocyte nuclei of Drosophila melanogaster XO males that
lack a Y chromosome . These crystals were only found in XO males, but never in XY. The
locus responsible for the production of these crystals was mapped to the X chromosome
and named “Stellate”, which describes things arranged in radiating patterns, after the shape
of crystals observed (1). Meanwhile, the Y-linked locus that suppresses the appearance of
these Stellate crystals was named crystal (cry) and Suppressor of Stellate (Su(Ste)) by two
different groups (2, 3) (referred to as Su(Ste) hereafter). Both Stellate and Su(Ste) are
ampliconic, tandem repeats. For over a decade, it was unclear how Su(Ste)—a Y-linked
locus that shares sequence homology with the X-linked Stellate locus (4)—acts to suppress
Stellate. Inspired by work on homology-dependent silencing via RNA interference (5-8),
it was reported in 2001 that Su(Ste) produces short RNAs that are just slightly longer than
21-23nt small interfering RNA (siRNA), which seem to confer silencing (9). Five years
later, a distinct class of small RNAs were named PIWI-interacting RNAs (piRNASs), which
specifically bind PIWI-clade Argonaute proteins and thus differ from siRNA and
microRNA that bind AGO-clade Argonaute proteins (10-15). Su(Ste) short RNAs, initially
thought to be slightly longer, repeat-associated siRNAs (rasiRNAS), were then recognized

as piRNAs (15, 16).

The discovery of the piRNA pathway, where small non-coding piRNAs guide PIWI
proteins to silence complementary RNAs, solved several decades-old riddles of transposon
control in Drosophila melanogaster. The flamenco locus that silences the gypsy transposon

turned out to encode piRNAs rather than proteins (17, 18), the X telomere-associated
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sequence (X-TAS) that controls the P-element transposon was found to produce piRNAs

(18, 19), and the maternally supplied materials that confer silencing of P-element and I-
element transposons in the offspring were also piRNAs (20-22). In the 18 years following
the discovery of piRNAs in 2006, piRNAs and their PIWI protein partners have been
found in the vast majority of animals, but not in plants, fungi, or a few metazoan lineages
(23-26). Because transposon-targeting piRNAs can be found in almost all animals,
transposon control seems to be the deeply conserved function of piRNAs. However, the
most striking feature of the piRNA pathway is its rapid evolution: novel piRNAs
recurrently evolve to regulate new targets that differ among closely related species, the
piRNA pathway frequently employs young and fast-evolving proteins for its essential
function, and the overall piRNA pathway architecture markedly diverges across taxa. This
trait of rapid evolution distinguishes the piRNA pathway from other small RNA pathways
in animals, but how and why the piRNA pathway evolves so fast remain important puzzles

in the field.

In this Review, we will first describe the makeup of the piRNA pathway in two focal
species (flies and mice) and then take a comparative approach to examine its rapid
evolution across metazoans. Next, we will discuss the mechanisms, driving forces, and
consequences of rapid piRNA pathway evolution and highlight open questions in the field.
While the conserved function of the piRNA pathway in transposon control already implies
its ability to quickly change and adapt to the ever-changing transposon landscape,
mechanistically how the piRNA pathway does so remain elusive. We further argue that the
ubiquitous piRNAs against non-transposon targets, such as Stellate in flies (9, 15, 16) and
those described in the initial discovery of the piRNA pathway in mammals (10-13), hint at

additional forces driving piRNA pathway evolution. We propose that genetic conflicts,
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including but far beyond the host-transposon conflict, underpin rapid piRNA pathway

evolution.

Makeup of the piRNA pathway

Cutting: post-transcriptional silencing

At the core of the piRNA pathway, a small non-coding piRNA loads onto a PIWI protein
and guides it to find complementary RNAs for silencing. Conceptually similar to AGO
proteins loaded with siRNA guides, cytoplasmic PIWI proteins exert post-transcriptional
silencing by cleaving the target RNAs that are complementary to piRNA guides (18, 27—
29) (Fig. 1a). While the exact targeting rules of piRNAs is still a subject of active research,
PIWI-mediated cleavage can happen when there is high, but not necessarily perfect,
sequence complementarity between piRNAs and targets (30), and such cleavage occurs at
exactly 10 nt away from the piRNA 5’ end, which is characteristic of Argonaute proteins
(31). Cytoplasmic PIWI proteins are often found at the peri-nuclear cytoplasmic
compartment called “nuage” (18, 32), which contains the DEAD-box RNA helicase—
Vasa in flies and MVH/DDX4 in mice—that defines a class of germline-specific granules

across metazoans.

Rather than simply being degraded, the target RNA cleaved by PIWI can be turned into
yet another piRNA. This new piRNA with the opposite polarity to the original piRNA can
repeat the process and ultimately produce a piRNA similar to the original piRNA,
resulting in the so-called “ping-pong cycle” that selectively amplifies piRNA species with
abundant complementary targets, analogous to adaptive immunity (18, 27). This was
proposed based on the observation that complementary piRNAs are often found to have 10

nt 5°-t0-5" overlap, so PIWI-mediated cleavage often also defines the 5’ end of a new
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piRNA. Interestingly, flies and mice both have multiple cytoplasmic PIWI proteins,

among which piRNA ping-pong pairs are partitioned unevenly. In flies, two cytoplasmic
PIWI proteins, Aub and Ago3, disproportionally load transposon-antisense and
transposon-sense piRNAs, respectively, suggesting that the two PIWI proteins participate
in sequential steps of the ping-pong cycle (18, 27). Similarly, in mice, MIWI2/PIWIL4

and MILI/PIWIL2 ping-pong (33).

Cycles of ping-pong processing and, more generally, localizations and functions of PIWI
proteins require dynamic regulation. Just three years following the discovery of the piRNA
pathway, PIWI proteins were found to contain symmetrically dimethylated arginine
(sSDMA) (34-38), a post-translational modification bound by Tudor domain-containing
proteins (TDRDs) (39). Since then, a set of TDRDs have been biochemically identified in
PIWI interactome and genetically implicated in PIWI functions, including Vret/TDRD1,
Papi/TDRD2 (a.k.a. TDRKH), Qin/TDRD4 (a.k.a. RNF17), Tej/TDRD5, Tud/TDRDS,
Tapas/TDRD7, Spn-E/TDRD9, Krimp (a fly-specific TDRD), and TDRD12 which has
three paralogs in flies: Yb, Bo(Yb), and So(Yb) (40-47). This set of TDRDs is thought to

regulate the ping-pong cycle and other PIWI functions dynamically.

Without cutting: co-transcriptional silencing

While the piRNA pathway can silence targets post-transcriptionally in the cytoplasm—a
function shared with metazoan siRNA and microRNA pathways—the piRNA pathway
also uniquely has a second, nuclear arm that silences targets co-transcriptionally on
chromatin (Fig. 1b). Instead of mediating an enzymatic cleavage of the nascent target
RNA, the nuclear PIWI (Piwi in flies and MIWI2/PIWIL4 in mice) initiates

heterochromatin formation at the target genomic locus. This is done by H3K9me3
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deposition in both flies (48-51) and mice (52), as well as DNA methylation in mice (33,

53-55) (note that flies are a unique animal group that lack DNA methylation altogether).
PIWI, through a set of auxiliary proteins—Arx (56-58), Panx (59, 60), and Nxf2 (61-64)
in flies and SPOCD1 (65) and TEX15 (66, 67) in mice, recruits histone lysine
methyltransferase Egg/SETDB1 to deposit H3K9me3 (59, 60) and DNA
methyltransferases DNMT3C and their co-factor DNMT3L to methylate DNA (33, 55,
68). Beyond a dedicated set of proteins, protein SUMOylation, a post-translational
modification, also emerged as a key regulator of piRNA-guided heterochromatin

formation (69-71).

Of note, Arx that partners with the nuclear Piwi to exert co-transcriptional silencing is one
of the four fly homologs of the conserved gametocyte-specific factor 1 (GTSF1) protein
family (56-58), whose murine ortholog was recently shown to accelerate the target
cleavage of the cytoplasmic PIWI proteins—MIWI/PIWIL1 and MILI/PIWIL2—in mice
(72). Additionally, the two GTSF1 paralogs in silkworm were shown to orthogonally
activate two cytoplasmic PIWI proteins for target cleavage (73). These recent findings
suggest that different GTSF1 paralogs likely partner with different PIWI proteins for their
functions, by either post-transcriptionally enhancing target cleavage (as shown in mice) or

co-transcriptionally facilitating heterochromatin formation (as shown in flies).

Before chopping: transcription and export of piRNA precursors

piRNAs guide the PIWI proteins to silence targets, but how are piRNAs made? Unlike
microRNAs and proteins, which are encoded in individual genes, piRNAs are encoded in
extended genomic loci termed “piRNA clusters”, each of which encodes many piRNA

species (10, 11, 18). piRNA precursors are transcribed from the piRNA clusters by RNA
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polymerase 1l as single-stranded long RNAs, which, following nuclear export, are

“chopped” into short piRNAs in the cytoplasm.

PiRNA clusters differ between species and even across cell types and developmental
stages within a species. In flies, the piRNA pathway is active in germ cells and gonadal
somatic cells that surround and support germ cells (18). Both cell types have the so-called
“uni-strand piRNA clusters”, whose transcription happens from one DNA strand as
canonical transcription, but germline also has “dual-strand piRNA clusters”, from which
piRNA precursors are transcribed from both DNA strands (Fig. 1c). Dual-strand piRNA
clusters bend most conventional rules of gene expression: they lack defined promoters, are
transcribed without splicing and polyadenylation, and are embedded in H3K9me3-
decorated heterochromatin. Such non-canonical transcription of dual-strand piRNA
clusters is enabled by a fly-specific tripartite protein complex, Rhi-Del-Cuff (RDC)
complex (74-78). RDC biology is mediated, in part, through a set of specialized protein
machinery: the zinc-finger protein Kipf recruits RDC to certain piRNA clusters (79); for
many piRNA clusters, RDC initiates transcription via a specialized TFIIA-L paralog Moon
(80) and enables the nuclear export by recruiting Boot and Nxf3 (81, 82). On the other
hand, uni-strand piRNA clusters behave mostly like normal protein-coding genes, though
two nucleoporins, Nup54 and Nup58, appear particularly important for their nuclear

export (83).

In mice, piRNAs and their genomic origins differ substantially between developmental
stages. In prenatal/fetal (E16.5) and neonatal (on/before P10) mouse testes, where germ
cells have not yet reached the pachytene stage and their piRNAs are called “pre-

pachytene”, uni- and dual-strand piRNA clusters similar to those in flies can be found,;



14
however, individual transposons and mRNAs (in particular, their 3> UTR) seem to be

major sources of fetal and neonatal piRNAs, respectively (33, 53). Meanwhile, in adult
testis (on/after P14), most piRNAs—referred to as the “pachytene piRNAs”, as germ cells
containing them are at the pachytene stage—are encoded in divergently transcribed loci
(10, 11), where the transcription factor A-MYB transcribes many piRNA precursors (84)
from one DNA strand on one side of the promoter and the other DNA strand on the other
side of the promoter. Overall, mechanisms by which piRNA precursors are made appear to

the most diverged aspects of the piRNA pathway between flies and mice.

Chopping: phased fragmentation of piRNA precursors into piRNAs

Once single-stranded piRNA precursors have been exported to the cytoplasm, they need to
be cut into short piRNAs that can load onto PIWI proteins and guide them to
complementary RNAs for targeting. A key enzyme that generates the 5’ ends of piRNAs is
called Zuc in flies and PLD6 (or MitoPLD) in mice, which is anchored at the mitochondria
outer membrane (85-89). Though homologous to phospholipases, Zuc/PLD6 shows
nuclease, rather than phospholipase, activities (88, 89). Once Zuc/PLD6 has made a cut on
piRNA precursors, it often makes another cut(s) downstream of the previous cut (Fig. 1d),
leading to phased production of serial piRNAs from one transcript (90, 91). As opposed to
the ping-pong cycle that increases the abundance of piRNAs, Zuc/PLD6-mediated phasing
is thought to diversify piRNA species, converting sequences downstream of a piRNA
target into potentially novel piRNAs. For unknown reasons, the outer mitochondrial
membrane (OMM) seems to be a key processing site for piRNAs, housing Zuc/PLD6 and
other proteins critical for piRNA production: Mino/GPAT2 (92), Gasz/GASZ (93-96), and

a fly-specific protein, Daed (96).
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In flies, the Zuc-mediated cut generates not just the 5” end of a piRNA but oftentimes also

the 3’ end of a neighboring piRNA (90, 91). In mice, however, the 3’ end generated by the
PLD6 cut has to be trimmed by PNLDC1 (97-99) to make mature piRNAs, and this
process involves TDRD2/TDRKH (90, 91). Once the piRNAs of correct lengths are made,
they are 2’-O-methylated by Hen1l/HENMT1 (100-103) and loaded onto PIWI proteins by

chaperone Hsp90/HSP90 and co-chaperone Shu/FKBP6 (104, 105).

How does Zuc/PLD6 select the correct RNAs for piRNA biogenesis? In fly germ cells,
PIWI cuts (in particular, Ago3 cuts) in nuage are often upstream of Zuc cuts at the
mitochondrial surface (90, 91). In other words, RNAs cleaved by PIWI proteins in nuage
are identified as piRNA precursors and brought to mitochondria for phased piRNA
biogenesis, which seems to be facilitated by the helicase Armi/MOV10L1. Blocking the
PIWI or Zuc cuts enriches Armi in nuage and mitochondria, respectively, suggesting that
Armi shuttles between two subcellular compartments (106, 107). In the fly gonadal
somatic cells and mouse germ cells, however, the source of specificity for Zuc/PLD6-
mediated piRNA biogenesis are still unknown, although Armi and Yb (a fly-specific
TDRD12 protein) are known to be involved in defining the input RNAs for Zuc in the
gonadal soma of flies (108, 109). Interestingly, artificially tethering an unrelated RNA to
Armi or Yb is sufficient to trigger piRNA production from that RNA (110, 111),
supporting a role of Armi and Yb in selecting piRNA precursors among cellular RNAs for

processing.

The complexity
Even though the core architecture of the piRNA pathway—short piRNAs guide PIWI

proteins to find targets for silencing—is conceptually simple, over 30 proteins have been
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described to be dedicated to this pathway, many of which are lineage-specific proteins.

While the functions of some proteins remain obscure, e.g., the conserved protein
Mael/MAEL (32, 48, 112-114) and the fly-specific Squ (85, 86), four modules of the
piRNA pathway have merged (Fig. 1). Nonetheless, distinctions between the biogenesis
and functions of piRNAs have become increasingly blurry. For example, post-
transcriptional silencing also produces piRNAs via the ping-pong cycle and feeds into
phased piIRNA biogenesis at the mitochondria surface; co-transcriptional silencing also
sets up the chromatin environment for certain piRNA precursor transcription; and phased
piRNA biogenesis is arguably also a type of post-transcriptional silencing. Because of
such interconnectivities, as well as difficulties to reconstitute the complex piRNA pathway
in vitro, the molecular events initiating different parts of the piRNA pathway are still
unclear, and spatiotemporally ordering different processes within the pathway remains

nontrivial.

Diversity and rapid evolution of the piRNA pathway

The complexity of the piRNA pathway is further exacerbated by its overwhelming
diversity and rapid evolution across metazoans. We describe below the diversity and rapid
evolution of i) non-coding piRNAs, ii) protein machinery of the piRNA pathway, and iii)

their cell type ranges of operation in different species.

Non-coding piRNAs

piRNAs against transposons

As the sources of specificity, piRNA species dictate the targets and functions of the
piRNA pathway. In almost all the animal species examined to date, piRNAs can be found

in the germline (or cells that harbor the “heritable genome” in asexual lineages), and many
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of them target transposons (Fig. 2). This observation suggests that the ancient function of

the piRNA pathway is transposon control in heritable genome, like germline genome in
sexually reproducing animals and some somatic stem cell genome in asexual lineages. As
transposon sequence landscape differs among closely related species, sequences of
transposon-targeting piRNAs are poorly conserved. Even when syntenic, piRNA-
producing loci can be found between related species, the underlying sequences diverge
(10, 11, 115-119), let alone the complete lack of conservation in more distantly related
species. Thus, unlike microRNAs that are conserved across long evolutionary spans,

piRNAs often evolve fast and diverge across species.

piRNAs against host genes

Outside transposon control, piRNAs can participate in gene regulation. In the initial
description of piRNAs in adult mammalian testes, pachytene piRNAs were found to be
depleted of transposon sequences and they were diverse genome-unique sequences that
map to almost only themselves (10, 11). Because of the poorly defined targeting rules of
piRNAs, it was not until recently that two pachytene piRNA loci were experimentally
demonstrated to each regulate a few host genes during mouse spermiogenesis (120, 121).
Nonetheless, pachytene piRNAs evolve fast and their sequences are poorly conserved
(117). Although flies only express piRNAs before meiosis and therefore lack pachytene
piRNAs found in mammals, the first described piRNA species—Su(Ste) piRNAs—
regulate the expression of Stellate genes in the male germline of flies (9, 15).
Subsequently, another piRNA locus called AT-chX was found to produce piRNAs that
target the vasa gene in the fly male germline (16), and, more recently, yet another piRNA
locus called petrel was discovered to regulate the pirate gene (122). Notably, all three

gene-regulating piRNAs were only found in Drosophila melanogaster, but not in its
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sibling species, highlighting recent piRNA innovations. Meanwhile, in the silkworm

Bombyx mori, the W-linked Feminizer piRNA silences the Z-linked Masculinizer gene,
thereby determining the femaleness of ZW animals (123). While the Masculinizer gene
can be found in most Lepidopteran species, the Feminizer piRNA seems to be a Bombyx
innovation to silence Masculinizer (124-127). Yet, in a distantly related species, the
diamondback moth Plutella xylostella, distinct piRNA species arose on the W
chromosome to silence the Masculinizer gene, suggesting convergent evolution (128).
Interestingly, in C. elegans and C. briggsae, different piRNA species regulate the
expression of the orthologous xol-1 gene—a key regulator of sex determination and
dosage compensation (129). Finally, in other invertebrates such as mosquitos, locusts, and
planarians, gene-regulating piRNAs have been identified in the soma (130-132). Together,
contrary to the deeply conserved role of piRNAs in transposon control, gene regulations

seems to be lineage-specific innovations of piRNAs at the tips of the animal tree (Fig. 2).

piRNAs against (or from) viruses and satDNAs

In addition to transposon control and gene regulation, piRNAs have taken on the antiviral
function in a few phylogenetically isolated species—mosquitos (133, 134), chicken (135),
and koala (136)—but not in a broader range of animals. Furthermore, piRNAs are
produced from two phylogenetically unrelated satDNAs in mosquitos (131) and flies (122,
137, 138), respectively, further adding to the diversity of piRNAs. These findings
emphasize the lineage-specific involvement of piRNAs in virus and satDNA biology (Fig.

2).

Key features of piRNAs: diverse sequences, varying abundance, and autoimmune

constraints
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A key feature of piRNAsS seen across the animal tree is their sequence diversity. piRNAs

take up a vast sequence space and, with just a few mismatches, they can map to a large
number of cellular transcripts. Coupled with the lack of evolutionary conservation in
piRNA sequences, a central challenge in piRNA biology is to identify bona fide targets
among diverse sequences that piRNAs can map to through imperfect complementarity.
While piRNA sequences are so diverse, their abundance varies substantially, with an
overall positive correlation between the abundance of piRNAs and their regulatory
impacts (139). This is in part because the ping-pong cycle is thought to selectively amplify
piRNAs that recognize actively transcribed target RNAs, rendering their abundance higher
than other piRNAs that do not actively engage with targets (18, 27). Thus, abundant
piRNAs are more likely to be active regulators of target expression, whereas those of low
abundance probably do not have a regulatory function. This also reflects the
“autoimmune” constraints faced by the piRNA pathway: vastly diverse piRNAs have the
potential to, but must not, silence essential host genes (140). Consequently, as diverse
piRNAs evolve to tame changing transposon landscape and acquire lineage-specific new

targets, the abundance of many piRNAs is gated to minimize autoimmunity.

Protein machinery of the piRNA pathway

PIWI proteins: diverse subcellular localization, sex specificity, and cell type specificity

As implied by their names—PIWI-interacting RNAs—piRNAs are defined by their
interaction with PIWI proteins, and they exert regulatory functions through their PIWI
protein partners. The number of PIWI proteins differ drastically across metazoans (Fig. 2).
Hydra, silkworm, zebrafish, and chicken only have two cytoplasmic PIWI proteins (135,
141-144), likely reflecting an ancestral state. Meanwhile, planarian, fruit fly, and

mammals have a third, nuclear PIWI protein—SMEDWI-2, Piwi, and PIWILA4,
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respectively—but they are not direct orthologs with each other (145-147), suggesting at

least three independent evolution of nuclear PIWI proteins. In many mammals including
cattle, golden hamsters, and humans—with the notable exception of rodents—there is a
fourth PIWI protein, PIWIL3 (148-153), that is cytoplasmic. Intriguingly, PIWIL3 is
ovary-specific whereas PIWILA4 is testis-specific, implicating PIWI protein specialization
in sex-specific piRNA biology. Remarkably, mosquitos have an expanded PIWI protein
family of seven members—one (Piwi7) is embryo-specific, one (Piwi3) is ovary-specific,
one (Piwi2) is germline-specific, and the remaining four are ubiquitously expressed (154).
This level of protein family expansion and cell type specificity imply substantial
specialization of different PIWI proteins in mosquitos. Lineage-specific PIWI duplication
is not unigque to mosquitos. For example, besides XILI/PIWIL2 and XIWI2/PIWILA4, frogs
have two PIWIL1 paralogs: XIWI1la/PIWIL1a and XIWI1b/PIWIL1b (155). Lastly,
nematode is a unique animal clade where many lineages have lost PIWI genes and the
piRNA pathway altogether (24), and C. elegans has only one PIWI protein (156-158),
whose functions and associated piRNAs differ considerably from most other animal clades

(159). Collectively, PIWI proteins exhibit striking diversity across animals.

Subcellular topologies, functions, and actions

Subcellular localizations of PIWI proteins profoundly impact the piRNA pathway by
determining how it silences targets in different species. In flies and mice, piRNAs can load
onto cytoplasmic and nuclear PIWI proteins to silence targets post-transcriptionally in the
cytoplasm and co-transcriptionally in the nucleus, respectively (33, 48). However, many
other taxa lack nuclear PIWI proteins and therefore the nuclear arm of the piRNA pathway
altogether, exclusively silencing targets post-transcriptionally in the cytoplasm. On the

other hand, the gonadal somatic cells in flies have co-opted the nuclear, but not
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cytoplasmic, arm of the piRNA pathway to only silence targets co-transcriptionally in the

nucleus (115, 160). Thus, across different cell types in different species, the piRNA
pathway can adopt one of the three subcellular topologies: nuclear only, cytoplasmic only,
or both nuclear and cytoplasmic. These distinct subcellular topologies translate to different

functions and modes of actions of the piRNA pathway.

The diversity and rapid evolution of the piRNA pathway machinery can also be seen in
TDRDs and GTSFs that interact with PIWI proteins, sets of protein machinery that drive
piRNA cluster expression, as well as those at the mitochondria surface facilitating piRNA
biogenesis. Furthermore, at an even higher level, the cell type range of piRNA pathway
operation also exhibits striking diversity. These are not described in detail here but will be

discussed in the final manuscript submitted for journal publication.
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Figure 1. Makeup of the piRNA pathway: four modules.
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Figure 2. Diversity and rapid evolution of the piRNA pathway.
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Chapter 3

PIRNA-MEDIATED GENE REGULATION AND ADAPTATION TO
SEX-SPECIFIC TRANSPOSON EXPRESSION IN D.
MELANOGASTER MALE GERMLINE

B.Chen, A. A. Kotov, B. K. Godneeva, S. S. Bazylev, L. V. Olenina, A. A. Aravin (2021).
Genes Dev 35, 914-935. https://doi.org/10.1101/g9ad.345041.120
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ABSTRACT

Small non-coding piRNAs act as sequence-specific guides to repress complementary targets
in Metazoa. Prior studies in Drosophila ovaries have demonstrated the function of piRNA
pathway in transposon silencing and therefore genome defense. However, the ability of
piRNA program to respond to different transposon landscape and the role of piRNAs in
regulating host gene expression remain poorly understood. Here, we comprehensively
analyzed piRNA expression and defined the repertoire of their targets in Drosophila
melanogaster testes. Comparison of piRNA programs between sexes revealed sexual
dimorphism in piRNA programs that parallel sex-specific transposon expression. Using a
novel bioinformatic pipeline, we identified new piRNA clusters and established complex
satellites as dual-strand piRNA clusters. While sharing most piRNA clusters, two sexes
employ them differentially to combat sex-specific transposon landscape. We found two
piRNA clusters that produce piRNAs antisense to four host genes in testis, including
CG12717/pirate, a SUMO protease gene. piRNAs encoded on Y chromosome silence pirate,
but not its paralog, to exert sex- and paralog-specific gene regulation. Interestingly, pirate is
targeted by endogenous siRNAs in a sibling species, Drosophila mauritiana, suggesting
distinct but related silencing strategies invented in recent evolution to regulate a conserved

protein-coding gene.
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Main Text

INTRODUCTION

PIWI-interacting (pi)RNA is a class of small non-coding RNAs named after their interaction
with PIWI-clade Argounate proteins. piRNAs guide PIWI proteins to complementary RNAs,
thereby specifying the target of PIWI silencing. Unlike miRNAs and siRNAs that are
ubiquitously expressed, the expression of piRNAs is restricted to gonads in many animals.
As a result, perturbation of the piRNA program often compromises reproductive functions
with no obvious defects in soma. Drosophila melanogaster is one of the most used model
organisms to study piRNA biogenesis and function. In fact, piRNAs were first described in
fly testes (1, 2). However, most subsequent studies were performed using ovaries as a model
system. Work on female gonads has shown that most piRNAs have homology to transposable
elements (TEs), suggesting TEs as major targets of piRNAs (3). Studies on fly ovaries also
identified large intergenic regions dubbed piRNA clusters that harbor nested TE fragments,
which act as genomic source loci of piRNAs. A peri-centromeric region on chr2R called
42AB was found to be the most active piRNA cluster in ovaries. It remains largely unexplored
to what extent these findings from ovaries are applicable to the male counterpart. To date,
we still know very little about how sexually dimorphic the Drosophila piRNA program is,
besides that there is a single locus on Y chromosome called Suppressor of Stellate (Su(Ste))

that produces piRNAs only in males.

Importantly, Drosophila as an animal model offers unique value to studying sexual

dimorphism of the piRNA program in general. In zebrafish, piRNA pathway mutants are
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always phenotypically males (4-6), rendering it nearly impossible to probe the impact of

piRNA loss in females. In mice, an intact piRNA program is only required for male fertility,
while murine females are insensitive to piRNA loss (7-9). Contrary to fish and mouse, fly
fertility is dependent on a functional piRNA pathway in both sexes (1-3, 10). Therefore,

Drosophila provides an unparalleled opportunity to study whether, and if so how, the piRNA

program can be modified in each sex to safeguard reproductive functions.

In this study, we comprehensively analyzed the piRNA profile in Drosophila melanogaster
testis and compared it to the female counterpart. Besides TEs, we found complex satellites
as another class of selfish genetic elements targeted by the piRNA pathway in gonads of both
sexes. Our analysis showed that TE-silencing piRNA program is sexually dimorphic, and it
shows evidence of adaptation to sex-specific TE landscape. To understand the genomic
origins of differentially produced piRNAs, we sought to de novo define genome-wide piRNA
clusters in testis. However, we noticed that the standard pipeline used for ovary piRNAs
failed to detect known piRNA clusters in testis, so we developed a new bioinformatic
algorithm to tackle this problem. Using the new algorithm, we were able to identify novel
piRNA clusters and to quantify their activities more accurately in both sexes. Notably,
piRNA source loci are employed differentially in males and females, and the sex bias of
PiRNA cluster expression appears to match that of their TE contents. We also found two loci
producing piRNAs with the potential to repress host protein-coding genes, including a newly
identified locus on Y that we named petrel, which produces piRNAs against

CG12717/pirate. Expression of pirate, but not its close paralog verloren, is de-repressed in
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multiple piRNA pathway mutants, indicating that piRNAs silence its expression and can

distinguish paralogs with sequence similarities. Finally, we explored the evolutionary history
of pirate and found it to be a young gene conserved in the melanogaster subgroup.
Intriguingly, pirate is targeted by another class of small non-coding RNAs, endogenous
SiRNAs, in the sibling species Drosophila mauritiana, suggesting distinct small RNA-based

silencing strategies invented in recent evolution to regulate a young yet conserved gene.

RESULTS
Drosophila piRNA program is sexually dimorphic

To characterize the piRNA profile in male gonads, we sequenced 18-30nt small RNAs from
testes and compared them with published ovary small RNA datasets (11). Mapping and
annotation of small RNA reads using the pipeline shown in Supplementary Fig. S1 revealed
large differences in the expression of major classes of small RNAs between testes and
ovaries. In agreement with previous findings (12), TE-mapping 23-29nt piRNAs are the most
abundant class of small RNAs in ovaries, while 21-23nt microRNAs constitute a minor
fraction and an even smaller one for 21nt endogenous (endo-) siRNAs (Fig. 1A). In contrast,
mMiRNASs constitute a larger fraction in testes, so do endo-siRNAs that map to protein-coding
genes, consistent with a previous report (13). To define the piRNA population, we eliminated
reads mapping to other types of non-coding RNA (rRNA, miRNA, snRNA, snoRNA and
tRNA) from 23-29nt small RNAs. Remaining reads show a strong bias for U at the first
nucleotide (“1U bias”: 70.9%), the feature of bona fide piRNAs (Fig. 1B). The piRNA-to-

miRNA ratio is distinct between sexes: ~10 in ovary and ~2 in testis. In both sexes, piRNAs
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mapping to TEs take up the largest fraction of total piRNAs. However, whereas 66% of

piRNAs mapped to TEs in ovaries, only 40% mapped to TEs in testes (Fig. 1B). Meanwhile,
larger fractions of total piRNAs mapped to protein-coding genes (including introns) and

intergenic regions in testes (24.6% and 30.0%, respectively) than ovaries (19.6% and 10.7%,
respectively). These results suggest that distinct piRNA programs operate in male and female

gonads.

Testis piRNAs also map to several known complex satellites: HETRP/TAS (a sub-telomeric
satellite repeat), Responder (Rsp) and SAR (related to 1.688 repeat family) (Fig. 1C;
Supplementary Fig. S2A). Complex satellite-mapping small RNAs in testis exhibit 1U bias
and size distribution that peaks around 24-26nt, consistent with their piRNA identities. Both
strands of complex satellites produce piRNAs, and their production depends on Rhino (14),
a protein that marks dual-strand piRNA clusters and is required for their expression (15-17).
Similarly, ovary small RNAs also map to complex satellites and show features of bone fide
piRNAs, including 1U bias, size distribution that peaks around 24-26nt, small RNA
production from both strands and dependency on Rhino. Moreover, piRNAs from complex
satellites show ping-pong signature, an enrichment for 10nt overlap between the 5’ ends of
complementary piRNA pairs, except for Rsp in testis (Fig. 1C; Supplementary Fig. S2C).
Finally, we examined the phasing pattern, the presence of piRNAs arranged tail-to-head one
after another as a result of phased processing of piRNA precursors (18, 19). We found such
a phasing signature for two complex satellites in ovary, but not in testis (Supplementary Fig.

S2B). These results show that complex satellites are sources of piRNAs in both sexes,
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pointing to a possible role of piRNAs in regulating satellite DNA and associated

heterochromatin in the gonad.

We next analyzed piRNAs targeting different TE families. Comparison of small RNA
profiles in testis and ovary showed that piRNAs targeting different TEs are expressed at
different levels in two sexes (Fig. 2A). Top 3 TEs targeted by piRNA are all different in testis
and ovary, and, among top 10, only three are shared between sexes (Supplementary Fig.
S2D). The most differentially targeted TEs are two telomere-associated TEs, HeT-A and
TAHRE, which ovary makes 106 and 74 times more antisense piRNAs, respectively, than
testis. In contrast, several elements such as bagginsl, invader3 and copia are targeted by
more piRNAs in testis. piRNAs targeting all but one (copia) TE families show stronger
ping-pong signature in ovary, as measured by ping-pong z-score (Fig. 2A). In conclusion,

different TE families are targeted by piRNAs differentially in two sexes.

Distinct piRNA programs in two sexes parallel sex-specific TE expression

To explore if sex differences in TE-targeting piRNA programs are accompanied by
differential expression of TEs themselves, we set out to compare expression levels of
different TE families in two sexes. Since piRNA pathway efficiently represses TEs, their
expression in wild-type animals does not reflect their full expression potentials that can be

achieved when piRNA silencing is removed. Hence, we analyzed TE expression in testes
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and ovaries of rhi mutants that lose piRNA production from dual-strand clusters in both

sexes (14) and controls.

Profiling TE expression in two sexes by polyA-selected (polyA+) RNA-seq demonstrated
clear sexual dimorphism. Overall, TE expression in piRNA pathway mutant testes and
ovaries is weakly correlated (Spearman’s p: 0.18; Supplementary Fig. S3A). Among the
ten most expressed TE families in two sexes, only four overlap, though the same element,
copia, has the highest expression in both ovary and testis (Supplementary Fig. S3B). There
are more TE families expressed above each of the three expression cutoffs (1000, 100 and
10 RPKM) in ovaries than testes (Supplementary Fig. S3A). The most ovary-biased TEs
include Blood, Gypsy12, Burdock and two telomere-associated TEs, HeT-A and TART (Fig.
2B). Only a few TE families are expressed higher in testis than ovary (Fig. 2B;
Supplementary Fig. S3A). In this group, Transib2 and doc2 show the strongest bias for
expression in testis (14- and 6.5-fold higher in testis than ovary, respectively). Overall,
the majority of TE families demonstrate strong differences in their expression between

SEXeS.

To quantify the effect of piIRNA pathway in suppressing TEs in two sexes, we calculated
levels of TE de-repression upon disruption of piRNA pathway. Few TE families remained
unaffected by rhi mutation, often accompanied by unperturbed antisense piRNA production
(e.q., gypsy, gypsy10 and tabor). There are 9 TE families up-regulated more than 100-fold in
ovary. In contrast, no TE is up-regulated that strongly in testis (Fig. 2C). Overall, the vast

majority of TEs show stronger de-repression in ovaries, with gypsy12 (389-fold), Burdock
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(317-fold), HeT-A (239-fold) and TART (80-fold) being the most prominent examples, as

all of them exhibited no or mild de-repression (<4-fold) in testes (Fig. 2B). We found only 6
TESs that show stronger (at least 4-fold) de-repression in testis than ovary (Transib2, BS2,
bagginsl, Dm297, invader3, invader6). Altogether, our results show that piRNAs regulate
the expression of different TE families to distinct extents in two sexes, with many TES

silenced more in ovary and only a few silenced more in testis.

To explore the link between TE expression and piRNA programs in two sexes, we identified
a set of 36 TE families repressed by piRNA pathway in at least one sex (see methods). For
these TE families, there is a positive correlation between sex bias of piRNA production and
sex bias of TE de-repression (Pearson’s p: 0.53, P<0.001; Fig. 2D). For example, disruption
of piRNA pathway by rhi mutations dramatically increases expression of three telomere-
associated TEs (HeT-A, TAHRE and TART) in ovaries, where there are abundant piRNAs
targeting these elements. On the contrary, much fewer piRNAs target these telomeric TEs in
testes and expression of these TEs remained very low in rhi mutant males (Fig. 2A, B, E).
This result indicates that telomeric TES have a strong, intrinsic bias in their expression
towards the female germline, and that piRNA pathway appears to have adapted to this bias
generating respective antisense piRNAs in female, but not male, gonads. In contrast to ovary-
biased TEs like telomeric elements, testis-biased TEs such as Transib2 and bagginsl are
targeted by more antisense piRNAs in testis than ovary (Fig. 2A, B, E). Some TEs, such as
copia, mdg3 and I-element are strongly repressed by piRNAs in both sexes. For such

elements, the sex bias in piRNA production does not always match that of TE repression
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(Fig. 2D). Taken together, these findings suggest that, for most TEs, piRNA programs in

males and females have adapted to differential TE activities between sexes.

To further explore whether differential expression of piRNAs between sexes has functional
consequences, we studied Burdock, an long terminal repeat (LTR) retro-transposon
targeted by 53 times more piRNASs in ovary (3,756 RPM) than testis (70 RPM) (Fig. 2A).
We used a reporter composed of a fragment of Burdock expressed under the control of
heterologous nanos promoter that drives expression in germline of both sexes (20). While
reporter was efficiently silenced in ovaries of wild-type flies, it was strongly de-repressed
in piRNA pathway mutants (rhi’) (Fig. 2F), indicating that the piRNA program
efficiently silences Burdock in female germline. In contrast, we observed strong reporter
expression in testes of wild-type males, and the disruption of piRNA pathway in rhi
mutants did not lead to an observable increase in its expression (Fig. 2F). This finding
shows that Burdock is not silenced in testes, likely as a result of very few Burdock-
targeting piRNAs in males (Fig. 2A). Notably, expression of endogenous Burdock is high in
ovary (when piRNA production is disrupted) but low in both wild-type and mutant testis
(Fig. 2B, E). Thus, similar to telomeric TEs, the ability of piRNA pathway to repress
Burdock in female but not male germline correlates with an intrinsic bias for its expression
in females. We conclude that differential expression of TE-targeting piRNAs in male and

female gonads can have functional consequences in their abilities to silence TEs.

Definition of piRNA clusters in testis with a new algorithm
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To get deeper understandings of the piRNA program in male gonads, we sought to define

the genomic origin of piRNAs and compare it between two sexes. Since genome-wide
identification of piRNA clusters has only been done in ovary, we decided to systematically
search for genomic loci that generate piRNA in testis. We noticed that two major clusters in
testis identified to date, Su(Ste) and AT-chX, both contain internal tandem repeats, i.e., they
are made of many copies of almost identical sequences (1, 21). As a result, most piRNAs

produced by these two loci mapped to the genome at multiple positions. However, the
algorithm employed in previous studies to systematically define piRNA clusters in ovary

only uses piRNAs that map to the genome at single unique positions (3, 16, 22), raising the
question of whether it is an appropriate approach to detect clusters like Su(Ste) composed

primarily of internal tandem repeats. In fact, both Su(Ste) and AT-chX clusters were initially

identified by different approaches (1, 23).

Even though piRNAs produced from Su(Ste) and AT-chX cannot be mapped to single unique
genomic loci, most of them mapped to several local repeats inside the respective clusters but
nowhere else in the genome (Fig. 3A). Taking advantage of this property, we developed a
new algorithm that takes into account local repeats to define piRNA clusters (Supplementary
Fig. S4A, B). Briefly, in addition to uniquely mapped piRNAs, the algorithm searches for
piRNA sequences that map to multiple positions within a single genomic region but nowhere
else in the genome. This approach ensures that the identified region as a whole generates
piRNAs, though the exact origin within the region remains unknown. Unlike the previous

approach that uses exclusively uniquely mapped piRNAs, this algorithm successfully
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identified Su(Ste) and AT-chX, two major piRNA clusters in testis that contain local repeats

(Fig. 3E, F).

We applied this new algorithm to systematically identify piRNA clusters active in testes. We
recovered piRNA clusters known to be active in testes as well as piRNA clusters previously
defined in ovaries (e.g., 42AB, 38C, 20A and flam) (Fig. 3C; Supplementary Table S1).
Furthermore, our search identified several novel piRNA loci. One of the novel piRNA
clusters is located on Y chromosome flanked by FDY and Mst77Y genes (Fig. 3C, F) around
heterochromatin band h17 (24). We named this locus petrel for “proximal to fertility regions
on YL”. Another novel locus is h52-1, flanked by elF4B and CG17514 genes on chr3L. h52-
1 harbors tandem local repeats composed of nested TE fragments that cannot be found
elsewhere in the genome. Similar to piRNA clusters identified in ovaries, only a few clusters
active in testes produce piRNAs from one genomic strand (e.g., flam and 20A, so-called “‘uni-
strand clusters™), and the majority are dual-strand clusters that generate piRNAs from both
genomic strands (Fig. 3E). In sum, our algorithm successfully found previously known

piRNAs clusters and identified novel ones in Drosophila testes.

To compare new algorithm with the approach that considers only uniquely mapped piRNAs,
we applied both techniques to analyze the same testis piRNA dataset. This comparison
showed that major piRNA clusters in testis can be divided into two groups (Fig. 3B). The
first group (42AB, 38C, 20A and flam) contains piRNA clusters that harbor many unique

sequences, so including local repeats does not substantially change their identification and
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quantification. On the other hand, the second group of genomic loci (Su(Ste), AT-chX,

petrel, Hsp70B and h52-1) is composed of piRNA clusters that contain few unigque sequences
but many local repeats, and, accordingly, our new algorithm identified more than 10-fold

more piRNAs produced from these loci (Fig. 3B). Thus, this algorithm is not only useful for
finding new piRNA source loci but also provides a more accurate quantification of piRNA

production from previously known clusters.

Sex difference in piRNA cluster expression

To compare the expression of piRNA clusters between sexes, we first applied our algorithm
to published ovary piRNA datasets (Fig. 3D; Supplementary Table S1) (11). Thus, piRNA
clusters were defined and their activities were quantified in both sexes using the same
algorithm, allowing for fair comparison. Surprisingly, our analysis revealed that AT-chX,
originally described as a piRNA cluster in testes, is also highly active in ovaries. AT-chX
locus consists of local repeats (21), so piRNAs produced from this locus were excluded in
previous studies that analyzed only uniquely mapped reads. In fact, AT-chX is the second

most active piRNA cluster in ovary, producing ~7% of total piRNAs.

Comparison between piRNA clusters in males and females revealed a clear sex difference: a
small number of loci produce the majority of piRNAs in testis, which is not the case for ovary
(Fig. 4A). The two most active piRNA clusters in testes, Su(Ste) on Y chromosome and AT-

chX on X chromosome, produce ~43% and ~31% of total piRNAs in testes, respectively
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(Fig. 3C). They are followed by the novel piRNA cluster on Y chromosome, petrel, that

produces ~4% piRNAs. Along with another 6 loci, the top 9 piRNA clusters in testis account
for 81.8% of total piRNAs. In comparison, only 30.4% of total piRNAs are made from the
top 9 clusters in ovary, with the most active locus 42AB producing ~11% of total piRNAs
(Fig. 3D). Whereas a few loci dominate the global piRNA population in testis, the ovary

piRNA profile is shaped by many loci producing piRNAs in comparable amounts.

Next, we compared expression levels of different piRNA clusters in male and female gonads.
Females lack Y chromosome, so they do not have piRNAs produced by Y-linked Su(Ste) and
petrel clusters. For major clusters present in both male and female genomes, we observed
pronounced sex differences (Spearman’s p: 0.07; Fig. 4B). For instance, 38C produces more
piRNAs than 42AB, 80EF and 40F7 in testes, but the opposite trend is found in ovaries.
Some loci such as Sox102F on chr4 (16, 17) appear to be active only in ovaries but not in
testes (Fig. 4F). These differentially expressed piRNA clusters located on autosomes, which
both males and females have two copies, exemplify the sex-specific usage of piRNA loci.
Moreover, we examined expression levels of major piRNA clusters on chrX (AT-chX, flam
and 20A), which females have two copies (XX) and males have only one (XY). We found
that a larger fraction of piRNAs originate from AT-chX in testes than ovaries, but the reverse
was found for flam and 20A, suggesting that copy numbers of piRNA clusters do not correlate
well with their expression. Altogether, these findings illustrate a sexually dimorphic
employment of piRNA clusters, where different loci are engaged differentially in a sex-

specific manner.
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Different piRNA clusters have distinct TE contents, so their differential expression might
sculpt sex-specific piRNA programs with distinct TE-silencing capacities in males and
females. To explore a link between the expression of piRNA cluster and its TE content, we
computed cumulative sex bias of the TE content of each major piRNA cluster (Fig. 4C). This
was done by summing sex biases of individual TEs in the piRNA cluster weighted by their
length contributions to the cluster (see example in Fig. 4C). The sex bias of cluster TE content
matches the sex bias in piRNA cluster expression, suggesting a link between the expression
of piRNA clusters and TEs they control. To substantiate this finding, we analyzed sequence
compositions of three differentially expressed piRNA clusters: 42AB (ovary-biased), 38C
(testis-biased) and Sox102F (ovary-specific). The top 4 TEs most enriched by length in
ovary-biased 42AB (batumi, gypsyl2, FW and DMRT1b) are all ovary-biased in their
expression (Fig. 4D; Supplementary Fig. S3A). Importantly, these 4 TEs are completely
absent in testis-biased 38C cluster. In contrast, three testis-biased TE families, hobo, BS2 and
Transib2, are more enriched in 38C than in 42AB (Fig. 4E; Supplementary Fig. S3A).
Moreover, ovary-specific Sox102F cluster harbors a single autonomous transposon, Tc1-2,
which has higher activity in ovary (Fig. 4F; Supplementary Fig. S3A). These examples show
that differential expression of piRNA clusters in two sexes often matches the differential
activities of TEs they control, supporting the notion that piRNA clusters are employed in a

sex-specific fashion to cope with distinct TE landscape in male and female gonads.

piRNA clusters composed of local repeats produce piRNAs that target host genes
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Our analysis indicated that 13.8% of testis piIRNAs might potentially be involved in

targeting host genes as they can be mapped to protein-coding genes in antisense orientation
with a small number (0 to 3) of mismatches between piRNA and gene sequences (Fig. 1B).
To understand the genomic origin of these piRNAs, we further analyzed sequence
compositions of piRNA clusters. We found that two clusters, Hsp70B and petrel, both of

which contain local repeats, generate piRNAs that have the potential to target host genes.

The Hsp70B cluster spans ~35Kb between two paralogous Hsp70B genes on chr3R, and it is
active in both ovary and testis (Fig. 5A). The body of Hsp70B cluster contains several TEs.
Even though there are piRNAs mapping to these TEs, they can be mapped elsewhere in the
genome as well, rendering it impossible to be certain that they originate from Hsp70B locus.
In fact, this cluster was previously identified through the presence of uniquely mapped
piRNAs from flanking non-repetitive genes (16). However, our algorithm that takes into
account local repeats revealed piRNAs generated from a ~354bp local repeat at Hsp70B
locus, which occupies nearly all inter-transposon space within this cluster. Importantly, these
piRNAs mapped exclusively to this local repeat at Hsp70B cluster but nowhere else in the
genome. Every copy of this local repeat is flanked by sequences of copia2 retrotransposon
and corresponds to a tandem repeat at Hsp70B described ~40 years ago (25, 26). The entire
repeat-rich region between two Hsp70B genes is present in D. melanogaster but not in either
of its sibling species D. simulans or D. mauritiana (27, 28), suggesting a recent evolutionary
origin. Intriguingly, these repeats have a ~92% sequence identity to an exon of the nod gene,

which encodes a kinesin-like protein necessary for chromosome segregation during meiosis
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(29-31). Hsp70B cluster generates piRNAs that are antisense to nod with a 91.3%

averaged nucleotide identity to it. This level of sequence similarity is close to that between
Suppressor of Stellate piRNAs and their Stellate targets, the first known case of piRNA
repression (1, 2), suggesting that piRNAs produced from Hsp70B locus might be able to

repress the nod gene.

The second locus producing piRNAs that might target host genes is the novel piRNA cluster
petrel on Y chromosome, which is only present in XY males (Fig. 5B). This cluster spans
more than 200Kb and includes two loci duplicated from chr2L and chrX, respectively, that
contain almost the entire CG12717 gene (which encodes a SUMO protease) and small parts
of Paics (which encodes an enzyme involved in purine biogenesis) and ProtA (which
encodes protamine, a sperm chromatin protein) (32). These gene-homologous sequences are
further duplicated locally on Y to over 20 copies and take up nearly all space in between TEs
at petrel locus (Fig. 5B; Supplementary Fig. S5B). However, these gene-related sequences
likely do not retain coding potentials as they are frequently interrupted by TE sequences.
petrel locus produces piRNAs antisense to CG12717, Paics and ProtA genes, with averaged
levels of nucleotide identity 92.5%, 93.9%, and 91.0%, respectively. Together, two piRNA
clusters, Hsp70B and petrel, encode piRNAs with the potential to target both TEs and host

genes.

We quantified expression of piRNAs antisense to nod, CG12717, Paics and ProtA genes

from these two clusters. Even though these piRNAs all possess over 90% identity to their



65
putative targets, their abundances differ dramatically (Fig. 5C). CG12717 gene is targeted

by abundant piRNAs (4,310 RPM), comparable to the 15" most targeted TE family in testis.
piRNAs against nod are expressed at 813 RPM (~fivefold less compared to CG12717),
while the levels of piRNA against Paics or ProtA are low (both ~50 RPM). In addition,
nearly the entire length of CG12717 gene is targeted by piRNAs, whereas only small parts of
nod, Paics and ProtA are targeted. These findings suggest that CG12717 and nod might be

regulated by piRNAS in testis.

piRNA-guided repression of SUMO protease CG12717/pirate during spermatogenesis

To examine the role of piRNAs in gene regulation, we employed RNA-seq to analyze
expression of host genes in testes of three different piRNA pathway mutants: aub, zuc and
spn-E (23, 33-35). Transcriptome profiling revealed that only two genes, CG12717 and frtz,
exhibited >2-fold up-regulation in all three piRNA pathway mutants (Fig. 6A). Unlike
CG12717, there are very few, if any, antisense piRNAs targeting frtz, so its up-regulation
likely reflects a secondary phenotype following TE de-repression. Strikingly, expression of
CG12717 increased more than 10-fold in all three mutants (Fig. 6B), indicating that it is
indeed strongly repressed by the piRNA pathway. Meanwhile, we observed no statistically
significant up-regulation of nod, Paics or ProtA in these three mutants (Fig. 6B), correlating
with fewer piRNAs against these genes than CG12717 (Fig. 5C). Transcriptome profiling
thus identifies CG12717 as a target of piRNA silencing and suggests that abundant antisense

piRNAs with high target coverage might be required for efficient silencing.
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To further examine CG12717 expression, we performed RNA in situ hybridization chain

reaction (in situ HCR). Expression of CG12717 is very low in control testis, but it was
significantly increased in testes of aub, zuc and spn-E mutants, establishing this gene as a
bona fide gene target of the piRNA pathway (Fig. 6C). We also found strongly elevated

CG12717 expression in testes of XO males that have an intact piRNA pathway but lack Y
chromosome (Fig. 6D), confirming that CG12717-silencing piRNAs are encoded on Y
chromosome. Consistent with the Y-linkage of piRNAs against CG12717, it is silenced in
testes but expressed in ovaries (Fig. 6E). When de-repressed, CG12717 is specifically
expressed in differentiating spermatocytes, but not in germline stem cells or mitotic

spermatogonia. Interestingly, Stellate is expressed at the same stage when the silencing by

Su(Ste) piRNAs is removed (36).

piRNA-guided cleavage of target RNAs often triggers the production of secondary piRNAs
from target RNAs in a process dubbed ping-pong cycle (3). Examination of piRNA
sequences revealed abundant piRNAs derived from the entire length of CG12717 mRNASs
(Fig. 5C). In contrast, we found few piRNAs processed from transcripts of nod, Paics or
ProtA. Furthermore, sense piRNAs derived from CG12717 mRNAs and antisense piRNAs
produced from petrel locus demonstrated a strong ping-pong signature (Z10=16.8; Fig. 6F),
characteristic of active ping-pong cycle. This finding suggests the direct cleavage of
CG12717 transcripts guided by petrel piRNAs. Following the generation of secondary
piRNASs by ping-pong, some target RNAs continue to be processed into tail-to-head strings

of phased piRNAs dubbed trailing piRNAs (18, 19). We observed statistically significant
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phasing signature among CG12717-derived sense piRNAs (Z1=3.2; Supplementary Fig.

S5C), and for a quarter of the secondary piRNAs, we could identify trailing piRNAs

following the ping-pong sites, consistent with CG12717 being a bona fide piRNA target.

To gain further confidence in piRNA-guided cleavage of CG12717 transcripts, we performed
degradome-seq to profile cellular RNAs that bear 5° monophosphate, which include 3’
products of piRNA-guided cleavage. Analysis of testis degradome revealed that both Stellate
and CG12717 are enriched among degradome fragments relative to their expression levels
measured by polyA+ RNA-seq, consistent with both genes being subject to piRNA-guided
cleavage (Fig. 6G). In contrast, fragments from nod, Paics and ProtA were not enriched in
the degradome library. In total, we obtained 354 degradome reads from two replicates which
correspond to 19 unique 5’ ends that are derived from CG12717 mRNAs (Fig. 6H).
Importantly, 39% (138/354) of these reads have corresponding antisense piRNAs that
overlap 10nt 5°-t0-5" and thus might be responsible for cleavage at these sites (Fig. 6H).
Together, the presence of CG12717-derived sense piRNAs and identification of piRNA-
guided cleavage products place CG12717 mRNA as a direct target of piRNAs in testis. As
our results indicate that expression of CG12717, a SUMO protease gene related to Ulp2 in
yeast (37), is strongly repressed by piRNAs in testis, we propose to name it pirate (pira) for

“piRNA target in testis”.

Evolution of pirate and pirate-targeting small RNAs
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To understand how piRNA-mediated gene regulation of pira has evolved, we performed

a tblastn search using Drosophila melanogaster pira gene against genomes of other
Drosophila species. We found multiple copies of pira-related sequences in genomes of
Drosophila simulans species complex (D. simulans, D. sechellia and D. mauritiana) (Fig.
7A), but not in more distantly related species like D. erecta or D. yakuba. Similar to petrel
locus in D. melanogaster, these pira-related sequences reside in TE-rich regions (either peri-
centromeric heterochromatin or unassigned scaffolds) in D. simulans species complex.
While all pira-related sequences are exclusively located at petrel on Y chromosome of D.
melanogaster, pira-homologous sequences can be found on different chromosomes in
genomes of D. simulans species complex. For instance, in D. mauritiana, pira-homologous
sequences can be found on at least chrY, chrX, chr3L and chr3R (Fig. 7B). Therefore,

duplications of pira-related sequences into heterochromatin have occurred in all four species.

To investigate whether heterochromatic pira-homologous sequences produce small RNAs in
testes of other species, we analyzed published small RNA datasets from testes of D. simulans
and D. mauritiana (21, 38). We found no small RNAs mapping to the orthologous pira gene
in D. simulans testes, but abundant ones in D. mauritiana testes (Fig. 7C). Unexpectedly,
unlike 23-29nt pira-mapping piRNAs in D. melanogaster, pira-mapping small RNAs in D.
mauritiana are mostly 21nt long, indicating that they are endo-siRNAs. These endo-siRNAs
have on average 93.5% identity with the D. mauritiana pira gene. Notably, similar to other
dual-strand piRNA clusters described in D. melanogaster ovaries (12, 39, 40), petrel in D.

melanogaster testes also generates pira-mapping endo-siRNAs, though much less abundant
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than 23-29nt piRNAs (Fig. 7C). Examination of heterochromatic, pira-homologous

sequences in D. mauritiana genome revealed that most of them are arranged head-to-tail

(Fig. 7B). However, there are four instances where pira-homologous sequences are arranged
head-to-head (Fig. 7B, D), which could potentially generate hairpin RNAs (hpRNAS), the
preferred substrate for processing into endo-siRNAs by Dicer. Thus, targeting of pira by

small RNAs in testis seems to be conserved in two Drosophila species. While pira is
repressed mostly by piRNAs in D. melanogaster, it is targeted nearly exclusively by endo-
siRNAs in D. mauritiana, suggesting two related but distinct regulation strategies employed

in sibling species that diverged less than 3 million years ago.

In addition to pira, there is another Ulp2-like SUMO protease gene, verloren (velo) in D.
melanogaster genome. According to modENCODE data, both genes are expressed
throughout the body across development, except that pira has a very low expression level in
testis (41). pira and velo are paralogs whose homologous domains share 75% nucleotide
identity (Supplementary Fig. S5A). In agreement with the sequence similarity, functions of
Piraand Velo in SUMO deconjugation pathway were shown to be partially redundant (37).
Phylogenetic analysis showed that, while velo is found at syntenic locations throughout the
Drosophila genus, pira is much younger and was only born after the split of D. melanogaster
and ananassae species subgroups (Fig. 7A). These results indicate that pira and velo have

evolved from a common ancestor gene, via inter-chromosomal duplication.
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Considering the 75% nucleotide identity between the parts of pira and velo genes in D.

melanogaster, pira-targeting petrel piRNAs have a potential to target velo transcripts.
However, we found that none of the pira-antisense piRNAs can be mapped to velo transcript
perfectly. Moreover, ~200-fold fewer piRNAs have a potential to target velo with one to

three mismatches. Transcriptome profiling in testes of aub, zuc and spn-E mutants showed
that, unlike pira, velo is not repressed by piRNAs (Fig. 6B). In addition, while pira is only
expressed in ovaries, velo is expressed in both testes and ovaries and, in fact, has a higher
expression level in testes (Fig. 6E). These results show that Y-linked petrel piRNAS repress
specifically pira, but not its paralog, velo, suggesting that a high degree of complementarity
is required for efficient piRNA silencing. Therefore, piRNAs distinguish closely related

paralogs with high sequence similarity to achieve sex- and paralog-specific gene regulation.

Taken together, our results allowed us to reconstruct the evolutionary history of two
paralogous, Ulp2-like SUMO protease genes. First, the pira gene was born via inter-
chromosomal duplication after the split of D. melanogaster and ananassae species
subgroups. This then permitted the differentiation of velo and pira functions, though these
two genes remain in part functionally redundant in D. melanogaster (37). Next, divergence
between pira and velo sequences created an opportunity for paralog-selective gene regulation
by small RNA-guided mechanisms. This was achieved by duplications of pira sequences
into heterochromatin in genomes of D. melanogaster and D. simulans species complex. It is
plausible that, initially, heterochromatic, pira-homologous sequences did not play a role in

gene regulation, as illustrated by the absence of pira-mapping small RNAs in D. simulans.
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However, subsequent expansion and interaction with TE sequences might have enabled

the evolution of two distinct repression mechanisms, via production of pira-targeting
piRNAs and endo-siRNAs, that dominated in D. melanogaster and D. mauritiana,
respectively. Repression of pira by Y-linked piRNAs led to its specific repression in D.

melanogaster testis, implicating the piRNA pathway in establishing distinct expression

patterns of closely related paralogs after gene duplication.

DISCUSSION

Previous studies systematically analyzed piRNA profiles in female gonads of D.
melanogaster, revealing an essential role of piRNAs in regulation of many TEs (3, 42, 43).
However, these studies only provided a single snapshot of the relationship between TE and
piRNA defense system, as they are insufficient to understand how the piRNA program might
adapt to changing TE repertoire and different levels of their expression. To this end, several
studies explored the piRNA pathway in other species of Drosophila (43-45). These studies
revealed that piRNA profiles are different across species, suggesting an adaptation of the
defense mechanism to distinct challenges. However, drastic differences in both TE contents
and piRNA cluster sequences even among closely related Drosophila species (43, 46, 47)
make it difficult to disentangle different factors that sculpt species-specific piRNA programs.
Here, we examined TE expression in males and females of the same species, revealing strong
differences in TE activities between sexes. This allowed us to compare piRNA programs in

two sexes with similar genomic contents (except Y chromosome).
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Another obstacle to understanding responses of the piRNA program to TEs is properly

assessing TE expression. D. melanogaster genome includes over 100 different TE families
whose expression levels can be measured by standard methods such as RNA-seq. However,
TE expression in wild-type animals is greatly suppressed by the piRNA pathway (>100-fold
for some families) (11). Therefore, in order to understand true expression potentials of TEs,
itis necessary to study their expression upon removal of piRNA silencing, which is difficult
to do in species other than model organisms like D. melanogaster. In this work, we examined
the TE expression in piRNA pathway mutants, revealing genuine potentials of TE expression
in both sexes. Combined analysis of TE and piRNA expression showed responses of the

piRNA program to distinct TE expression profiles in two sexes.

Analysis of the genomic origin of piRNAS represents an important but challenging task. As
piRNA sequences are short (23—29nt) and often derive from repetitive genomic regions, a
large fraction of sequenced piRNA reads can be mapped to multiple genomic loci, preventing
an unambiguous assignment of their origin. Accordingly, algorithms employed in previous
studies only used the small fraction of piRNA reads that can be mapped to the genome at
single unique positions to identify genomic regions that generate piRNAs. We took
advantage of the fact that some genomic repeats are local, i.e., they reside within one genomic
region and are absent in the rest of the genome, to develop a new algorithm for piRNA cluster
definition and analysis (Fig. 3A and Supplementary Fig. S4). This approach was successful
in identifying new piRNA clusters. Furthermore, it also provided a more accurate

quantification of the piRNA cluster expression. We found that Hsp70B cluster generates
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piIRNAsS against the nod gene. In addition, we discovered a novel cluster, petrel, on Y

chromosome that generates piRNAs against three host genes and ensures the strong silencing

of SUMO protease, CG12717/pira, during spermatocyte differentiation.

Our identification of the novel petrel locus on Y expanded known functions of entirely
heterochromatic Y chromosome (Fig. 3F and Fig. 5B). Three functionalities have been
assigned to Y by the early 1980s (24). First, together with X chromosome, Y encodes rDNA
loci that express rRNAs and mediates homolog pairing. Second, Y encodes six protein-
coding genes, so-called “fertility factors”, whose protein products are required for
completion of spermatogenesis. Finally, Y chromosome harbors the Su(Ste) locus that
generates piRNAs to suppress Stellate genes to safeguard normal spermatogenesis (1, 2). A
handful of new protein-coding genes were discovered on Y in the past two decades (48, 49),
however, many of them appeared dispensable. Our finding that Y chromosome encodes a
novel piRNA cluster and produces piRNAs to regulate expression of the pira gene assigns a

new function to Y chromosome.

Sexual dimorphism of TE expression and TE-silencing piRNA programs

D. melanogaster is an excellent model to study TE regulations and host-TE interactions, as
its genome harbors many TE families that are transcriptionally and transpositionally active,
generating new insertions in the population (47). As ovaries and testes have complex and

distinct tissue compositions, expression levels measured by RNA-seq and small RNA-seq
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cannot be used directly for comparison of cellular concentrations of transposon transcripts

and piRNAs in male and female germline. Therefore, we have compared rank orders of

transposon and piRNA expression in two sexes as well as fold-changes in their levels upon
disruption of the piRNA pathway between sexes. Our results indicate that expression of both
TEs and piRNAs is sexually dimorphic. The majority of TE families are strongly expressed
in ovaries, though some TEs are more active in testes. In line with this, our results indicate a

stronger TE-silencing piRNA program in female gonads (Fig. 2).

For TEs to be evolutionarily successful, they need to evolve strategies to maximize their
chance to be inherited and expanded through generations. For example, TEs often hijack
germline gene expression programs to be preferentially active in germ cells. Germline-biased
expression leaves the choice of expression to either female or male germline, or both.
Importantly, the two sexes employ distinct evolutionary strategies and have different
contributions towards the zygote. While the major contribution of sperm is its genome,
oocyte contributes large amounts of yolk, various protein factors, RNAs and organelles such
as mitochondria, in addition to its genome. This sexual asymmetry in their contributions to
the next generation has important implications for reproduction strategies of TEs. TEs active
in the male germline need to complete the entire life cycle from transcription to genomic
insertion before sperm maturation, in order to propagate. In contrast, once transcribed, TES
active during oogenesis could finish their life cycle in the zygote after fertilization, as long
as transcribed TE transcripts are deposited into the oocyte. The latter strategy is also used by

mammalian L1 retrotransposon that is expressed during gametogenesis, but genomic



75
insertions might occur later during early embryogenesis (50). Thus, the expression bias

towards ovaries observed for most TEs can be explained by an advantage for their

proliferation, specifically, the extended window to finish their life cycle, in female germline.

There are a few TEs that bias testis for expression, suggesting that there are likely male-
specific vulnerabilities exploitable by these elements. For example, male germ cells use a
testis-specific gene expression machinery (e.g., tTAF and tMAC) to transcribe meiotic
and post-meiotic genes (51, 52). TEs might exploit this tissue-specific transcriptional
machinery to enable their sex-biased expression. It will be important in the future to

uncover molecular mechanisms underlying differentially expressed TEs between sexes.

Analysis of piRNA profiles in testis and ovary indicates that piRNA programs have adapted
to sex-biased TE expression (Fig. 2). The most striking example is the nearly exclusive
expression of telomeric TEs and corresponding antisense piRNAs in the female germline.
Our results suggest that differential expression of piRNA clusters in two sexes together with
differential TE-targeting capacity of each cluster contributes to the sex-specific, TE-targeting
piRNA program. We found that piRNA cluster expression is sexually dimorphic. Besides
the Su(Ste) locus, we identified another major cluster on Y chromosome that is only active
in XY males. However, sex-biased expression is not restricted to Y-linked clusters, as many
X-linked and autosomal clusters have differential activities between sexes as well. Besides
differential expression, genomic analysis showed differences in piRNA cluster TE contents,

suggesting that different piRNA clusters are, to some extent, specialized to target different
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sets of TEs. Importantly, sex bias in cluster expression and their TE-targeting potentials

are linked: clusters preferentially targeting ovary-biased TEs are more active in ovary, while
testis-biased clusters tend to target testis-biased TEs (Fig. 4). Hence, piRNA clusters appear
to be employed differentially by two sexes to counteract specific TE threats they face. What
determines the differential expression of piRNA clusters between sexes awaits future studies.
Previous work suggests that TE promoters embedded in piRNA clusters retain their activities
(16). Contribution of TE promoters to piRNA precursor transcription from piRNA clusters

might explain the correlation between expression of clusters and their TE targets.

Satellite DNA as target of piRNA silencing

Satellite DNASs can be classified as either simple or complex satellites based on the length of
repeating units, and they occupy large portions of Drosophila genome, particularly at peri-
centromeric and sub-telomeric regions (53-56). We found piRNAs expressed from three
major families of complex satellites: sub-telomeric HETRP/TAS, Responder (Rsp), and
SAR/1.688 (including 359bp). In fact, piRNAs can be mapped to both strands of complex
satellites in gonads of both sexes, and they often possess ping-pong signature (Fig. 1C). Thus,
our results expand the previous observation of piRNAs mapping to one strand of Rsp (57)
and establish complex satellites as dual-strand piRNA clusters and potential targets of piRNA
silencing in Drosophila germline of both sexes. Our analysis was focused on complex
satellites, as simple satellite repeats are still largely intractable to sequencing technologies
today (58). However, a recent study reported that transcripts from AAGAG simple satellite

repeats regulate heterochromatin in male germline and are required for male fertility (59). It
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will be interesting to determine whether simple satellites produce piRNAs and, if so,

whether their piRNA production is required for male fertility.

piRNAs loaded onto the nuclear Piwi protein guide heterochromatin assembly (60-63). For
this reason, satellite piRNAs might play a role in establishing germline heterochromatin,
similar to heterochromatin formation guided by siRNAs in fission yeast (64, 65). While the
function of complex satellites remains mostly elusive, Rsp has been implicated in a meiotic
drive system called segregation distortion (56, 66, 67). During male meiosis, the Segregation
Distorter (SD) allele enhances its own transmission to haploid cells at the cost of wild-type
(SD) allele in SD/SD* heterozygous males, violating Mendelian law of inheritance.
Importantly, segregation distortion requires the presence of a sufficient number of Rsp
satellite repeats in trans. Though described more than 60 years ago (68), the molecular
mechanism of segregation distortion remains unknown. Intriguingly, mutations of aubergine
(aub), a PIWI protein, were found to be enhancers of SD (69). Together with our data, these
data suggest that piRNA pathway may play a role in segregation distortion during

spermatogenesis.

Regulation of host genes by piRNAs

Though the central and conserved function of piRNA pathway seems to be TE repression,
other functions were also described in several organisms (reviewed in Ozata et al., 2019).

The role of piRNAs in regulating host gene expression is particularly intriguing and remains
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somewhat controversial. The first described piRNAs, Su(Ste) piRNAs, silence the

expression of Stellate genes (1, 2). However, Stellate genes and their piRNA suppressors
appear to resemble selfish toxin-antitoxin systems rather than representing an example of
host gene regulation (71). Since the discovery of piRNA pathway, there have been several
studies reporting host protein-coding genes regulated by Drosophila piRNAs (reviewed in
Rojas-Rios and Simonelig, 2018). In this work, we analyzed the ability of Drosophila
piRNASs to regulate host genes in testes, by examining gene-targeting piRNAs and changes
in host gene expression across three piRNA pathway mutants. We found piRNAs targeting
four host genes: nod (a kinesin-like protein), CG12717/pira (a SUMO protease), Paics (a
metabolic enzyme) and ProtA (a sperm chromatin protein). These four genes are targeted by
antisense piRNAs generated from two piRNA clusters that contain sequence homology to
them. However, only one of the four, CG12717/pira, is substantially repressed (over 10-fold)
by piRNAs (Fig. 6). As pira-silencing piRNAs are encoded on Y chromosome and thus only
expressed in males, they are responsible for differential expression of pira in two sexes.
Indeed, in wild-type files, pira is specifically silenced in male gonads while highly expressed
in female counterparts. Thus, our results establish the ability of piRNAs to repress host
protein-coding genes, and, at the same time, suggest that this role is likely restricted to a

small number of genes.

Our results indicate that piRNA-guided repression of host genes requires a sufficient number
of targeting piRNAs. While all four genes are targeted by piRNAs with similar levels of
sequence identity (91-94%, i.e., about two mismatches per piRNA), the abundance of

PiIRNAs
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against each gene differs drastically. There are much more pira-targeting piRNAs than the

other three gene targets, at a level comparable to the 15™ most targeted TE. Furthermore,
while pira is targeted along almost the entire length, only small regions of other three genes
are targeted by piRNAs. These differences in piRNA abundance and distribution of target
sites could explain strong repression of pira, in contrast to the other three genes. It is possible
that these genes are still regulated by piRNAs at specific stages, the question that remains to
be further investigated. Importantly, abundant pira-silencing piRNAs do not repress the pira
paralog, velo, that has a 75% sequence identity with pira, indicating that a high
complementarity between piRNA and target may be important for efficient silencing. In
agreement with these, a previous report indicated that a similar level of sequence identity
(~76%) is insufficient for the silencing of vasa by AT-chX piRNAs (21). Therefore, both high
expression and high complementarity with targets might be required for efficient piRNA

silencing in D. melanogaster.

This conclusion is important for analyzing the potential of piRNASs to repress host protein-
coding genes. Unlike miRNAS, sequences of piRNAs are extremely diverse. Accordingly, if
mismatches between piRNA and its target are well tolerated, a large number of cellular
MRNAs should be targeted and repressed by piRNAs. Indeed, some host genes were
proposed to be repressed by a few piRNA species that have multiple mismatches to mMRNA
sequences (73-76). Our results suggest that such a spurious targeting by individual piRNAs

is unlikely to cause repression. In fact, a high threshold for efficient target repression might
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permit production of diverse piRNA sequences against genuine targets such as TEs,

without unintended interference with host gene expression.

The role of piRNA in evolution

Analysis of pira repression revealed a remarkable picture of evolutionary innovation (Fig.
7). piRNA-dependent repression of pira occurs in D. melanogaster but not in its sibling
species, suggesting its rather recent origin. Efficient silencing of pira is linked to the presence
of multiple copies of pira-homologous sequences in a piRNA cluster inside heterochromatin.
Interestingly, duplications of pira sequences into, and their expansion within,
heterochromatin can be found in three closely related species of D. simulans complex, in
addition to D. melanogaster. However, distribution and copy number of pira-related
sequences differ among these four species. In fact, both the petrel locus that generates pira-
silencing piRNAs and its two flanking protein-coding genes, FDY and Mst77Y, evolved after
the split of D. melanogaster and D. simulans species complex (32, 49, 77), suggesting that
the entire locus is unique to D. melanogaster. Furthermore, no small RNAs are generated
from heterochromatic pira sequences in D. simulans, while endo-siRNAs are made against
pira in D. mauritiana. The neutral theory of molecular evolution provides the most
parsimonious interpretation of these results. This theory suggests that the initial duplication
of pira sequences into heterochromatin might have been a random event that did not play a
role in regulating the ancestral pira gene. However, subsequent evolution of pira-related
sequences inside heterochromatin gave rise to two different modes of regulations, piRNA

and endo-siRNA, in two different but closely related species. Emergence of small RNA-
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mediated repression was probably facilitated by the fact that pira itself was recently

evolved and retains partially redundant functions with its paralog, velo (37), allowing

independent regulation of two paralogs.

The evolutionarily innovative role of piRNAs in regulating host genes in Drosophila has
interesting parallels in other organisms. piRNA pathway was shown to regulate expression
of xol-1 gene involved in sex determination and dosage compensation in two different worm
species, C. elegans and C. briggsae, that diverged more than 50 million years ago (78). On
the other hand, pachytene piRNAs expressed during spermatogenesis in mammals evolved
very fast and are generally poorly conserved (79). The function of pachytene piRNAS is
under active debate as no obvious targets can be easily discerned by analysis of their
sequences (80-82). Recently, knock-out of one pachytene piRNA cluster led to unexpected
conclusion that a small fraction of piRNAs promote biogenesis from other piRNA clusters
and regulate the expression of a few host genes, while the vast majority do not target any
transcripts (83). Thus, mammalian pachytene piRNAs can be considered a selfish system
that occasionally involves in regulation of the host gene expression. Species-specific
regulation of host genes by piRNAs in both Drosophila and mouse suggests that piRNA
pathway is used in evolution to create innovation in gene regulatory networks that might
contribute to speciation. More generally, piRNAs might promote the evolvability of animal
species. Though it is difficult to establish the function of any molecular mechanism in

evolution, this proposal makes a testable prediction that host genes repressed by piRNAs
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differ even among closely related species. Future studies in non-model organisms will shed

light on the role of piRNAs in evolution and speciation.
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Figure 1. Analysis of small RNA profiles in testis and ovary.

(A) Size distribution plots of microRNAs (gray), remaining small RNAs that map to TE

consensus (red) and protein-coding gene exons (black), in testis (left) and ovary (right).

(B) Annotation of piRNA reads in testis (left) and ovary (right). 1U nucleotide bias (%) for
overall piRNA population and each category is shown next to labels. See also Supplementary

Fig. S1.

(C) Characterization of piRNAs mapping to three known complex satellites in two sexes.
Left panels of each sex are size distribution of piRNAs mapping to consensus sequences of
each complex satellite. Right panels are distributions of 5’-to-5" distances of piRNA pairs,
showing an enrichment for 10nt (i.e., ping-pong signature), except for Rsp in testis (P<0.05
for z>1.96). 1U nucleotide bias (%) and ping-pong z-score are shown above plots. See also

Supplementary Fig. S2.
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Figure 2. Sexually dimorphic piRNA programs parallel sex-specific TE expression.

(A) Heatmaps showing the abundance of antisense piRNA (left) and ping-pong z-score
(right) for each TE family in two sexes. Statistically significant ping-pong z-scores (z>1.96,
equivalent to P<0.05) are color coded, while the remaining are marked as blank. TE families
are sorted by sex bias of piRNA expression, defined as the log2 ratio of antisense piRNA
abundance in testis over ovary. TEs with more than 2-fold differences in antisense piRNAs
are colored as testis-biased (blue) and ovary-biased (pink), respectively, with the remaining

having no obvious bias (gray).

(B) Expression of 36 TE families that are regulated by rhi (see methods) in testis (left) and
ovary (right). TE families are sorted by sex bias of their expression in piRNA pathway mutant
(rhi”), defined as the log2 ratio between sexes. Heatmaps display TE levels in control and

mutant, while bar graphs show the fold change of expression in mutant over control.

(C) Venn diagrams of the number of TEs showing 100-, 10- and 4-fold de-repression in rhi

mutant over control of two sexes.

(D) Scatter plot displaying the correlation between sex biases of TE and TE-antisense
piRNA. For each TE family, the loss of antisense piRNAs in rhi mutants was calculated in
each sex (ctrl over mut). The sex bias of piRNAs was defined as the log2 ratio of piRNA loss
in female over male. Similarly, TE de-repression in rhi mutants was calculated in each sex

(mut over ctrl), and the sex bias was defined as the log?2 ratio of TE de-repression in female
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over male. TE families that show a correlation between the sex bias of antisense piRNA

and that of TE de-repression are colored as orange, with the rest as blue.

(E) Histograms showing profiles of two sex-biased TEs for each sex. Antisense piRNA levels
refer to those in control gonads, TE levels refer to those in piRNA pathway mutants (rhi”-),
and the fold change is calculated as mutant over control for TEs and the reverse for antisense

PIRNAs.

(F) Confocal images of the apical tip of stage 7—8 nurse cells in ovary (top) and testis (bottom)
that express a Burdock-fused GFP reporter in wild-type and piRNA pathway mutant (rhi”-)
background, respectively. The reporter is expressed by nanos promoter that drives germline
expression in both sexes, thus enabling the examination of piRNA silencing of Burdock
sequences independent of natural expression patterns of Burdock transposon. Scale bars:

20pum.
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Figure 3. Definition of piRNA clusters in testis and ovary using a new algorithm.

(A) Three types of piRNA reads, defined based on their mapping positions. Uniquely
mapped reads can be mapped to only one position in the genome and their origin is
unambiguous. Reads derived from local repeats can be mapped to several positions in the
genome; however, all of these mapping positions are locally clustered in a single genomic
region. On the other hand, non-local multi-mappers can be mapped to multiple positions that
are not restricted to one genomic region (typically mapped to more than one chromosome).
Previously, only uniquely mapped reads were used to define piRNA clusters and quantify
their expression, as the genomic origin of multi-mappers is ambiguous. Inclusion of multi-
mappers derived from local repeats, as shown in this study, allows identification of new
piRNA clusters as well as a more accurate quantification of piRNA production from known
clusters. At the same time, it preserves the certainty that reads are generated from genomic

loci in question. See Supplementary Fig. S4 for detailed pipeline.

(B) Histogram comparing numbers of mapped reads for major piRNA clusters using different
read-inclusion criteria as defined in (A). For each cluster, the number of mapped reads
generated by different methods is normalized to the method that includes both unique and

local repeat reads (the right column). See also Supplementary Fig. S4 and methods.

(C) Expression of the top 9 most active piRNA clusters in testis. Blue bars depict the
contribution of each cluster to total piRNAs (%) and orange dots show cluster lengths
according to dm6 genome assembly. Insert is a pie chart of the contribution of top 9 loci to

total piRNAs in testis.

(D) Same as in (C) but for ovary.
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(E) UCSC genome browser view of a peri-centromeric region (chrX) encompassing the

entire flamenco locus (purple) and the distal part of AT-chX piRNA cluster (green). Below
genomic coordinates (dm6) are piRNA coverage tracks using different read-inclusion
criteria. Note that, whereas flamenco produce piRNAs that can be mostly mapped to unique
genomic positions, AT-chX generates piRNAs that map to local repeats in this cluster, but

nowhere else in the genome.

(F) UCSC genome browser view of the entire Y chromosome that harbors two Su(Ste) loci
(blue) and the novel petrel piRNA cluster (orange). piRNA coverage tracks using different
read-inclusion criteria are shown below genomic coordinates (dm6). At the bottom, all
known Y-linked protein-coding genes are drawn for reference (not to exact scale). Note that
piRNA profiles of Su(Ste) and petrel clusters collapse if piRNAs derived from local repeats

are excluded.
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Figure 4. Chen et al.
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Figure 4. piRNA clusters are differentially employed to tame sex-specific TE

expression.

(A) Plot showing the cumulative contribution of top piRNA clusters to the total piRNA

populations in testis (left) and ovary (right), up to 100 clusters.
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(B) Heatmaps showing piRNA production from major piRNA clusters. Note that Su(Ste)

and petrel clusters are Y-linked so there are no piRNAs from these loci in females that lack

Y chromosome.

(C) Bar graphs displaying the sex bias of piRNA cluster expression (left) and cumulative sex
bias of the TE context for each cluster (right). Sex bias of piRNA cluster expression is defined
as the log2 ratio of piRNA cluster expression in ovary over testis shown in (B), so ovary-
biased ones are positive in value. Cumulative sex bias of cluster TE content is calculated by
summing the sex bias of TEs (as described for Fig. 2B) weighted by their length contributions
to the cluster (equation shown on the right). An example is shown on the bottom right for a
hypothetical cluster composed of two TEs with lengths and sex biases labeled accordingly
for illustration. Only TEs showing strong sex biases were used in calculation. See also

methods.

(D) TE composition of ovary-biased 42AB cluster. Shown are fractions of 42AB cluster
occupied by sequences from top 4 TE families. These 4 TEs are completely absent in 38C, a
testis-biased piRNA cluster. Expression of these 4 TEs is all ovary-biased (Supplementary

Fig. S3A).

(E) Contributions of three testis-biased TEs (Supplementary Fig. S3A) to the ovary-biased
42AB cluster and testis-biased 38C cluster. These TEs were selected as the most enriched by

length in 38C compared to 42AB.

(F) The Sox102F gene generates piRNAs in ovary, but not in testis. This locus harbors a
single autonomous TE, Tc1-2, that has ovary-biased expression (Supplementary Fig. S3A).

piRNA coverage tracks show both uniquely-mapped and local repeat-derived reads.
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Figure 5. Chen et al.
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Figure 5. Hsp70B and petrel piRNA clusters encode piRNAs that target host genes.

(A) Hsp70B piRNA cluster (top) and the putative target, nod (bottom). piRNA coverage
tracks using different read-inclusion criteria are shown below RefSeq and genomic
coordinates (dm6) for Hsp70B cluster. ~354bp local repeats homologous to a 320bp exonic
region of nod are depicted as solid blocks, which fill up most inter-TE space at this locus.
Note that “unique+local” piRNA track does not include TE-derived piRNAs that map outside
this locus, but it picks up bona fide local repeats that are homologous, but not identical, to

nod.

(B) petrel piRNA cluster on Y chromosome. piRNA coverage tracks using different read-
inclusion criteria are shown. Sequences with high levels of sequence similarity to protein-
coding genes are depicted as colored blocks (not to exact scale): CG12717 (green), Paics
(orange), ProtA (blue). Note that gene-homologous islands fill up most inter-TE space at this

locus. Genomic coordinates are based on dm6 genome assembly.

(C) Coverage of sense (genome-unique, 0 mismatch) and antisense piRNAs (with up to
three mismatches) over four putative, protein-coding gene targets of testis piRNAS.

Antisense piRNA abundance is shown for each gene.
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(A) MA plots showing gene expression changes from polyA+ RNA-seq of aub (top), zuc

(middle) and spn-E (bottom) mutant testes versus heterozygous sibling controls. Genes are

marked red when passing a stringent statistical cutoff (adjusted P<0.001, from DESeq?2).
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Additional coloring includes: CG12717/pira (green), annotated Stellate transcripts

(orange), frtz (purple), and the mutated gene in each mutant (blue).

(B) Heatmaps showing fold change of five protein-coding genes in three mutant testes

according to polyA+ RNA-seq shown in (A).

(C) Confocal images of pira mRNAs detected by in situ HCR in aub (top), zuc (middle) and
spn-E (bottom) mutant testes along with respective heterozygous sibling controls. Probes
were designed against a ~400bp sequence unique to pira and absent on Y (Supplementary
Fig. S5B), so they do not target petrel piRNA precursors. Note that de-repression of pira in
piRNA pathway mutants is observed specifically in differentiating spermatocytes (pointed

to by orange arrows). Scale bar: 20um.

(D) Confocal images of pira transcripts detected by in situ HCR in XY and XO testes. Same
scale as in (C). A schematic of Y chromosome- and piRNA-dependent silencing of pira is

shown at the bottom.

(E) Bar graphs displaying modENCODE data of pira and its paralog velo expression in D.

melanogaster gonads of both sexes.

(F) Analysis of ping-pong processing of pira-mapping piRNAs. Histogram shows
distribution of 5’-to-5’ distances of complementary piRNA pairs with an enrichment for 10nt
(i.e., ping-pong signature). To select secondary piRNAs processed from pira transcripts, only
reads that map perfectly to pira mRNAs in sense orientation and do not map perfectly to
petrel cluster were used in this analysis. Antisense piRNAs were selected allowing up to

three mismatches.
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(G) Analysis of cellular transcripts enriched in degradome-seq library. Scatter plot shows

the number of degradome-seq reads for each gene relative to its expression measured by

polyA+ RNA-seq. Transcripts enriched in degradome-seq library relative to their expression
are located above diagonal. These include Stellate, a known target of piRNA repression, and
CG12717/pira, while nod, Paics and ProtA transcripts are not enriched in degradome-seq.

Different annotated copies of Stellate genes were merged.

(H) Analysis of pira-derived degradome reads. The abundance of 5’ ends of pira-derived
degradome reads is plotted, with the ones that have 10nt 5°-5 overlap with antisense piRNAs

marked red. Examples of two such degradome and piRNA pairings are shown at the bottom.
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Figure 7. Evolution of pira and pira-targeting small RNAs.

(A) Cladogram of major species in Drosophila genus (left) and the evolutionary history of

velo, pira and pira-related sequences in genomes of these species (right). Orthologs were

identified based on sequence homology and synteny. Shown in purple are locations of

additional pira copies in each species and copy numbers in parenthesis. Asterisk marks the

chromosome name in the melanogaster subgroup, as karyotype differs in more distantly

related

species.

(B) Cartoon depicting distribution of pira-homologous sequences in D. mauritiana genome.

Orthologous pira is marked blue, orthologous velo is marked green, and the duplicated,
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candidate sources of pira-targeting endo-siRNAs are marked red. Note that they scatter

across peri-centromeric heterochromatin of chrX and chr3, as well as chrY and scaffolds (not

shown).

(C) Profiles of pira-mapping small RNAs in testes of D. melanogaster (top) and D.
mauritiana (bottom). Size distributions are shown on the left. Coverage plots over the
orthologous pira gene in each species are shown on the right, including: cumulative
alignment of heterochromatic, duplicated copies of pira over the syntenic, orthologous pira
(top, solid bar), stranded coverage of 23-29nt piRNAs (middle, histogram) and 19-22nt

endo-siRNAs (bottom, histogram) over the orthologous pira gene.

(D) Hlustration showing two representative head-to-head copies of pira homology (red) in
the peri-centromeric heterochromatin of D. mauritiana X chromosome. pira-related
sequences are flanked by TEs and are part of a large inverted repeat that could potentially

permit hpRNA biogenesis.
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MATERIALS AND METHODS

Fly stocks

Stocks and crosses were raised at 25 °C. The following stocks were used: aub®@©
(BDSC4968), aub™N2 (BDSC8517), zuc®’ (BSDC3079), spn-EN's3%87 (BDSC24853) and spn-
E! (BDSC3327) were obtained from Bloomington Drosophila Stock Center; rhi? and rhik¢
were gifts of William Theurkauf; zuc"™?7 was a gift from Trudi Schiipbach; nosP-GFP-
Burdock was a gift from Julius Brennecke. Heterozygous siblings were used as controls for
all experiments, unless noted otherwise. XO male was generated by crossing XY males to

C(1)RM females (BDSC9460).

RNA in situ hybridization chain reaction (HCR)

A kit containing a DNA probe set, a DNA probe amplifier and hybridization, amplification
and wash buffers were purchased from Molecular Instruments (molecularinstruments.org)
for CG12717 transcripts. To avoid targeting the petrel locus on Y, we designed probes
against a ~400bp unique region present in CG12717 on X but absent on Y chromosome. The
CG12717 probe set (unique identifier: 3916/E064) initiated B3 (Alexa546) amplifier. In situ
HCR v3.0 (84) was performed according to manufacturer’s recommendations for generic

samples in solution.

Image acquisition and analysis
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Confocal images were acquired with Zeiss LSM 800 using a 63x oil immersion objective

(NA=1.4) and processed using Fiji (85). Single focal planes were shown in all images, where

dotted outlines were drawn for illustration purposes.

RNA-seq

RNA was extracted from 160-200 pairs of dissected testes of aubQC42/HN2 gpn-E1/NIs3987,
zucHM27/bf and respective heterozygous sibling controls in TRIzol (Invitrogen). PolyA+
selection was done using NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB
E7490), followed by strand-specific library prep with NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (NEB E7760) according to manufacturer’s instructions.
Libraries were sequenced on Illumina HiSeq 2500 yielding 11-17 million 50bp single-end
reads. PolyA-selected RNA-seq of rhi mutants and controls were downloaded from NCBI
SRA (see Chen et al. 2020 for testis and GSE126578 for ovary, two biological replicates

per sex per genotype).

RNA-seq analysis

To quantify expression levels of protein-coding genes across different piRNA pathway
mutants (aub, zuc and spn-E), we used kallisto 0.46.1 (86). Three heterozygous controls were
pooled as triplicates of controls to be analyzed against duplicates of each of the three piRNA
pathway mutants. Transcript-level quantification was pooled to obtain gene-level

quantification. Differential gene expression was done with DESeq2 (87). Expression of
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CG12717 and velo in ovary and testis from modENCODE (41) was extracted from

FlyBase (88).

For analysis of TE expression and TE fold change in piRNA pathway mutants of both sexes,
rhi mutants were used where piRNA production from germline-specific dual-strand clusters
was abolished. Reads mapped to rRNA were discarded using bowtie 1.2.2 allowing 3
mismatches. Reads were then mapped to TE consensus from RepBasel7.08 using bowtie

1.2.2 with -v 3 -k 1 and normalized to the total number of reads mapped to dm6 genome. For
simplicity, reads mapped to LTR and internal sequences were merged for each LTR TE given
their well-correlative behaviors. Only TEs that have >5 RPM and >2.5 RPKM expression in
piRNA pathway mutants of either sex were kept for the analysis (n=87). A pseudo-count of

1 was added before calculating TE fold change in piRNA pathway mutants.

Degradome-seq and analysis

Degradome-seq was done as previously described (89). Briefly, RNA was extracted from 50
pairs of wild-type testes (W''*8) in TRIzol, followed by DNase treatment (TURBO DNase)
and rRNA depletion (ribo-zero). Next, RNA bearing 5’ monophosphate was enriched by
ligating 5° adaptor (5’-GUUCAGAGUUCUACAGUCCGACGAUC) with T4 RNA ligase,
followed by size selection for RNA >200nt (RNA Clean & Concentrator-5). Reverse
transcription was performed with SuperScript Il and a primer containing a degenerate
sequence at its 3° end (5’-GCACCCGAGAATTCCANNNNNNNN), which also introduced
the 3” adaptor. PCR was done to amplify cDNA and to introduce sequencing primer and

index sequences. Two replicates were sequenced on Illumina HiSeq 2500 for 150bp single-
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end reads. To compare degradome with polyA+ RNA-seq, we used kallisto to assign reads

to transcripts as described above. To identify degradome sequences that are 3° piRNA-guided
cleavage products of CG12717 transcripts, we mapped degradome reads (trimmed to 50bp)
to dm6 genome with bowtie 1.2.2 -v 0 -m 1 and extracted those mapping to the coding strand
of CG12717 (note that it is an intron-less gene). CG12717-derived degradome reads were
extended upstream of their 5’ ends based on dm6 genome sequence to examine their overlap

with antisense piRNAs and extent of complementarity.

Identification of TEs regulated by rhi

To identify a set of TEs regulated by rhi in at least one sex, we looked for TEs that have at
least 100 RPM in rhi mutant ovaries or at least 25 RPM in rhi mutant testes. Next, we filter
out TEs that show fewer than threefold de-repression in both sexes. From the initial 87
TEs defined above, these led to a total of 36 TEs regulated by rhi in at least one sex shown in

Fig. 2B and Fig. 2D. See Supplementary Fig. S3C for detailed profiles of these 36 TEs.

pPiRNA-seq

RNA extraction was done as above for RNA-seq. 18-30nt small RNAs were purified by
PAGE (15% polyacrylamide gel) from ~1ug total RNA. Purified small RNA was subject to
library prep using NEBNext Multiplex Small RNA Sample Prep Set for Illumina (NEB
E7330) according to manufacturer’s instructions. Adaptor-ligated, reverse-transcribed, PCR-

amplified samples were purified again by PAGE (6% polyacrylamide gel). Two biological
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replicates per genotype were sequenced on Illumina HiSeq 2500 yielding 15-20 million

50bp single-end reads.

piRNA-seq analysis of TEs, complex satellites and genes

To isolate piRNAs, adaptor-trimmed total small RNAs were size-selected for 23-29nt
(cutadapt 2.5) and those mapped to rRNA, miRNA, snRNA, snoRNA and tRNA were
discarded (bowtie 1.2.2 with -v 3). piRNAs were first mapped to RepBase17.08 to obtain the
portion mapping to TEs and complex satellites; the rest was then mapped to gene sequences
derived from the gtf file downloaded from Ensembl (BDGP6.28.99) (90); reads unmapped
to repeats and genes were then mapped to dm6 to infer the portion mapping to inter-genic
regions, and the unmapped ones were listed under “others” category. A pipeline is also drawn
in Supplementary Fig. S1. For TE-antisense piRNA analysis, piRNA reads were mapped,
normalized and processed as done for polyA+ RNA-seq (see above). For complex satellite-
mapping small RNAs, we plotted size distribution, analyzed nucleotide bias at position 1 and
calculated coverage along consensus sequences using bedtools v2.28.0. Analysis of ping-
pong signature (i.e., 5°-to-5" distances between complementary piRNA pairs) and phasing
signature (i.e., 3’-to-5’ distances on the same strand) were done with custom scripts. Ping-
pong z-score was calculated using 1-9nt and 11-23nt as background distribution for an
enrichment of 10nt, whereas phasing z-score, Z; as defined in (18), was calculated using 2—
50nt as background distribution for an enrichment of 1nt. For piRNAs antisense to protein-
coding genes of interest, we downloaded gene sequences from FlyBase (88) and mapped

piRNASs to them using bowtie 1.2.2. For mRNA-derived sense piRNAs, we mapped piRNAs
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to genome and kept ones with unique mapping and zero mismatch (bowtie 1.2.2 with -v 0

-m 1) to the gene regions and orientations of interest.

A pipeline tolerating local repeats for piRNA cluster analysis

We first separated rRNA-depleted 23-29nt small RNA reads that map to one unique location
in the genome and others that have multiple mapping positions (“multi-mappers”). For all
multi-mappers, we filtered out those who map to more than one chromosome arm, retaining
only ones with multi-mapping positions on a single chromosome arm (“intra-chromosomal
repeats”). Then, for each of the reads we kept as intra-chromosomal repeats, we calculated
the maximum distance (“max distance”) of all mapping positions. In order to enforce the
local requirement, we hoped to identify a cutoff distance for max distances, which is large
enough to contain known piRNA loci but small enough to allow certain resolution of
neighboring loci. To this end, we analyzed a pool of 50bp DNA fragments tiling the entire
dm6 genome and plotted a histogram of max distances for all intra-chromosomal repeats
(Supplementary Fig. S4B). This revealed a density of intra-chromosomal repeats having max
distances smaller than ~500Kb, as well as four pronounced peaks with larger max distances.
Sequence analysis uncovered the identities of these peaks: the peak with ~600Kb max
distance corresponds to AT-chX, the peak with ~1.8Mb max distance represents Su(Ste), and
the other two peaks mostly contain Y-specific simple repeats. We thus set a 2Mb tolerance
threshold of max distances to allow local repeats in piRNA cluster analysis. In other words,
we defined local repeats as repeats that have all copies contained within a window smaller

than 2Mb and merged their normalized counts with unique sequences for piRNA cluster
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analysis. Alignment was done using bowtie2 to dm6 genome. To compare this new

pipeline with the convention that uses only unique mappers, we calculated the number of
reads mapped to major piRNA clusters using both methods (Fig. 3B). A summary of this

pipeline is shown on Supplementary Fig. S4A.

Definition of piRNA clusters

23-29nt small RNAs were mapped to dm6 genome using the above-mentioned pipeline
tolerating local repeats and generated coverage profiles across 1Kb windows that tile the
genome. 1Kb windows including highly expressed miRNA, snRNA, snoRNA, hpRNA or
7SL SRP RNA were excluded. 1Kb windows with low read-coverage (<100bp) were also
excluded. Then, 1Kb windows that produce at least certain amounts of piRNAs were
extracted for cluster definition (>10RPM for testis, >SORPM for ovary). Neighboring 1Kb
widows within 3Kb were merged. If merged windows were >5Kb, they were merged again
within 15Kb. This yields 844 piRNA clusters in testis and 525 piRNA clusters in ovary, after
manual curation. Major piRNA clusters described before in ovaries (3, 16) were all recovered
with similar resolution. To compare expression levels of major piRNA clusters between
sexes, cluster boundaries were manually curated to guarantee identical regions being
compared. piRNA clusters defined in this study for both sexes are listed in Supplementary

Table S1.

TE content of piRNA clusters
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TE annotation in dm6 genome was downloaded from UCSC Table Browser (91). piRNA

cluster boundaries were defined as described above. For piRNA cluster of interest, the TE
content is calculated as length contribution to the entire cluster length by individual TEs. TE

contents add up to less than 100%, as TEs do not fill completely the cluster length.

Sex bias of piRNA cluster TE content

Sex bias of individual TEs was first computed as log2 ratio of expression levels in piRNA
pathway mutants (rhi) between sex (ovary over testis). Sex bias of piRNA cluster TE content
was then computed as the cumulative sex bias of individual TEs inside the cluster, weighted
by their length contribution to the cluster. Using all expressed TEs or only ones that show
pronounced sex bias generated comparable results. To eliminate noise, we only used TES
that exhibit strong, >10-fold sexual difference in expression (n=24). An equation and an

example are shown in Fig. 4C.

BLAT and BLAST analysis

To characterize the unannotated sequence between annotated repeats in piRNA clusters,
inter-repeat sequences were analyzed using BLAT on UCSC Genome browser (92). For
example, an inter-TE sequence at Hsp70B locus was used to BLAT against dm6 genome,
which revealed the homology with an exon of nod gene (Fig. 5A). Homology between
CG12717 and velo was done with both BLAT and BLAST, which yielded similar results.

Characterization of CG12717-homologous sequences at petrel locus (Supplementary Fig.
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S5B) was done by multiple sequence alignment with the Needle program

(ebi.ac.uk/Tools/psa/emboss_needle/).

Phylogenetic analysis

The longest transcripts of velo and CG12717 in D. melanogaster genome were used to
BLAST against nucleotide collection with tblastn program. Orthologs of these two genes in
other Drosophila species were identified based on high nucleotide similarity and synteny. In
all orthologs identified for both genes, we found the same flanking protein-coding genes,
confirming their ortholog identities. Occasionally, BLAST with CG12717 revealed the velo
ortholog in that species as well; but only in D. mauritiana, D. simulans and D. sechellia
genomes are there additional hits with high sequence homology to CG12717, other than the
orthologous CG12717 and velo. These additional CG12717-related sequences are in some
cases annotated as predicted genes, but all buried in TE-rich heterochromatin (close to
centromere or in highly repetitive unassigned scaffolds). To examine the organization of
CG12717-related sequences in D. mauritiana genome in detail, we ran BLAST using D.
mauritiana CG12717 gene against its genome (assembly: GCA _004382145.1), which
revealed additional unannotated regions with high sequence similarity to CG12717. Those
located on chrX and chr3 were drawn in Fig. 7B. The instance where two adjacent CG12717-
related sequences are arranged head-to-head on chrX is illustrated in Fig. 7D, and the other
three such instances are found in unassigned scaffolds. To uncover the identity of flanking

unannotated sequences, we BLAST the 50Kb region encompassing CG12717-related
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sequences against TE consensus (RepBasel7.08). The cladogram was drawn for

illustration (93).

Analysis of testis small RNAs in non-D. melanogaster species

Testis small RNA libraries from non-D. melanogaster species was downloaded from NCBI
SRA: D. simulans SRR7410589 (38) and D. mauritiana SRR7961897 (21). Adaptor-
trimmed reads were mapped to the orthologous CG12717 gene, D. simulans GD15918 and
D. mauritiana LOC117148327, respectively (bowtie 1.2.2 with -v 3 -k 1). Coverage was

plotted along the orthologous CG12717 gene.

Data visualization and statistical analysis

Most data visualization and statistical analysis were done in Python 3 via JupyterLab with
the following software packages: numpy (94), pandas (95) and altair (96). The UCSC
Genome Brower (97) and IGV (98, 99) were used to explore sequencing data and to prepare

browser track panels shown.

Data availability
Sequencing data can be accessed via NCBI SRA with accession numbers listed below.

PRINA646006 (rhi), PRINA646216 (aub, zuc and spn-E), PRINA719671 (degradome).
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Figure S2. Profiles of complex satellite- and TE-mapping piRNAS in two sexes.

(A) Coverage plots of piRNAs over Rsp (top), HETRP (middle) and SAR (bottom), in testis

(left) and ovary (right).

(B) Distributions of 3’-to-5’ piRNA distance on the same strand for each of the three complex
satellites in testis and ovary. Z: score marks the statistical significance of a putative

enrichment of 1nt (P<0.05 for z>1.96). Significant ones are marked pink with the rest in
gray.
(C) Examples of complementary pairs of Rsp-mapping piRNAs. Note that in ovary (red) they

show an enrichment for 10-nt overlap, i.e., ping-pong signature, but in testis (blue) they show

near perfect-complementarity with no evidence for ping-pong signature.

(D) Top 10 TEs targeted by the most abundant antisense piRNAs in testis (left) and ovary
(right). Heights of slices correspond to relative abundance in each sex, and the sum of top 10
TEs is then scaled to the same height between sexes. Each TE family is given a unique color,
and the same TE family is connected by a line to help visualize distinct rank orders between
sexes. Names of TE families are shown following the same order, though not directly next

to respective slices.
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Figure S3. TE levels in piRNA pathway mutants and curation of TEs regulated by

Rhi in at least one sex.

(A) Bar graphs showing TE levels in piRNA pathway mutant (rhi) testes (orange) and ovaries

(blue). TEs that have >10 RPKM in either sex is shown at the top, with the rest at the bottom.

(B) Top ten most expressed TE families in piRNA pathway mutant testis (left) and ovary
(right). rhi”- was used, where piRNA production from genome-wide dual-strand piRNA
clusters collapses. Slice heights and colors were depicted as described in Supplementary Fig.

S2D, though the same TE can be marked by a different color.

(C) Table reporting manual curation of 36 confidently affected TE families by rhi’.
Silencing potential is TRUE when there are normally >100 RPM antisense piRNAs and they
show >2-fold reduction in rhi mutants. TEs are deemed de-repressed when having >3-fold
up-regulation. Note a few unexpected cases where TE de-repression is not accompanied by

PiRNA loss, the ovary ones of which were described before (Klattenhoff et al. 2009).
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Figure S4. An algorithm that includes local repeats in piRNA cluster definition and

analysis.

(A) Flow chart showing steps of the new algorithm that includes local repeats in piRNA

cluster definition and analysis. See also methods.

(B) Histogram showing the distribution of “max distances” defined in (A) to identify a

meaningful cutoff (2Mb) for distinguishing local from non-local repeats. See also methods.
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Figure S5. Characterization of pira homology in D. melanogaster, and the phasing

pattern of pira-derived sense piRNAs.

(A) Homology between two D. melanogaster paralogs: velo and CG12717/pira. The
homologous regions are marked using BLAT and they share 75% nucleotide sequence

identity.

(B) Alignment of duplicated, partial copies of CG12717 at petrel on D. melanogaster Y to
its CG12717 gene (left), and their genomic coordinates (right). Note that there are two small
regions of CG12717 absent on Y. RNA in situ HCR was targeted against the ORF region

unique to CG12717 gene.

(C) Distribution of 3°-to-5" piRNA distance on the coding strand of CG12717/pira in testis.
Only genome-unique sense piRNAs with zero mismatch are used. Z;=3.2 is equivalent to P<

0.001.
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Chapter 4

RDC COMPLEX EXECUTES A DYNAMIC PIRNA PROGRAM
DURING DROSOPHILA SPERMATOGENESIS TO SAFEGUARD
MALE FERTILITY

B.Chen, Y. Luo, A. A. Aravin (2021).
PLoS Genet 17, e1009591. https://doi.org/10.1371/journal.pgen.1009591
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ABSTRACT

piRNAs are small non-coding RNAs that guide the silencing of transposons and other targets
in animal gonads. In Drosophila female germline, many piRNA source loci dubbed “piRNA
clusters” lack hallmarks of active genes and exploit an alternative path for transcription,
which relies on the Rhino-Deadlock-Cutoff (RDC) complex. RDC was thought to be absent
in testis, so it remains to date unknown how piRNA cluster transcription is regulated in the
male germline. We found that components of RDC complex are expressed in male germ cells
during early spermatogenesis, from germline stem cells (GSCs) to early spermatocytes. RDC
is essential for expression of dual-strand piRNA clusters and transposon silencing in testis;
however, it is dispensable for expression of Y-linked Suppressor of Stellate piRNAs and
therefore Stellate silencing. Despite intact Stellate repression, males lacking RDC exhibited
compromised fertility accompanied by germline DNA damage and GSC loss. Thus, piRNA-
guided repression is essential for normal spermatogenesis beyond Stellate silencing. While
RDC associates with multiple piRNA clusters in GSCs and early spermatogonia, its
localization changes in later stages as RDC concentrates on a single X-linked locus, AT-chX.
Dynamic RDC localization is paralleled by changes in piRNA cluster expression, indicating
that RDC executes a fluid piRNA program during different stages of spermatogenesis. These
results disprove the common belief that RDC is dispensable for piRNA biogenesis in testis
and uncover the unexpected, sexually dimorphic and dynamic behavior of a core piRNA

pathway machinery.
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Main Text

INTRODUCTION

Transposable elements (TEs) are selfish genetic elements that have the ability to propagate
in the genome. When unchecked, transposition of TEs can cause overwhelming DNA
damage and, eventually, genome instability. This poses a particular threat to germ cells, and
TE de-repression often leads to reproductive defects like sterility. To cope with this, a small
RNA-mediated genome defense mechanism involving PIWI proteins and PIWI-interacting

RNAs (piRNAs) is employed in animal gonads to silence TEs (1).

In ovaries of Drosophila melanogaster, most piRNAs are made from so-called dual-strand
piRNA clusters, where both genomic strands are transcribed to give rise to piRNA
precursors. Transcription of dual-strand piRNA clusters is unusual in a number of ways.
First, there is no clear promoter signature for transcription initiation (2). Second, splicing,
termination and poly-adenylation of nascent transcripts are all suppressed (2—4). Third,
transcription occurs at the presence of H3K9me3 (5), a histone modification generally seen
as a repressive mark for gene expression. In fact, canonical transcription must be repressed
by factors like Maelstrom to allow proper piRNA production from dual-strand piRNA
clusters (6). Prior work has shown that such non-canonical transcription and co-
transcriptional processing of piRNA precursors depend on the RDC complex, composed of
Rhino (Rhi), Deadlock (Del) and Cutoff (Cuff) proteins, that bind dual-strand clusters (2, 4).
Rhi belongs to the HP1 family and binds H3K9me3 through its chromo-domain, anchoring

the RDC complex onto dual-strand clusters (2, 4, 7). Cuff is a homolog of the conserved cap-
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binding protein Rail that was reported to suppresses both splicing (4) and transcriptional

termination (3), in order to facilitate the production of long, unspliced piRNA precursors.
Del, on the other hand, recruits a paralog of transcription initiation factor TFIIA-L,
Moonshiner (Moon), to initiate transcription in hostile heterochromatin environment (8).
Together, the RDC complex conveys transcriptional competence to dual-strand piRNA
clusters, and the majority of piRNA production collapses when one of its components is

missing.

While piRNA pathway is known to be active in both male and female germline of
Drosophila, expression and functions of Rhi, Del and Cuff were studied exclusively during
oogenesis. Mutations of rhi, del and cuff were shown to cause female sterility, however,
mutant males remained fertile (9, 10). In addition, rhi, del or cuff are predominantly
expressed in ovaries, with low or no expression in testes and somatic tissues (11-13).
Similarly, Moon was also believed to be ovary-specific, given that a high expression level
could only be found in ovaries (8). Finally, the silencing of Stellate by abundant Suppressor
of Stellate piRNAs was shown to be unperturbed in testes of rhi and cuff mutants, suggesting
that the RDC complex is dispensable for piRNA biogenesis in males (14, 15). Collectively,
these findings led to the notion that RDC complex is dispensable for piRNA pathway in male
germline, raising the question of how piRNA cluster expression is controlled during

spermatogenesis.
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Here, we describe a developmentally regulated assembly of RDC complex in testes. We

found that low expression of RDC complex components can be attributed to the fact that
only asmall subset of cells at early stages of spermatogenesis express rhi, del and cuff. Loss
of RDC complex in testes results in a collapse of piRNA production, TE de-repression, and,
ultimately, compromised male fertility, supporting an indispensable role of RDC complex in
spermatogenesis. Even though RDC complex is assembled and functional in both sexes, we
found differential genome occupancies of RDC complex between two sexes, correlating with
sexually dimorphic usage of genome-wide piRNA source loci. Finally, RDC complex
appears to exhibit dynamic binding on different piRNA clusters during spermatogenesis,
allowing different piRNAs source loci to be used at different stages of early sperm

development.

RESULTS
Components of the RDC complex are required for normal male fertility

Previous studies showed that, while rhi is required for female fertility, it is dispensable for
male fertility (13, 14). In agreement with this, we found that rhi mutant males indeed produce
progeny when crossed with wildtype females. However, careful examination of the male
fertility by sperm exhaustion test (16) revealed significantly compromised fertility in rhi
mutant males. Even though most rhi mutant males were initially fertile, the percentage of
fertile males dropped as they aged and stayed low from day 3 in comparison to heterozygous
sibling controls (Figure 1A). To probe male fertility more quantitatively, we repeated the test

and counted numbers of progeny for each male every day. We found that even young, 1-day-
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old rhi mutant males, which were fertile, produced fewer progeny than heterozygous

sibling controls (Figure 1A). Also, rhi mutant males produced nearly no progeny after two-
day sperm exhaustion, while heterozygous sibling controls continued to produce ~100
progeny on average throughout the sperm exhaustion process. To extend this observation to
other components of the RDC complex, we repeated the sperm exhaustion tests for del and
cuff mutant males. Both del and cuff mutants displayed a reduction in male fertility compared
to their respective heterozygous sibling controls (n=5, P <0.001, Figure S1) These results
demonstrate that male fertility is substantially compromised at the absence of rhi, del or cuff,
suggesting an indispensable role of all three RDC complex components in maintaining

normal male fertility.

RDC complex is assembled in nuclei of germ cells from GSCs to early spermatocytes

The dependency of normal male fertility on rhi, del and cuff prompted us to re-examine
whether RDC complex is assembled in testis. modENCODE data and previous work showed
that tissue-wide mRNA levels of rhi, del and cuff are high in ovaries but low in testes and
the soma (11-13), which led to the notion that RDC might be ovary-specific (12, 13, 17). To
examine expression of Rhi, Del and Cuff in testis, we took an imaging-based approach that
provides single-cell resolution and preserves spatial information. We examined expression
of individual components of the RDC complex using GFP-tagged Rhi, Del and Cuff
transgenes that are expressed under the control of their native regulatory regions (2).
Importantly, GFP-tagged RDC components are functional, as their expression fully rescued

the sterility of the respective female mutant (Figure S2). All three proteins are expressed at
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the apical tip of testis that contain germ cells at early steps of spermatogenesis (Figure

1B and 1C), indicating that all three components of RDC complex are expressed in testis,

though only in a small subset of the cells.

Rhi, Del and Cuff form foci in nuclei (Figure 2A). To test whether all three proteins co-
localize in nuclear foci, we tagged Rhi with a different fluorophore and expressed it using
the previously described regulatory region of rhi (4). After verifying that this transgene
rescues female sterility of the rhi mutation (Figure S2), we analyzed its localization with Del
and Cuff. Indeed, Rhi co-localizes with both Del and Cuff (Figure 2A), consistent with the
formation of RDC complex. Next, we examined the inter-dependence of Rhi, Del and Cuff
localization (Figure 2B). In either del or cuff mutants, Rhi becomes dispersed and no longer
forms puncta in nuclei. Similarly, Del also disperses at the absence of Rhi or Cuff. Expression
of Cuff is strongly decreased in both rhi and del mutants, indicating its destabilization.
Therefore, Rhi, Del and Cuff co-localize in distinct nuclear foci that depend on the

simultaneous presence of all three proteins.

We further characterized the expression of RDC complex in testis. Rhi, Del and Cuff are
expressed in nuclei of germline stem cells (GSCs) that are directly adjacent to somatic hub
cells labeled by Fas3, but not in hub cells (Figure 2C). Rhi expression continues beyond
spermatogonia marked by Bam, until early spermatocytes that express Sa (Spermatocyte
arrest) (Figure 2D and S3). In bam mutant testes, where spermatogenesis is arrested at the

spermatogonia-to-spermatocyte  transition stage, we observed an expansion of



143
spermatogonia and expression of Rhi throughout entire testes (Figure 2E). In addition to

germ cells and hub cells, the apical tip of testes contains somatic gonadal cells (cyst stem
cells and early cyst cells) that can be distinguished from germ cells by Tj expression. Rhi is
not expressed in somatic cells that express Tj (Figure 2D and S3), confirming its restriction
to the germline. Taken together, we conclude that RDC complex is assembled in male germ

cells during spermatogenesis, from GSCs to spermatogonia and early spermatocytes.

In ovaries, RDC complex is known to promote piRNA cluster transcription by two
mechanisms: 1) suppression of premature transcriptional termination, a function mediated
by Cuff (3), and 2) licensing of non-canonical transcriptional initiation, a function that
requires the recruitment of a basal transcriptional factor TFIIA-L paralog, Moonshiner
(Moon) (8). Expression of Moon was reported to be specific to female germline, raising the
question of whether RDC complex can fulfill its function in male germline, if its functional
partner is missing. However, we observed Moon expression in testis using a GFP-tagged
Moon transgene (expressed under its native regulatory region) that is able to rescue the
female sterility caused by the moon mutation (8) (Figure 2A). Importantly, Moon is
expressed at similar stages as components of RDC complex, from GSCs to spermatogonia
and early spermatocytes at the apical tip of testis (Figure 2A and 2C). Furthermore, Moon
co-localizes with Rhi in nuclear foci from late spermatogonia to early spermatocyte, and its
focal localization is abolished in rhi mutants (Figure 2A and 2B). In GSCs, Moon localization
is more diffused than components of the RDC complex (Figure 2A and 2C). However, Moon

expression is perturbed in rhi mutants, even in GSCs (Figure 2B), suggesting that Moon
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depends on Rhi for protein stability and proper localization in the nucleus throughout its

expression window. On the contrary, Rhi localization appears normal in two different moon
mutants, moon®’ and moon??%, indicating that it acts genetically downstream of RDC
complex (Figure S4). These observations suggest that RDC complex can recruit Moon to

license transcription initiation in the male germline.

Loss of RDC complex causes DNA damage and germ cell death in testis

To identify cellular mechanisms underlying fertility decline in males lacking RDC complex,
we examined morphology of germ cells marked by Vasa-GFP in rhi mutants. Normally,
Vasa-positive germ cells are tightly packed at the apical tip of testis, as we observed in testes
of heterozygous control males (n=162; Figure 3A). However, half of rhi mutant testes
(54.9%, n=134/244) had visibly fewer germ cells with prominent gaps in between, indicative
of an elevation of germ cell death (Figure 3A). Furthermore, another quarter of rhi mutant
testes (25.4%, n=62/244) completely lost early germ cells altogether, and only 19.7%
(n=48/244) showed wildtype-like germline morphology (Figure 3A and 3B). We concluded

that loss of Rhi leads to a reduction in the germ cell count in testis.

Next, we examined impacts of Rhi loss on the resident GSC population. We quantified the
number of GSCs per testis by counting the number of Vasa-positive germ cells directly
adjacent in 3D to the somatic GSC niche labeled by Fas3. We found a reduction of GSCs in

testes of rhi mutants compared with heterozygous controls in two age groups (1-
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4 and 9-12 days old) (P<0.0001, Mann—-Whitney—Wilcoxon test, Figure 3C). About a

quarter of rhi mutant testes did not have any GSC at all. Accordingly, we observed an
expansion of Fas3-positive hub at a similar rate (24.4%, n=59/244), which usually occurs at
the absence of GSCs and is never seen in control testes (Figure 3A). Hence, GSC population
sizes shrink drastically in testes lacking Rhi. Similar to rhi mutants, testes of 10-day-old del
and cuff mutants are often completely depleted of early germ cells including GSCs (Figure
3D), indicating that loss of any component of the RDC complex leads to a collapse of
spermatogenesis. Notably, aged virgin mutant males that lost all early germ cells,
nevertheless, harbor mature sperm in their seminal vesicles (Figure 3D), suggesting that
disruption of the RDC complex does not block spermatogenesis at a specific stage in young
males, but early germ cells are depleted when they age. Staining testes for the phosphorylated
H2A variant (y-H2Av), a marker for DNA double-strand breaks (DSBSs), revealed massive
accumulation of unrepaired DNA DSBs in early germ cells of rhi, del and cuff mutant testes
(Figure 3E). Unrepaired DNA DSBs likely causes germ cell death in mutants of RDC
complex components. Overall, our results suggest that the loss of early germ cells, including
GSCs, accompanied by widespread unrepaired DNA DSBs is responsible for the

compromised fertility of mutant males lacking an intact RDC complex.

RDC complex is required for TE silencing in testis

Widespread DNA DSBs can result from TE transposition. To quantify TE expression, we
sequenced polyadenylated (polyA+) RNAs from rhi mutant and control testes. PolyA+

RNA-seq revealed 32 TE families showing significant up-regulation in testes of rhi mutants
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(>2-fold increase, FDR < 0.05; Figure 3G). Among them, the most de-repressed ones

include mdg3 (36-fold), invader3 (18-fold) and copia (13-fold). To verify TE de-repression,
we employed a copia-lacZ reporter, where the LTR of copia containing copia
promoter is fused upstream to the lacZ gene and its expression can be directly examined
by X-gal staining (18). copia is known to be active in the male germline

(19) and has the highest expression level among all TEs in testes (20). Whereas no detectable
X-gal staining was seen in control testes, robust staining was observed in rhi mutants (Figure
3F), confirming strong de-repression of copia at the absence of rhi. Similarly, the copia
reporter was de-repressed in del and cuff mutant testes (Figure 3F). These results show that

TEs are de-repressed in testes lacking a functional RDC complex.

In ovaries, RDC complex is required for piRNA production from dual-strand clusters to
ensure efficient TE silencing (2-4, 8). To examine piRNA biogenesis, we sequenced and
analyzed small RNAs in rhi mutant and control testes. We found a loss of antisense piRNAs
targeting many TE families in rhi mutant testes (>2-fold reduction, FDR < 0.05; Figure 3H),
suggesting an overall defect in piRNA production. In fact, there is a moderate correlation
between the fold-derepression of TEs and the fold reduction of TE-targeting piRNAS in testis
upon mutating rhi (log-transformed values: Spearman’s p = 0.41, P =7.3 x 10, Pearson’s p
= 0.46, P = 8.4 x 10%). For TEs showing strong up-regulation in rhi mutant testes, we
observed a concurrent, pronounced loss of antisense piRNAs (e.g., mdg3, invader3 and
copia). Notably, there are antisense piRNAs against several TE families (e.g., BS2, Transib2,

invader6) that show over 100-fold reduction in rhi mutant testes, a magnitude not observed
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for any TE family in rhi mutant ovaries (Figure 3I). Finally, sense piRNAs were also lost

for many TE families (Figure S5), consistent with dual-strand clusters producing piRNAs
from both genomic strands in a Rhi-dependent manner. These results show that efficient
production of TE-silencing piRNAs in testis depends on the RDC complex, without which

many TEs are de-repressed, causing DNA damage and germ cell death in testis.

RDC complex is required for piRNA production from dual-strand clusters in early

male germ cells

To understand the role of RDC complex in piRNA cluster expression in testis, we analyzed
effects of rhi mutation on piRNA production from major piRNA clusters. Genomic loci that
generate piRNAs in testis were recently de novo defined leading to identification of several
novel piRNA clusters (20). Rhi was dispensable for expression of uni-strand piRNA clusters,
flam and 20A (Figure 4A), similar to results from ovary studies (2, 4, 14). Surprisingly, we
found that Rhi was also dispensable for piRNA production from the Y-linked Su(Ste) locus,
which is the most active piRNA cluster in testis (20). Unlike flam and 20A, Su(Ste) is a dual-
strand cluster that generates piRNAs from both genomic strands. We confirmed by RNA
fluorescence in situ hybridization (FISH) that piRNA precursor transcription from Su(Ste)
appeared intact in testes without Rhi (Figure 4C). In contrast to Su(Ste), piRNA production
from other major dual-strand clusters, including the Y-linked petrel cluster, collapses in rhi
mutant testes (Figure 4A), indicating that expression of the majority of dual-strand piRNA
clusters in testis relies on Rhi. Interestingly, dependence of dual-strand cluster expression on

Rhi varies between sexes: 38C is more affected by loss of rhi than 42AB in testis, while the
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opposite is found in ovary. Furthermore, piRNA production from both strands of complex

satellites, which we recently found to behave as dual-strand piRNA clusters (20), also
drastically declined in rhi mutant testes and ovaries (Figure 4B). These results show that Rhi

is essential for piRNA production from a large fraction of piRNA clusters in male germline.

Since RDC complex forms distinct foci in the nuclei of germ cells (Figure 2A), we set out to
test if Rhi binds the chromatin of dual-strand clusters whose expression depends on RDC
complex, as reported in ovary (2, 4, 14). Given that expression of RDC complex is restricted
to a small number of cells at the apical tip of testis, we used bam mutant testes, where Rhi-
expressing spermatogonia are expanded (Figure 2E), to perform ChlIP-seq of Rhi. All major
dual-strand clusters, with the exception of Su(Ste), were enriched for Rhi binding (Figure
4D). In agreement with ChlP-seq, independent ChIP-gPCR showed no evidence of Rhi
binding on Su(Ste) locus (n=4) (Figure 4G). Rhi was also absent on chromatin of uni-strand
clusters, flam and 20A. Importantly, the binding of Rhi on different loci seems to correlate
with its effect on promoting piRNA cluster expression. Rhi does not bind, and is dispensable
for piRNA production from, uni-strand clusters and Su(Ste), while it binds, and is required
for expression of, other dual-strand clusters (Figure 4A and 4D). Also, dual-strand clusters
that show the highest levels of overall Rhi binding, 38C and AT-chX, demonstrate the
strongest Rhi dependence for piRNA production. To characterize the relationship between
Rhi binding and piRNA production on a genome-wide scale, we analyzed Rhi binding and
piRNA production in 1Kb genomic windows spanning the entire genome (Figure 4E). For

loci that depend on Rhi to produce piRNAsS, we observed strong correlation between Rhi
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binding and piRNA levels (Spearman’s p = 0.97; Pearson’s p = 0.99). On the other hand,

loci that continue to produce piRNAs at the absence of Rhi usually have little, if any, Rhi
binding. Collectively, our data indicate that Rhi physically binds the chromatin and ensures

the expression of dual-strand piRNA clusters, with a notable exception of Su(Ste).

Sexually dimorphic genome occupancy of RDC complex sculpts sex-specific piRNA

program

piRNA profiles are distinct in male and female gonads, and expression of dual-strand piRNA
clusters are sexually dimorphic (20). To explore if RDC complex might be involved in
orchestrating sex-specific piRNA programs, we profiled Rhi binding on the genome in
ovaries under identical ChIP-seq conditions as in testes. This analysis revealed differences
in Rhi genome occupancy between sexes among top piRNA clusters (Figure 5A). For
example, Rhi is more enriched on 38C than 42AB in testes, whereas the reciprocal is seen in
ovaries, correlating with differential piRNA production from these two loci in two sexes. In
addition, 80EF and 40F7 clusters have high levels of Rhi binding in ovary but low in testis,
mirrored by abundant piRNA production from these two loci in ovary but not in testis.
Finally, an ovary-specific dual-strand piRNA cluster, Sox102F, is bound by Rhi in ovary,
while there is no evidence of Rhi binding at Sox102F in testis where it is inactive (Figure
5B). Altogether, the observed link between Rhi binding and piRNA production between
males and females suggests that the sex-specific Rhi binding on piRNA clusters is

responsible for sculpting a sexually dimorphic piRNA program.
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RDC complex enables dynamic piRNA production during spermatogenesis

ChlP-seq provides the genome-wide profile of Rhi binding, but it masks possible differences
of Rhi localization among individual cells. Imaging of Rhi revealed distinct Rhi localization
in nuclei of germ cells at different stages of spermatogenesis (Figure 6A). In the nuclei of
GSCs and spermatogonia, Rhi forms many discrete foci, suggesting—in agreement with
ChIP-seq results—that it binds multiple genomic loci. As male germ cells differentiate into
spermatocytes and prepare for meiosis, however, Rhi concentrates as one single dot in nuclei
of early spermatocytes, suggesting its specific localization at one single locus. Notably, while
homologous chromosomes pair in about half of late spermatogonia and very early
spermatocytes (21), we only observed one bright Rhi dot in virtually all nuclei at these stages,
suggesting that this locus resides on one of the two sex chromosomes rather than an
autosome. To explore where Rhi binds at this stage, we first examined testes from XO males
that lack the Y chromosome and found that Rhi still localizes as one single dot in early
spermatocytes, arguing against Y-linked loci such as Su(Ste) and petrel (Figure 6B).
Simultaneous imaging of Rhi and RNA FISH of transcripts from the X-linked AT-chX locus
revealed co-localization of AT-chX nascent transcripts and Rhi in one single dot from late
spermatogonia to early spermatocytes, indicating that Rhi concentrates on AT-chX locus at
this stage (Figure 6C). Indeed, single AT-chX RNA foci in individual nuclei became
undetectable in rhi mutant testes, and expressing GFP-tagged Rhi transgene by nanos-Gal4
in rhi mutant background restored AT-chX expression (Figure 6C). Importantly, even though
nanos-Gal4 drives stronger expression of GFP-Rhi in earlier stages (GSC and early

spermatogonia), AT-chX transcripts remained highly expressed specifically during later
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stages (late spermatogonia and early spermatocyte) (Figure 6C). This finding suggests

that the spatio-temporally regulated gene expression of AT-chX piRNA cluster is rather
robust to perturbations to the Rhi protein level, and the low expression of AT-chX piRNA
cluster earlier in GSCs and early spermatogonia is not limited by the level of Rhi protein. In
sum, these results show that Rhi binds multiple genomic loci in GSCs and spermatogonia

but appears to concentrate on a single AT-chX locus later.

As Rhi is required for non-canonical transcription of dual-strand piRNA clusters, depletion
of Rhi from clusters other than AT-chX should cease their expression. To test this, we set out
to conduct RNA FISH of piRNA precursors from other Rhi-dependent dual-strand piRNA
clusters (Figure 5A). Previously, FISH detection of piRNA precursor transcripts was
performed in polyploid nurse cells in fly ovary, whose genome is endo-replicated up to
1032C with a much higher expression level of piRNA precursor transcripts (2, 8, 22). In
addition to low expression levels in the diploid male germline, piRNA cluster transcripts are
difficult to target, as they are highly repetitive and share extensive sequence homology with
TEs. To tackle these challenges, we employed in situ HCR, which permits enzyme-free
signal amplification and automatic background suppression (23), to target transcripts from
38C piRNA cluster that has a relatively high expression level in testis (Figure 5A). in situ
HCR detected nascent 38C piRNA precursors that co-localized with Rhi in diploid male
germ cells (Figure 6D). These signals from nascent 38C piRNA cluster transcripts were
absent in rhi mutant testes (Figure 6D). Moreover, both 38C and AT-chX piRNA precursors

can be seen in nuclei of spermatogonia. In contrast, only AT-chX, but
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not 38C, cluster continues to be expressed in 87.7% (n=50/57) of early spermatocyte

nuclei (Figure 6E). Therefore, the expression of 38C piRNA cluster is turned off when Rhi

concentrates onto the AT-chX locus.

During early spermatogenesis, satellite DNASs located at peri-centromeric heterochromatin
of different chromosomes cluster together to form distinct nuclear compartments called
chromocenters (24, 25). To explore the possibility that the repetitive AT-chX locus is also
recruited to a chromocenter, we compared Rhi localization with that of D1, which binds the
AATAT satellite on chromosome X, Y and 4 (24). We found that D1 does not co-localize
with the single Rhi dot in early spermatocytes (Figure 6F). We also analyzed localization of
Cid, a centromere-specific histone H3 variant that functions as an epigenetic mark for
centromere identity (26). The single Rhi dot is present in nuclei that contain four or more
separate Cid foci (Figure 6G), indicating that non-homologous chromosomes are separated
and occupy distinct chromosome territories in these nuclei. These results show that the AT-

chX locus bound by Rhi occupies a nuclear compartment distinct from chromocenters.

Taken together, our results suggest that RDC complex binds, and thus enables, the expression
of many dual-strand piRNA clusters from GSCs to spermatogonia, including 38C, but
gradually concentrates onto a single locus, AT-chX, in early spermatocytes (Figure 6H).
Dynamic association of RDC with piRNA clusters during early spermatogenesis executes a
fluid piRNA program to allow different piRNA clusters to be engaged at different

developmental stages.



153

DISCUSSION

Most proteins involved in piRNA pathway in Drosophila were initially identified in screens
for female sterility or TE de-repression in ovaries (9, 10, 27-30). However, the first described
case of piRNA repression, silencing of Stellate by Su(Ste) piRNAs during spermatogenesis,
indicates that piRNA pathway operates in gonads of both sexes (31, 32). Many proteins
involved in piRNA pathway in ovaries are also required for male fertility and Stellate
silencing in testes, supporting the conservation of piRNA pathway machinery between sexes
(31, 33-39). Notably, a few proteins stood out as exceptions: Rhi, Del and Cuff that form a
complex to enable transcription of dual-strand piRNA clusters in ovary (2, 4, 14), for which
no fertility defects or Stellate de-repression were observed in mutant males (10, 13, 14). This
suggested that molecular mechanisms controlling piRNA cluster expression in testis might
be different from ovary. Our results, however, demonstrate that RDC complex is assembled
in testis (Figure 2) and required for TE silencing (Figure 3) in male germline, indicating that

the molecular machinery regulating piRNA cluster expression is conserved between sexes.

piRNA pathway in Drosophila testis: beyond Stellate silencing

Genomic loci that encode ovarian piRNAs were systematically identified across the genome
in several studies (2, 40). In contrast, piRNA studies on testes were mostly focused on a
single locus, Su(Ste), that encodes piRNAs to silence Stellate, and no systematic search for

piRNA clusters in testis has been performed to date. We recently de novo identified piRNA
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clusters in testis (20), laying the foundation for broader understanding of piRNA

biogenesis and function in male gonads. We found that RDC is essential for expression of
all major dual-strand piRNA clusters in testis, with a remarkable exception of Su(Ste) (Figure
4). This explains the previous observation that rhi and cuff are dispensable for Stellate
silencing (14, 15). In contrast, many other piRNA pathway factors such as Aub, Ago3 and
Zuc are involved in both Stellate and TE repression (31, 33, 35). Mutations in these genes
cause dramatic disruption of spermatogenesis, often leading to complete male sterility. In
comparison, rhi, del and cuff mutant males demonstrate milder fertility defects, suggesting
that Stellate de-repression is the major cause of spermatogenesis failure in other piRNA

pathway mutants. Indeed, previous studies demonstrated that Stellate de-repression induced
by deleting the Su(Ste) locus alone, without global perturbations of piRNA pathway, disrupts
spermatogenesis and causes male sterility (41). Thus, the finding that RDC is dispensable for
Stellate repression provides a unique opportunity to understand impacts of silencing other

piRNA targets in the male germline.

Our results indicate that piRNA-guided repression plays a crucial role in spermatogenesis
beyond Stellate silencing, as rhi, del and cuff mutant males show rapid fertility decline,
germline DNA damage and severe loss of germline content including GSCs (Figure 3). These
phenotypes are likely caused by TE de-repression and the resultant genome instability,
though we also identified complex satellites and a host protein-coding gene, SUMO protease

CG12717/pirate, as targets of piRNA silencing in testes (20). In the future, it will be
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important to disentangle the contributions of de-repressing different piRNA targets to

spermatogenesis defects observed in testes of piRNA pathway mutants.

Even though the fertility of rhi mutant males is substantially compromised, they produce a
small number of functional spermatozoa, at least when they are young (Figure 1). In contrast,
females lacking rhi, del or cuff are completely sterile (10, 13). This distinction between the
two sexes might result from differences in the TE threat faced by male and female germ cells.
Different TE families are activated upon disruption of piRNA pathway in ovary and testis
and, generally, there is a stronger TE threat in ovary (20). Differential TE de-repression in
two sexes might be responsible for stronger defects in oogenesis at the absence of RDC.
Alternatively, it might reflect differences in DNA damage response in two sexes. An egg is
energetically more expensive to make than a spermatozoon. In line with this, DNA damage
responses (activated by, e.g., TE transposition) often arrest oogenesis to avoid wasting
resources on a defective egg (42, 43). Since oogenesis is usually shut down to attempt repair,
incomplete oogenesis results in female sterility. In contrast, quality control mechanisms of
spermatogenesis frequently Kkill unqualified germ cells (44), without pausing the
developmental program of those surviving ones. Because spermatogenesis permits a large
number of germ cells to develop in parallel, even though the unqualified ones are killed, a
few surviving germ cells might be able to complete sperm development. Together,
differential TE threats coupled with distinct response strategies to DNA damage might

underlie sex-specific sterility when RDC is lost.
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Su(Ste): an RDC-independent dual-strand piRNA cluster free of RDC binding

Su(Ste) locus on Y chromosome is the most prolific source of piRNAs in testes (20). piRNAS
are generated from both genomic strands of Su(Ste) repeats, making it akin to other dual-
strand piRNA clusters (31, 45). However, our results showed that RDC is dispensable for
expression of Su(Ste) piRNAs, while it is required for piRNA production from all other dual-
strand clusters in testis (Figure 4A) and ovary (2, 4). What might explain the ability of Su(Ste)
to generate piRNAs in an RDC-independent fashion? RDC ensures transcription of piRNA
precursors by suppressing their premature termination (3) and promoting non-canonical
transcription initiation (8). Interestingly, the structure of Su(Ste) locus is different from other
dual-strand piRNA clusters, as it is composed of many almost identical, relatively short units,
all of which are flanked by two canonical, albeit convergent, promoters driving expression
of both genomic strands (31). In fact, sense transcripts of Su(Ste) were found to be spliced
and polyadenylated (31), consistent with the absence of RDC, which suppresses splicing and
polyadenylation (2—-4), at this locus. Thus, the presence of canonical promoters flanking
individual short units of Su(Ste) repeats might enable their expression without engaging RDC

complex.

Consistent with a role in promoting piRNA precursor transcription, Rhi is enriched on
chromatin of dual-strand piRNA clusters. Such a correlation between direct Rhi binding and
Rhi-dependent piRNA expression was previously reported in ovary (2). The function of RDC
explains why piRNA production depends on its presence on chromatin; however, the

molecular mechanism responsible for specific recruitment of RDC to piRNA clusters
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remained poorly understood. It has been shown that piRNAs expressed during oogenesis

are deposited into the oocyte and play an important role in jump-starting piRNA biogenesis
in the progeny (46, 47). Maternally supplied piRNAs were shown to induce deposition of
Rhi on cognate genomic locus in the progeny (7). Thus, piRNAs expressed from the cluster
and RDC binding to the cluster seem to form a positive feedback loop: RDC is required for
piRNA production, and piRNAs in turn guide deposition of Rhi on cognate genomic loci.
piRNA-dependent Rhi deposition might be mediated by the nuclear Piwi protein that directs
the establishment of histone H3K9me3 mark (48-51), which provides a binding site for Rhi
chromo-domain (2, 7). Importantly, Piwi- and piRNA-dependent Rhi recruitment seems to
occur in a narrow developmental window during early embryogenesis. This was
demonstrated by the observation that depleting Piwi during early embryogenesis is sufficient
to perturb Rhi localization on piRNA clusters, while depleting Piwi during larval or adult
stages does not change Rhi localization (52). Our finding that Rhi is localized to all dual-
strand piRNA clusters in testis except Su(Ste) (Figure 4D) is compatible with an idea that
Rhi binding to genomic loci in the zygote is guided by maternal piRNAs. Indeed, in contrast
to most other dual-strand clusters that are active in the germline of both sexes, Y -linked
Su(Ste) locus generates piRNAs only in males. Therefore, unlike other piRNAs, Su(Ste)
piRNAs are not deposited into the oocyte, resulting in the inability to recruit Rhi to Su(Ste)
in the progeny. It is interesting to compare Su(Ste) with another dual-strand piRNA cluster
on Y chromosome, petrel. Unlike Su(Ste), Rhi is enriched on petrel chromatin and piRNA
production from this cluster depends on Rhi (Figure 4A and 4D). However, petrel piRNAs
derived from male-specific Y should be absent in ovaries and hence no petrel piRNAs can

be deposited into the oocyte. At the first glance, these observations argue against a possibility
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that maternal piRNAs guide Rhi deposition on petrel cluster. However, unlike Su(Ste),

petrel is enriched of different TE sequences. As a result, TE-mapping piRNAs produced
from other clusters in ovary might be able to target petrel. Indeed, piRNAs mapping to TEs
present at the petrel locus can be found in unfertilized eggs (46). For example, roo piRNAs
are the most abundant TE-mapping, maternally deposited piRNAs in the early embryo (46).
Several roo fragments are present at petrel, and these sequences occupy ~6% of the total
length of this cluster, making roo the third most represented TE at petrel (after IDEFIX and
ninja) (20). piRNAs against other TEs located at petrel are also deposited in the embryo.
Overall, while our results did not directly address the mechanism of Rhi recruitment to
specific genomic loci, they show that studying Rhi occupancy on Y-linked piRNA clusters

provides a novel angle to study this problem.

Dynamic organization of piRNA pathway during spermatogenesis

Our results showed that components of RDC complex are expressed exclusively in male
germline during early stages of spermatogenesis, from GSCs to early spermatocytes (Figure
1; Figure 2). Interestingly, expression of Piwi and Ago3, two of the three PIWI proteins in
Drosophila, is also restricted to the same developmental stages (34, 53). Piwi is required for
piRNA-guided transcriptional silencing in the nucleus (48-51), while Ago3 is involved in
heterotypic ping-pong cycle in cytoplasm (33, 40, 54), indicating that these processes operate
in the same cells that have RDC-dependent transcription of piRNA clusters. In contrast to
RDC, Piwi and Ago3, expression of the third PIWI protein, Aub, continues through

spermatocyte stage until meiosis (34). How can developing male germ cells be protected
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when the piRNA pathway is greatly simplified? It is possible that the silencing network

initiated by piRNA pathway factors earlier can self-sustain later. piRNAs produced with the
help of RDC complex and Ago3-dependent heterotypic ping-pong could persist and continue

to function through spermatocyte differentiation, as long as they load onto Aub.

Interestingly, the cessation of RDC, Piwi and Ago3 expression during spermatogenesis
coincides with the mitosis-to-differentiation transition. This transition is accompanied by one
of the most dramatic changes in gene expression programs, with the general transcriptional
machinery replaced by the testis-specific ones like tTAF and tMAC (55, 56). Thus, the
following stage of male germline development can be seen as a less-protected window of
spermatogenesis, providing an opportunity for TEs and other selfish genetic elements to

thrive.

Restriction of the piRNA pathway to early stages of spermatogenesis contrasts with its
activity during oogenesis. piRNA pathway factors appear to be expressed during all stages
of oogenesis from GSCs to late-stage nurse cells. Recent studies reported several new factors
involved in piRNA pathway in ovary, such as Moon, Boot, Nxf3, Panx, Arx and Nxf2 (8,
22,30, 57-65). These proteins are expressed at a low level in testis and their functions during
spermatogenesis have not yet been reported. Our results suggest that, similar to RDC, these
proteins might function in piRNA pathway in testis, and their low expression could be
explained by restricted expression in early male germline. Indeed, we found that Moon co-

expresses with, and acts genetically downstream of, RDC in testes (Figure 2; Figure S4).
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Overall, our results suggest that piRNA pathway machinery is likely conserved between

sexes. However, the developmental organization of piRNA pathway during gametogenesis
is different: whereas the entire pathway is active throughout oogenesis, processes that require
RDC, Piwi or Ago3 likely terminate when mitotic spermatogonia differentiate into

spermatocytes and prepare for meiosis.

Dynamic expression of piRNA clusters during spermatogenesis

Our results revealed dynamic association of RDC complex with different genomic loci
during spermatogenesis (Figure 6). In GSC and spermatogonia nuclei, RDC complex
localizes to many foci, and ChlP-seq data indicate that Rhi associates with multiple dual-
strand clusters. As germ cells differentiate into early spermatocytes, however, RDC gradually
concentrates onto a single locus, AT-chX, on X chromosome. Since transcription of dual-
strand piRNA clusters is dependent on RDC complex, the dynamic localization of RDC
suggests that expression of piRNA clusters changes as germ cells progress from GSCs to
early spermatocytes. Indeed, detection of nascent cluster transcripts revealed that 38C is
active early, but not later when most RDC concentrates onto AT-chX. Notably, though not
dependent on Rhi, transcription of Su(Ste) piRNA cluster was shown to span a narrow
window from late spermatogonia to early spermatocyte as well (45), likely reflecting the
promoter activity that drives Su(Ste) transcription (31). Dynamic expression of piRNA
clusters during spermatogenesis is also supported by the study that showed spermatogonia
and spermatocytes have distinct piRNA populations (66). In contrast to dynamic localization

of RDC complex and cluster expression in testes, previous work depicted a static view of
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piIRNA production in female gonads. There has been no evidence of dynamic localization

of RDC complex to different clusters during oogenesis, and all clusters appear active
throughout female germline development. It will be interesting to explore whether
expression of piRNA clusters changed dynamically during oogenesis. Through studying a
protein complex thought to be absent during spermatogenesis, we uncovered the sexually
dimorphic and dynamic behaviors of a molecular machinery that drives dual-strand piRNA

cluster expression during Drosophila gametogenesis.
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Figure 1. Chen et al.
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Figure 1. Rhi is required for normal male fertility, and components of RDC complex

are expressed at the apical tip of testis.

(A) Compromised fertility of rhi mutant males. Sperm exhaustion test of rhi?“¢ mutant
(orange) and heterozygous sibling control (blue) males. Left: percentages of fertile males 1
14 days post-eclosion (n=15). Right: averaged numbers of offspring per male 1-10 days after
eclosion (n=5). Shaded areas display standard error. Two charts report results from two

independent sperm exhaustion tests.
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(B) A schematic of spermatogenesis, showing major developmental stages of male

germline as well as the somatic hub that serves as GSC niche.

(C) Expression of GFP-tagged Rhi (left), Del (middle) and Cuff (right) transgenes driven by
their respective regulatory regions. Expression of all three proteins can only be seen at the

apical tip of testis (pointed to by the yellow arrow). Scale bar: 100um.
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Figure 2. Chen et al.
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Figure 2. RDC complex is assembled in early male germ cells.

(A) Rhi, Del, Cuff and Moon co-localize in nuclear foci. Confocal images showing apical

tips of testes expressing GFP-tagged Rhi, Del, Cuff and Moon (top to bottom) transgenes
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driven by their native regulatory regions. Co-localization with mKate2-tagged Rhi in

nuclear foci are shown on the right. Signal intensities along the marked line are plotted for

each of four co-localization analysis. AFU, arbitrary fluorescence units.

(B) Inter-dependence of Rhi, Cuff, and Del localization in nuclear foci, as well as the
dependence of Moon localization on Rhi. Confocal images showing apical tips of testes
expressing GFP-Rhi in del"™NWK and cuff¥M25/QQ37  GFP-Del in rhi?KC and cuffVM25QQ37 GFP-
Cuff in rhi?KC and del"NWK and GFP-Moon in rhi?K® mutant backgrounds. Nuclear foci of

each protein dispersed or disappeared in respective mutants.

(C) Rhi, Del, Cuff and Moon are expressed in GSCs. Immuno-fluorescence of testes
expressing GFP-tagged Rhi, Del, Cuff and Moon, stained for somatic hub marker Fas3. Note

that GSCs directly adjacent to Fas3-positive hub express all four proteins.

(D) Rhi is not expressed in somatic gonadal cells, and its germline expression continues
beyond spermatogonia till early spermatocytes. Confocal images showing a fluorescently
tagged Rhi transgene with somatic gonadal cells marked by tj-Gal4>UASp-mKate2 (left), 4—
16 cell spermatogonia marked by Bam-GFP (middle) and spermatocytes marked by Sa-GFP

(right). Expression of Rhi in early spermatocytes is pointed to by yellow arrows.

(E) Rhi expression upon arrest of spermatogenesis in bam mutants. Confocal image showing
bam*%¢2/ mutant testis expressing GFP-Rhi, where spermatogenesis is arrested at the
spermatogonia-to-spermatocyte transition stage. Note that spermatogonia are expanded and
virtually all germ cells express Rhi. An enlarged view of the basal part of mutant testis is

shown at the bottom, which shares scale bar with (D).
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All images share scale bars with (D), except for (E). Scale bars: 20um (D) and 100pum

().



Figure 3. Chen et al.
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Figure 3. Loss of Rhi causes germ cell death, DNA damage and TE de-repression.

(A) Loss of germ cells in testes of rhi mutants. Left: expression of germ cell marker, Vasa-
GFP driven by vasa promoter, in testes of rhi?<¢ mutants and heterozygous control. Right:
somatic hub cells that form a niche for GSCs are marked with Fas3. Classification of germ
cell phenotype (defined by number and organization of germ cells that express Vasa) and
hub size phenotype (defined by cells that express Fas3) are labeled at the top right with

corresponding statistics. All images on the same scale as (D).

(B) Quantification of germ cell survival and hub size in rhi heterozygous control (left) and

mutant (right) testes shown in (A). n, number of testes examined.

(C) Loss of GSCs in testes of rhi mutants. Violin plot showing GSC numbers in rhi?k¢
mutant and age-matched heterozygous sibling control testes. Median of GSC number is
marked red. GSC number is acquired by counting the total number of VVasa-positive cells
directly adjacent to Fas3-positive hub in 3D. P<0.0001 based on Mann—Whitney—Wilcoxon

test. n, number of testes counted for each genotype and age group.

(D) Testes of del and cuff mutant males showed frequent loss of early germline but produce
mature sperm indicating no block of spermatogenesis. Number of 10-day-old virgin males
depleted of early germline is listed for each genotype at the top. The apical tip of testis and
the seminal vesicle (SV) of such testes are shown below as an example, stained for Vasa,

Fas3 and DAPI. Scale bar: 40pm and 20um for testis and SV, respectively.
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(E) Accumulation of DNA DSBs in male germline of rhiZKC, del"™NWK and cuffWM25/QQs7

mutants. Immuno-fluorescence of heterozygous control and mutant testes, stained for y-

H2Av, a marker for DNA DSBs, and Vasa, a germline marker. Scale bars: 20um.

(F) De-repression of copia reporter in testes of rhi mutants. Brightfield images showing
heterozygous control and rhiZ&¢, delHNWK and cuffvM25/QQ37 mutant testes expressing copia-
lacz, after X-gal staining. copia LTR containing its promoter is fused upstream to lacZ gene.

Note that part of copia LTR is transcribed as well. Scale bar: 100um.

(G) De-repression of TEs in testes of rhi mutants measured by polyA+ RNA-seq. Scatter plot
showing expression of TE mRNAs in rhiZC mutant versus heterozygous control testes. TES
that show >2-fold de-repression (FDR < 0.05) and >1 RPM averaged levels are marked red.

The mean of two biological replicates is shown.

(H) Loss of TE-targeting piRNAs in testes of rhi mutants. Scatter plot showing expression
of TE-antisense piRNAs in rhi¥%¢ mutant versus heterozygous control testes. TE-antisense
piRNAs that show >2-fold reduction (FDR < 0.05) and >10 RPM averaged levels are marked

blue. Shown are averages of two biological replicates.

(1) Loss of TE-targeting piRNAs in rhi males and females. Scatter plot showing fold change
of TE-antisense piRNAs upon loss of rhi in testis (left, blue) and ovary (right, pink). Note
that piRNAs targeting several TE families demonstrate over 100-fold reduction in rhi testis,

a magnitude not observed in ovary. Averages of two biological replicates are shown.
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Figure 4. RDC complex is required for piRNA production from dual-strand piRNA

clusters.
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(A) Impacts of rhi loss on piRNA production from major piRNA clusters in testis and

ovary. Scatter plot showing fold change of piRNA production from 1Kb genomic windows
spanning major piRNA clusters in testis (top) and ovary (bottom), upon loss of rhi. Two Y-
linked, male-specific clusters are not present in female genome. Each cluster is given a

unique color. Averages of two biological replicates are shown.

(B) Impact of rhi loss on piRNA production from satellite repeats in testis and ovary. Scatter
plot showing levels of complex satellite-mapping piRNAs in rhi?’“¢ mutant and control testis
(left) and ovary (right). Each complex satellite is assigned a color, and piRNAs sense to
satellite consensus are marked with higher opacity than antisense ones. Mean of two

biological replicates is shown.

(C) Unperturbed expression of Su(Ste) piRNA precursors in testes of rhi mutants. RNA
fluorescence in situ hybridization of Su(Ste) piRNA precursors in rhi control (left) and rhi?k¢

mutant (right) testes that express VVasa-GFP. Scale bar: 20um.

(D) Rhi occupancy over major piRNA clusters in testes and ovary. Scatter plot showing Rhi
ChlIP-seq enrichment over major piRNA clusters in testis (left) and ovary (right). Shown are
averages of two biological replicates. Two Y-linked, male-specific clusters are not present

in female genome. Each cluster is colored the same way as in (A).

(E) Scatter plot showing the relationship between Rhi ChIP enrichment and piRNA
production over 1Kb genomic windows. Loci that show >4-fold decline in piRNA
production at the absence of rhi are defined as Rhi-dependent (“RD”, red), otherwise Rhi-
independent (“RI”, gray). Each dot is the average of two biological replicates. Black lines

show local regression.
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(F) Examples of Rhi-dependent (38C, left) and Rhi-independent (20A, right) piRNA

clusters. piRNA-seq in rhi mutant and control testes are shown at the top, and Rhi ChIP-seq
is shown at the bottom (blue: IP, red: input). The profile of a representative replicate is

shown.

(G) Rhi does not bind Su(Ste) cluster in testis. Bar graphs showing Rhi ChIP-gPCR (n=4)
over four piRNA clusters in testis. Adjusted P-values are from multiple t-tests corrected for
multiple comparisons by the Holm-Sidak method. Uni-strand piRNA cluster flam not bound

by Rhi serves as a negative control.
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Figure 5. Chen et al.
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Figure 5. Sexually dimorphic RDC genome occupancy sculpts sex-specific piRNA

program.

(A) Heatmaps showing relative enrichment of Rhi binding over major piRNA clusters
determined by ChIP-seq (left) and piRNA production from major piRNA clusters (right) in
two sexes. The mean of two biological replicates is shown. Rhi-dependent dual-strand

clusters are shown at the top, and Rhi-independent uni-strand clusters at the bottom.

(B) Sox102F piRNA cluster produces piRNAs exclusively in ovary. Rhi is enriched on

Sox102F in ovary, but not in testis. Shown is the profile from a representative replicate.
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Figure 6. RDC complex enables dynamic piRNA production during early

spermatogenesis.

(A) Rhi localizes to multiple nuclear foci in GSCs and early spermatogonia but concentrates
in a single dot in early spermatocytes. Confocal images of the apical tip of testis expressing
GFP-Rhi transgene. A single focal plane is shown for DAPI and GFP-Rhi, while
maximume-intensity projections covering entire nuclei are shown for a GSC and an early
spermatocyte on the right. Orange circle outlines the somatic hub for identification of
GSCs next to it. Early spermatocyte is identified by formation of chromosome territory and

increased nuclear size by DAPI.

(B) Rhi localization to single nuclear dot is not affected in early spermatocytes that lack Y
chromosome. Confocal image of the apical tip of testis from XO male (that lacks Y

chromosome) expressing GFP-Rhi transgene.

(C) Rhi localizes exclusively to AT-chX piRNA cluster in early spermatocytes. Top: RNA
FISH of AT-chX piRNA precursors in wildtype testis expressing GFP-Rhi. Middle: RNA
FISH of AT-chX piRNA precursors in rhi?KC mutant testis. Note that the absence of AT-
chX RNA foci is not due to the loss of germ cell as Vasa expression shows minimal germ
cell death in this particular testis. Bottom: expression of Rhi transgene driven by nos-Gal4

rescues expression of AT-chX cluster in testis of rhiZC mutant.

(D) Rhi binds 38C piRNA cluster in spermatogonia. RNA in situ HCR of 38C piRNA
precursors in testis expressing GFP-Rhi (left) or Vasa-GFP in heterozygous control and
rhi mutant background (right) . Shown are spermatogonia as indicated by DAPI staining.

Note that, in contrast to exclusive co-localization with AT-chX
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cluster in spermatocytes shown in (C), only a subset of Rhi foci co-localize with 38C

RNA foci, indicating that Rhi binds other piRNA clusters besides 38C in spermatogonia.

38C RNA signal is present in control but absent in rhi mutant testes.

(E) AT-chX and 38C co-express in spermatogonia, but only AT-chX is expressed in most
early spermatocytes. Dual in situ HCR of 38C and AT-chX piRNA precursors in testis
expressing Sa-GFP (marker for spermatocytes). Circled is an example of early spermatocytes
that express AT-chX but not 38C. Quantification is shown at the bottom. Note that co-

expression of 38C and AT-chX can be seen in Sa-negative spermatogonia.

(F) D1 and Rhi do not co-localize in early spermatocytes. Confocal image of early
spermatocytes expressing GFP-D1 (a protein trap line) and mKate2-Rhi driven by the rhi

promoter.

(G) Rhi is localized in a single dot in spermatocyte nuclei, where individual chromosomes
occupy distinct chromosomal territories. Confocal image of early spermatocytes expressing
mKate2-Rhi and the centromere marker GFP-Cid. The presence of four or more Cid foci
indicates that centromeres of individual non-homologous chromosomes are not clustered

together.

(H) Proposed model of how Rhi switches genomic binding sites during gametogenesis from
GSC to early spermatocyte stage, in order to allow dynamic employment of different piRNA

clusters.

Scale bars: 20pum (A-C, E), 5um (D), 4um (F) and 2um (G).
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MATERIALS AND METHODS

Fly stocks

The following stocks were used: bam?# (BDSC5427), bamP' (BDSC27403), C(1)RM
(BDSC9460), nos-Gal4 (BDSC4937), UASp-shRhi (BDSC35171), iso-1 (BDSC2057),
GFP-Cid (BDSC25047), GFP-D1 (BDSC50850) were obtained from Bloomington
Drosophila Stock Center; GFP-Rhi (VDRC313340), GFP-Del (VDRC313271), GFP-Cuff
(VDRC313269), moon®/ (VDRC313735), moon*?® (VDRC313738), Bam-GFP
(VDRC318001), w''® (VDRC60000) were obtained from Vienna Drosophila Resource
Center; tj-Gal4 (DGRC104055) was obtained from Kyoto Stock Center; rhi?, rhik® and
UASp-GFP-Rhi were gifts of William Theurkauf; del"k36, del"N56 cuffQQ37and cuff¥M2> were
gifts of Trudi Schupbach; GFP-Vasa (gift of Paul Lasko), copiaLTR-lacZ (gift of Elena
Pasyukova), GFP-Moon (gift of Peter Andersen), Sa-GFP (gift of Xin Chen). UASp-mKate2
was described before (3). GFP-tagged Rhi, Del, Cuff and Moon are previously described
transgenes constructed by inserting N-terminal GFP into genomic BACs via recombineering
(2, 8). XO males were generated by crossing GFP-Rhi males to C(1)RM females. To perform

GFP-Rhi ChIP bam46 and GFP-Rhi were recombined.

Generation of transgenic flies

To make mKate2-tagged Rhi driven by endogenous rhi promoter, the ~2Kb region upstream
of rhi gene that includes the putative endogenous rhi promoter [4] was cloned from genomic

DNA of Drosophila melanogaster by PCR (forward primer: AGG CCT ATG TAC CAA
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GTT GTT AAC TCT ATC G, reverse primer: GGT ACC AGA CAT AACTTA TCC

GCT CAC AGG). PCR product was digested by Stul and Kpn1, then ligated into Stul- and
Kpnl-digested vector that contains mKate2-Rhino, mini white gene and the ®C31 attB site.
The construct was inserted into genomic site 76A2 (y1 w1118; PBac{y+-attP-9A}VK00013)

on chromosome 3 using ®C31-mediated recombination.

Sperm exhaustion test

The test was modified from Sun et al. (2004) and done at 25°C. Individual 1-day old virgin
males (either rhi?C or heterozygous siblings, n=15) were allowed to mate with three 4-day
old wildtype virgin females (iso-1) for 24hrs. Each male was then moved to mate with
another three 4-day old wildtype virgin females (iso-1) for another 24hrs, and this was
repeated every 24hrs for a total of 14 days. Since each male encountered multiple young
virgin females every day, their sperm were exhausted, and the number of progeny produced
by females can be used to represent the daily male fertility. Inseminated females were flipped
every other day and kept for 20 days (without contact with other males) to achieve maximal
egg laying. A binary result of whether there is offspring or not was used to approximate
whether a male is fertile or not on a given day, and we plotted the percentage of fertile male
out of fifteen tested males each day for rhi?“® and heterozygous siblings. To probe the
male fertility more quantitatively, we repeated the test with five males for ten days.
Instead of recording a binary result, we counted the number of progeny. The number of
adult offspring was counted 15 days after female fly removal to allow most laid eggs

to develop into
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adulthood. The averaged total number of offspring for each male each day was plotted

for each genotype. This was repeated for del"NWK cuff¥M25QQ37 gnd respective heterozygous
controls (n=5 per genotype), where each 1-day-old virgin male was mated with two 4-day-
old w8 virgin females every day for a total of eleven days. After male removal, inseminated

females were flipped every 3 days for a total of 15 days for counting.

Female fertility test

Each 1-day-old virgin female with genotype of interest was allowed to mate with two 5-day-
old w8 males for four days. Next, flies were discarded but vials were kept for another 14
days before counting, so eggs laid had 14-18 days to develop to adulthood. The number of
adult flies from each vial was counted to approximate the female fertility. For each of the
four groups shown in Figure S2, all three genotypes (control, mutant and rescue) were
siblings from the same cross with similar genetic backgrounds. Results were obtained from

three biological replicates (n=3).

Immunofluorescence staining

Testes were dissected in PBS, fixed in 4% formaldehyde for 20mins and washed by PBSTw
(PBS with 0.1% Tween-20) for three times. Permeabilization of testes was done by
incubation with PBST (PBS with 0.5% Triton-X) for 30mins. Testes were then blocked by
5% BSA in PBSTw for at least an hour, before incubation with primary antibody in 5%
BSA in PBSTw at 4°C overnight. Testes were washed 3 times with PBSTw and

incubated with secondary
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antibody in 5% BSA in PBSTw at room temperature for 2hrs, followed by another 3

washes with PBSTw. Before mounting in VECTA-SHIELD, testes were stained by DAPI
(1:5000) for 10mins and rinsed once with PBS. The following primary antibodies were used:
mouse anti-Fas3 (7G10, 1:200), mouse anti-yH2Av (UNC93-5.2.1, 1:400) and rat anti-Vasa

(concentrated, 1:100) were obtained from Developmental Studies Hybridoma Bank.

RNA fluorescence in situ hybridization (RNA FISH)

RNA FISH was done as described previously (67). Fixed testes were prepared as above for
immunofluorescence staining. Permeabilization was done by incubation in PBST with 0.5%
sodium deoxycholate for an hour, followed by three washes of PBSTw. Testes were
transferred to first 25% and then 50% formamide, both for 10mins. Next, testes were
prehybridized in hybridization buffer (50% formamide, 0.5mg/ml yeast tRNA, 0.2mg/ml)
for 1hr at 42°C, before incubation with 0.1-1ug DIG-labeled RNA probe in 50ul
hybridization buffer overnight at 42°C with shaking. Testes were rinsed twice with 50%
formamide for 20mins at 42°C and then transferred to wash in PBSTw for four times.
Subsequent blocking, staining by sheep anti-DIG antibody (PA1-85378, 1:200, Life
Technologies) and mounting were the same as described above for immunofluorescence
staining. DIG-labeled RNA probes were transcribed by T7 according to manufacturer’s
instructions. DNA template was made from genomic PCR using primers listed below, with

T7 promoter sequence added 5’ to the reverse primers.

Su(Ste) (45)
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F:5’-CAGGTGATTACCACTATTAACGAAAAGTATGC

R: 5-ATCCTCGGCCAGCTAGTCCT
AT-chX (67)
F: 5-AGCGATCCCACTGCTAAAGA

R:5’-ATAAAAGGTGACCG-GCAACG

RNA in situ hybridization chain reaction (HCR)

A kit containing a DNA probe set, a DNA probe amplifier and hybridization, amplification
and wash buffers were purchased from Molecular Instruments (molecularinstruments.org)
for AT-chX and 38C transcripts. To minimize off-targets, we designed probes targeting
unique regions at AT-chX and 38C. For 38C, we specifically targeted junction sites of two
different TEs, the simultaneous presence of which is required to generate amplified HCR
signals. The AT-chX (unique identifier: 3893/E038) and 38C (unique identifier: 4026/E138-
E140) probe sets initiated B1 (Alexa647) and B3 (Alexa 546) amplifiers, respectively. In situ
HCR v3.0 (23) was performed according to manufacturer’s recommendations for generic

samples in solution.

X-gal staining

Testes were dissected in PBS, fixed in 0.5% glutaraldehyde containing 1mM MgCl, for

5mins and washed twice in PBS. Testes were incubated with 0.02% X-gal in X-gal buffer
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(ImM MgCl, 150mM NaCl, 10mM NaHPO4, 10mM NaH2PO4, 3.5mM KsFe(CN)s and

3.5mM K3Fe(CN)g) at 37°C in dark for time of interest. Staining of copiaL TR-lacZ in rhi?¢,
del"NWK and cuffWM25/QQ37 typically took 1.5-2.5hrs to develop. Reaction was then stopped

by two washes of PBS and mounted as above for RNA FISH.

Image acquisition and analysis

Images were acquired using confocal microscope Zeiss LSM 800 with 63x oil immersion
objective (NA=1.4) and processed using the software Fiji (68). X-gal stained testes were
imaged with 10x objective (NA=0.3). Maximum-intensity z-projection was done in Fiji, and
line intensity profiles were obtained in Fiji. All images shown were from single focal planes,
unless otherwise stated. Dotted outlines were drawn for illustration purposes. To quantify the
number of GSCs, we stained the hub by Fas3. Z-stacks were acquired with 0.5um intervals
to cover depths well above and below the entire hub. Vasa-positive germ cells directly
adjacent to the hub in 3D were deemed as GSCs and manually counted for each testis. Even
though a molecular marker for GSCs was not used, any bias in GSC counting should be

shared by both rhi¥%® and heterozygous sibling controls.

RNA-seq and analysis

RNA was extracted from dissected testes of 0—3 days old rhi?’“® and heterozygous sibling
controls using TRIzol (Invitrogen). About 1ug RNA for each sample was subject to polyA+

selection using NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB E7490) and then
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strand-specific library prep using NEBNext Ultra Directional RNA Library Prep Kit for

[llumina (NEB E7760) according to manufacturer’s instructions. For each genotype, two
biological replicates were sequenced on Illumina HiSeq 2500 yielding 25-33 million 50bp
single-end reads. Reads mapped to D. mel rRNA were discarded by bowtie 1.2.2 allowing 3
mismatches (<2% across all polyA-selected samples). For TE analysis, rRNA-depleted reads
were mapped to TE consensus from RepBase17.08 using bowtie 1.2.2 with -v 3 -k 1. Mapped
reads were normalized to the total number of reads that can be mapped to dm6 genome.
Consistency between biological replicates was confirmed by >0.98 correlation coefficient,
so the mean of them was used for all analyses. For simplicity, reads mapped to LTR and
internal sequence were merged for each LTR TE given their well-correlated behaviors. Note
that polyA-selection was done for TE quantification in order to exclude piRNA precursor
transcripts from dual-strand clusters and non-canonical transcripts from individual TEs,

which are not polyadenylated but share sequence homology with TEs.

piRNA-seq and analysis

RNA extraction was done as above for RNA-seq. 19-30nt small RNAs were purified by
PAGE (15% polyacrylamide gel) from ~1pg total RNA. Purified small RNA was subject to
library prep using NEBNext Multiplex Small RNA Sample Prep Set for Illumina (NEB
E7330) according to manufacturer’s instructions. Adaptor-ligated, reverse-transcribed, PCR-
amplified samples were purified again by PAGE (6% polyacrylamide gel). Two biological
replicates per genotype were sequenced on Illumina HiSeq 2500 yielding 15-20 million
50bp single-end reads. Adaptors were trimmed with cutadapt 2.5 and size-selected for

23-29nt
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sequences for piRNA analysis. 23-29nt reads that mapped to rRNA were discarded by

bowtie 1.2.2 tolerating 3 mismatches (<30% in control samples). For TE analysis, 23-29nt
small RNA reads were mapped and normalized as done for polyA+ RNA described above,
with correlation coefficients between replicates all >0.94. Averages of two well-correlated
replicates were used for all analyses. Complex satellite-mapping small RNAs were analyzed
similarly (with ovary data downloaded from GSE126578). For piRNA cluster analysis, we
used piRNA clusters defined in (20). 1Kb genomic windows in individual piRNA clusters
were generated with bedtools v2.28.0, and the ones including highly expressed miRNA,

SnRNA, snoRNA, hpRNA or 7SL SRP RNA were excluded. Coverage over individual
piRNA clusters were computed using the pipeline tolerating local repeats described in (20).
A pseudo-count of 1 was added before calculating log2 fold change of rhi mutant over

control.

ChIP-gPCR, ChlIP-seq and analysis

ChIP protocol was modified based on Le Thomas et al. (2014). For each biological replicate,
200 pairs of 0-2 days old testes or 100 pairs of 4-5 days old ovaries (yeast-fed for 3 days)
were fixed in 1% formaldehyde for 10mins, quenched by 25mM glycine for 5mins and
washed 3 times with PBS. Fixed testes were snap-frozen in liquid nitrogen and stored in -
80°C before ChIP. Frozen testes were first resuspended in PBS and then washed in Farnham
Buffer (5mM HEPES pH8.0, 85mM KCI, 0.5% NP-40, protease inhibitor, 10mM NaF,
0.2mM NaszVOgy) twice. Testes were then homogenized in RIPA buffer (20mM Tris pH7.4,

150mM NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitor, 10mM
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NaF, 0.2mM Na3V04) using a glass douncer and a tight pestle. Sonication was done in

Bioruptor (Diagenode) on high power for 25 cycles (30s on and 30s off). Sonicated tissues
were centrifugated to obtain the supernatant. The supernatant was pre-cleared with
Dynabeads Protein G beads (Invitrogen) for 2hrs at 4°C. 5% of the pre-cleared sample was
set aside as the input, while the rest was incubated with 5ul anti-GFP antibody (A-11122,
Invitrogen) overnight at 4°C. The immune-precipitated (IP) sample was incubated with
Dynabeads Protein G beads for 5hrs at 4°C to allow beads binding. After that, beads were
washed 5 times in LiCl Wash Buffer (10mM Tris pH7.4, 500mM LiCl, 1% NP-40, 1%
sodium deoxycholate), while the input sample was incubated with 11l 10mg/ml RNase A at
37°C for 1hr. Both IP and Input samples were incubated with 100ug proteinase K in PK
Buffer (200mM Tris pH7.4, 25mM EDTA, 300mM NacCl, 2% SDS) first at 55°C for 3hrs
and then at 65°C overnight. DNA was purified by phenol-chloroform extraction and the
concentration was measured by Qubit. Four biological replicates of testis (bam?892/, GFP-
Rhi) ChIP were done and used in qPCR, with two randomly selected replicates sequenced.
Two biological replicates of ovary ChlP (GFP-Rhi) were done and sequenced. ChIP-gPCR
was normalized first to input and then to a negative control region (free of Rhi binding in
ovary according to Mohn et al. 2014) to obtain Rhi enrichment (primers listed below). ChIP
DNA was subject to library prep using NEBNext ChlP-Seq Library Prep Master Mix Set for
Illumina (NEB E6240) according to manufacturer’s instructions. Two biological replicates
per sex were sequenced on lllumina HiSeq 2500 yielding 13—22 million 50bp single-end
reads. Reads were mapped to the genome as described in (20) permitting local repeats.

Coverage over piRNA clusters were computed and the enrichment of IP over input was
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calculated. Two biological replicates were consistent with a correlation coefficient >0.96,

so the average enrichment was plotted.

42AB (14)

F:5-GTGGAGTTT GGT GCA GAAGC
R:5’-AGC CGT GCT TTATGC TTT AC

flam (14)

F:5-TGA GGA ATG AATCGCTTT GAA
R:5’-TGG TGA AAT ACCAAAGTCTTG GGT CAA
Su(Ste) (31)
F:5’-CTTGGACCGAACACTTTGAACCAAGTATT
R: 5’-GGCATGATTCACGCCCGATACAT

AT-chX (67)

F:5°-AGCGATCCCACTGCTAAAGA

R: 5’-GTCGAAGACGTCCAGAGGAG

negative control for Rhi binding (this study)

F: 5>-AAGAGCAGAGGGGCCAAATC

R: 5’>-TCCAAGTCGGCTTCCCTTTC

Genome-wide relationship between piRNA production and Rhi binding
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This analysis was adapted from Mohn et al. (2014) with modifications. piRNA

production and Rhi enrichment were computed for individual 1Kb windows tiling the entire
dm6 genome. The average of two well-correlative biological replicates was used for this
analysis. Only 1Kb windows having both >4 RPM piRNAs in controls and >30 RPM reads
in IP samples were plotted. Rhi-dependent loci (RD loci) were defined as 1Kb windows
showing >4-fold drop in piRNA production in rhi mutant testes, and the rest were treated as
Rhi-independent loci (RI loci). Local regression was implemented with LOESS technique in

Python.

Data visualization and statistical analysis

Most data visualization and statistical analysis were done in Python 3 via JupyterLab using
the following software packages: numpy (69), pandas (70) and altair (71). Germ cell death,
GSC loss and ChIP-gPCR were plotted in GraphPad Prism. Mann—Whitney—Wilcoxon test
was done to compute p values for GSC loss. Multiple t-tests corrected for multiple
comparisons by the Holm-Sidak method were done for Rhi ChIP-gqPCR, using the uni-strand
cluster flam known to be free of Rhi binding as a negative control. The UCSC Genome

Brower (72) and IGV (73, 74) were used to conduct explorative analysis of sequencing data.

Data availability

Sequencing data can be accessed via NCBI SRA with the accession number PRINA646006.
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Figure S1. Chen et al.
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Figure S1. Del and Cuff are required for normal male fertility.

Compromised fertility of del (top) and cuff (bottom) mutant males. Sperm exhaustion test of
del"NWK or cuffWM25QQ37 mytant (orange) and respective heterozygous sibling control (blue)
males. Left: averaged numbers of offspring per male 1-11 days after eclosion (n=5). Right:
total number of progeny per male after mating for 11 days. Shaded areas and error bars

display standard error. P-value from unpaired t-test.
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Figure S2. Chen et al.
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Figure S2. Rescue of female sterility by transgenes used in this study.

GFP-tagged Rhi, Del and Cuff transgenes as well as mKate2-tagged Rhi transgene driven by

a putative rhi promoter fully rescue the female sterility of respective mutations.



202

Figure S3. Chen et al.
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Figure S3. Characterization of the expression of Rhi in testis.

Individual channels of images shown in Figure 2D.
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Figure S4. Chen et al.
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Figure S4. Moon acts downstream of Rhi in testis.

Confocal images of apical tips of testes expressing GFP-Rhi, in moon®/ and moon??¢ mutant
backgrounds. Note that moon is X-linked, so XY males only have one copy of moon and

trans-heterozygous mutant cannot be generated.
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Figure S5. Chen et al.
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Figure S5. Production of TE-antisense and TE-sense piRNAs collapses without rhi.

Loss of TE-mapping piRNAs in testes of rhi mutants. Scatter plot showing expression of TE-
antisense (left) and TE-sense (right) piRNAs in rhi?K¢ mutant versus heterozygous control
testes. piRNAs that show >2-fold reduction (FDR < 0.05) and >10 RPM average expression

levels are marked in blue. Shown are averages of two biological replicates.
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Chapter 5

GENETIC CONTROL OF A SEX-SPECIFIC PIRNA PROGRAM

B.Chen, A. A. Aravin (2023).
Curr Biol 33, 1825-1835.e3. https://doi.org/10.1016/j.cub.2023.03.057
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Abstract

Sexually dimorphic traits in morphologies are widely studied(1-4), but those in essential
molecular pathways remain largely unexplored. Previous work showed substantial sex
differences in Drosophila gonadal piRNAs(5), which guide PIWI proteins to silence selfish
genetic elements thereby safeguarding fertility(6-8). However, the genetic control
mechanisms of piRNA sexual dimorphism remain unknown. Here, we showed that most sex
differences in the piRNA program originate from the germline rather than gonadal somatic
cells. Building on this, we dissected the contribution of sex chromosome and cellular sexual
identity towards the sex-specific germline piRNA program. We found that the presence of
the Y chromosome is sufficient to recapitulate some aspects of the male piRNA program in
a female cellular environment. Meanwhile, sexual identity controls the sexually divergent
piIRNA production from X-linked and autosomal loci, revealing a crucial input from sex
determination into piRNA biogenesis. Sexual identity regulates piRNA biogenesis through
Sxland this effect is mediated in part through chromatin proteins Phf7 and Kipferl. Together,
our work delineated the genetic control of a sex-specific piRNA program, where sex

chromosome and sexual identity collectively sculpt an essential molecular trait.
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Main Text

Results

Sexual dimorphism, where a trait is modified by the biological sex to manifest in distinct
ways between males and females, is pervasive in nature. While sexually dimorphic traits in
morphologies have been widely studied(1-4), those in essential molecular pathways remain
largely unexplored. In Drosophila melanogaster gonads, the piRNA program executes a
critical function by guiding the PIWI-clade Argonaute proteins to silence selfish genetic
elements such as transposons(6-8), thereby safeguarding fertility. To pass on the
transgenerational memory of proper piRNA targets, mothers deposit piRNAs to the embryo,
instructing the zygotic genome to mount a homologous piRNA program in the next
generation that reflects the maternal response to genomic parasites(9-12). However, males
implement a piRNA program distinct from their female siblings(5), the underlying
mechanism of which is elusive. We previously found evidence for both differential
transcription of piRNA loci in the nucleus(13) and differential processing of piRNA
precursor transcripts in the cytoplasm(5) between the two sexes, but the upstream control of
these sexually dimorphic molecular events is unknown. In this work, we sought to decipher
the genetic control of piRNA sexual dimorphism, in order to gain insights into the

mechanisms by which sexual dimorphism in essential molecular traits is sculpted.

Prior work compared the male and female piRNA profiles from two different D.
melanogaster lab strains(5), where distinct genetic backgrounds confounded the
characterization of piRNA sexual dimorphism. In addition, the sex of D. melanogaster is

determined independently of the presence of the Y chromosome (both XY and XO flies are
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phenotypic males, while XX and XXY flies are phenotypic females)(14-16), so the

morphology-based identification of males and females does not directly translate to an
interpretation of Y chromosome status. Given that several piRNA-producing loci reside on
the Y(5), the inability to infer Y chromosome content from the phenotypic sex complicates
the characterization of piRNA sexual dimorphism. To circumvent these issues, we
introduced a Y chromosome marked by y* and w* genes (hereafter y*'w*Y) into an inbred
yw stock and backcrossed it to yw for multiple consecutive generations (see STAR Methods).
This line allowed us to unequivocally identify XY males (red-eyed flies with black body
color and male genitalia) and XX females (white-eyed flies with yellow body color and
female genitalia) (Figure 1A), from which we profiled the gonadal piRNAs in each of the
two sexes. Analysis of the piIRNA libraries showed substantial intersexual differences in the
abundance of piRNAs targeting different transposon families (Figure 1B) and expression
levels of individual major piRNA loci in the genome (Figure 1C), largely in agreement with
our previous study(5). Having excluded the possible confounding effects of genetic
backgrounds and Y chromosome status, we confirmed that the piRNA program in D.

melanogaster gonads is sexually dimorphic.

Germline is the major cell type origin of piRNA sexual dimorphism.

In D. melanogaster gonads, the piRNA program operates in both the germline and gonadal
somatic cells, but piRNA biogenesis and targets differ between the two cell types(10, 17).
Thus, the male-female differences seen in gonad-wide piRNA quantification could reflect
sexual dimorphism in either germline or gonadal somatic cells, or both cell types, which

could be further skewed by distinct germline-soma ratios in testis and ovary. To distinguish
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these possibilities, we isolated the somatic piRNAs in the gonad, by immunoprecipitating

Piwi upon germline-specific piwi knock-down (see STAR Methods) and then sequencing the
small RNAs associated with Piwi in gonadal somatic cells (Figure 1D). This allowed us to

profile the gonadal somatic piRNA program in each of the two sexes.

Experimentally isolated gonadal somatic piRNAs from testes and ovaries (Figure 1D)
allowed us to directly compare the piRNA program in gonadal soma between sexes. We
found that the flamenco piRNA locus shows a similar piRNA coverage profile and produces
piRNAs that take up comparable fractions of total piRNAs in testicular and ovarian soma
(Figure 1E). Most of the highly expressed piRNAs in gonadal soma are antisense to
transposons in both males and females, and piRNAs targeting different transposon families
display a strong positive correlation between the two sexes (Pearson’s r = 0.91, p < 0.0001;
Spearman’s r = 0.89, p < 0.0001; Figure 1F). When normalized to flamenco, a few
transposons are targeted more in either males (e.g., idefix) or females (e.g., gtwin and mdg1l),
but these biases are relatively mild (Figure 1F). To examine piRNA production across the
genome, we defined piRNA-producing loci in gonadal soma and measured their expression
levels (see STAR Methods). Akin to piRNA quantification based on their transposon targets,
quantifying piRNAs based on their genomic origins also revealed a strong positive
correlation between the two sexes (Pearson’s r = 0.89, p < 0.0001; Spearman’s r =0.82, p <
0.0001; Figure 1G). We did, however, note an exception: a novel piRNA locus we identified
in the gonadal soma, 77B (Figure 1H), produces more piRNAs in males than females (Figure
1G). This locus resembles flamenco, as it makes piRNAs from one genomic strand

downstream of a prominent RNA pol Il peak that is indicative of a promoter, producing
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antisense piRNAs against transposons active in the gonadal soma (e.g., idefix; Figure

1H). Nevertheless, the genome-wide view of the piRNA production in gonadal soma highly
correlates between sexes. The 3> UTR of some genes (e.g., tj) is known to produce piRNAs
in ovarian soma(18), and the same holds in the male counterpart (Figure 1G). Overall, the

piRNA program operating in gonadal soma shows very few sex differences.

Taking advantage of the fact that the flamenco piRNA locus is active exclusively in the
gonadal soma but not in the germline of both testis (Figure S1) and ovary(7, 19), we inferred
that germline piRNAs make up about 97% and 79% of the gonadal piRNAs in testis and
ovary, respectively (see STAR Methods). Because germline piRNAs dominate the whole
gonad piRNA pool to comparable extents in both sexes (97% / 79% = 1.2-fold difference),
gonad-wide piRNA quantification is a close approximation of the germline piRNA program
when studying male-female differences. Consistent with this, almost all sex-biased piRNAs
have been previously annotated as germline-specific(5, 10, 17, 20). These results suggest that
the piRNA sexual dimorphism we observed in the whole gonads originates from the germline
rather than gonadal soma. For the rest of this work, we used the gonad-wide piRNA sexual

dimorphism to approximate germline piRNA sexual dimorphism.

Y chromosome is necessary and sufficient to recapitulate aspects of male piRNA program.
Having found that germline is the major cell type origin of piRNA sexual dimorphism, we
aimed to dissect its underlying genetic control mechanisms (Figure 2A). Distinct sex
chromosome contents between sexes, specifically, the presence of Y chromosome in males,

could in theory explain some sex differences in piRNAs. On the other hand, distinct sexual
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identities could lead to differential piRNA production even from identical piRNA loci

located outside the Y. Importantly, the sex determination in D. melanogaster does not
involve the Y(14), which provides us with a unique opportunity to manipulate the Y

chromosome without perturbing sexual identities.

To pinpoint the contribution of the Y chromosome to sex differences in the piRNA program,
we first generated XY and XO male sibling flies that only differ in the Y chromosome content
but are otherwise genetically identical. This is done by using spontaneous sex chromosome
nondisjunction that occurs at about 10% frequency in X"XY females carrying the compound
X chromosome, C(1)A (Figure 2C). When compared to their XY brothers, XO males lose
piRNAs targeting several transposon families (Figure 2D), suggesting that the Y
chromosome is likely a source of transposon-targeting piRNAs in the male. For example, the
absence of the Y chromosome causes decreases in piRNAs against nomad and invader2
(Figure 2D)—two transposons that are normally targeted by more piRNAs in males than
females (Figure 1B), suggesting that these sex differences could be explained by males
having the Y chromosome. We also note that, piRNAs targeting I-element appear
upregulated in males lacking the Y chromosome (Figure 2D), which warrants future
investigation. Removing the Y also led to a specific loss of piRNAs from two Y-linked
loci—Su(Ste) and petrel (Figure 2B)—while leaving the piRNA production from other loci
on X and autosomes unperturbed (Figures 2B and 2E). Therefore, Y chromosome
contributes to the male piRNA program via production of piRNAs from two loci on the
Y, Su(Ste) and petrel, as well as piRNASs targeting a select group of transposons. While it is
possible that Y could upregulate the expression of transposon-targeting piRNAs from other

chromosomes,
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its specific effect on a few transposons led us to favor the possibility that Y chromosome

encodes these transposon-targeting piRNAs.

Complementing the male experiment, we generated XX and XXY female sibling flies that
only differ in their Y chromosome contents but are otherwise genetically identical. This is
achieved by first obtaining an exceptional XXY female from primary sex chromosome
nondisjunction that occurs naturally about 1 in 2,000 wildtype flies(14), and then crossing
this XXY female with XY males to sire XX and XXY females through secondary sex
chromosome nondisjunction (Figure 2F). The extra'Y chromosome barely altered the overall
transposon-targeting piRNA program in females (Figure 2G). Nonetheless, the presence of
the Y chromosome in females triggers piRNA biogenesis from Su(Ste) and petrel (Figure
2H), two loci that reside on the Y chromosome. Even though these two Y -linked piRNA loci
appear to be less active in females than males, they have expression levels comparable to
other top piRNA loci, including 42AB, 38C, and 80F (Figure 2H), suggesting that the Y is

an active and productive piRNA source in a female cellular environment.

We generated genetically identical male and female siblings that only differ in their Y
chromosome contents, however, these crosses necessitated the employment of mothers
carrying a 'Y chromosome (Figures 2C and 2F). Given that maternally deposited piRNAs
instruct piRNA biogenesis in the progeny(9, 11, 12), Y-bearing mothers might create a
permissive environment to produce Y piRNAs in the offspring by depositing Y -derived
piRNAs to the embryo. Consequently, it is unclear whether the effects of Y chromosome on

male and female piRNA production we observed (Figures 2D, 2E, 2G, and 2H) depends on
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mothers carrying a Y chromosome. To empirically test the role of Y chromosome in

piRNA production without mothers bearing a Y, we devised a strategy to generate half
siblings of both sexes that share similar, albeit not identical, genetic backgrounds with and
without Y chromosome from XX mothers (Figures 21 and 2L). We observed similar effects
of the Y chromosome on piRNA production when mothers do not have a Y: Y chromosome
seems to be an important source of transposon-targeting piRNAs in males but not in females
(Figures 2J and 2M), and the two Y-linked piRNA loci, Su(Ste) and petrel, produce piRNAs
in both sexes, irrespective of the cellular sexual identity (Figures 2K and 2N). We noticed
that the Y exerts a slightly greater effect on the transposon-targeting piRNA program in this
latter cross scheme (Figures 21 and 2L) compared to the former one involving Y -bearing
mothers (Figures 2C and 2F), which likely results from having different fathers and thus
distinct paternally inherited haploid genome. Nevertheless, the results between mothers with
and without a Y chromosome are qualitatively very similar. We conclude that the presence

of the Y chromosome alters the piRNA profiles independently of its presence in the mothers.

Y chromosome in D. melanogaster is known to exhibit imprinting effects(21-23), that is, Y
can behave differently when inherited from the mother or the father. To test if Y-linked
piRNA loci show parent-of-origin effects, we designed crosses that allow females to inherit
a Y chromosome from either parent. In the case of paternally inheriting the Y, we also
designed crosses either with or without mothers bearing a Y (Figure 3A top). In all cases, we
detected nascent transcripts from Su(Ste) and petrel piRNA loci located on the Y
chromosome (Figure 3A middle), indicating that piRNA loci on the Y are transcriptionally

active in the female germline when inherited from either parent. We also observed similar



215
behaviors of the Y-linked piRNA loci in the male counterpart (Figure 3B)—when

inherited from either parent, with or without mothers carrying a Y, Y chromosome activates
both Su(Ste) and petrel loci in the male germline. Thus, there are no obvious imprinting
effects of the two Y-linked piRNA loci, and the mere presence of the Y can translate to an
effect on the germline piRNA program in both sexes. Interestingly, in our cross scheme of
passing the Y from mothers to daughters, Su(Ste) piRNA precursor transcription is also
activated in the follicle cells (a gonadal somatic cell type), an unexpected finding that calls

for future studies.

Whereas Su(Ste) piRNAs silence the Stellate genes that are only active in the male germline,
petrel piRNAs silence the pirate gene that is ubiquitously expressed in all tissues including
female germline, which allows us to explore if activating petrel piRNA biogenesis in the
female germline leads to pirate silencing. In wildtype XX female germline, the pirate gene
is active, and its transcripts can be readily detected by RNA in situ HCR (Figure 3A bottom).
However, introducing a Y into the female germline from either parent led to a marked
silencing of the pirate gene (Figure 3A bottom), suggesting that making petrel piRNAs in
female germline has a direct functional outcome. Meanwhile, the presence of Y chromosome
in mothers was neither necessary nor sufficient for the silencing of pirate in the female
progeny. Thus, pirate silencing in the female germline requires the presence of the Y
chromosome, regardless of the parental origin of the Y. Similarly, in the male germline,
having a Y-bearing mother is neither sufficient nor required for the male germline to tame
Stellate and pirate, and the presence of Y chromosome triggers silencing of both Stellate and

pirate genes regardless of the Y’s inheritance path (Figure 3B). Taken together, the
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differences in piRNA profiles caused by the presence of Y chromosome directly

translates to differential silencing of several targets, without obvious parent-of-origin effects.

Cellular sexual identity provides a key input into piRNA biogenesis.

Though necessary, the presence of the Y chromosome in males is not sufficient to explain
sex differences in the piRNA program, as piRNA loci outside the Y are also differentially
expressed in two sexes (Figure 1C). What underlies piRNA sexual dimorphism outside the
Y? In D. melanogaster, a cascade of molecular switches takes place after counting the
number of X, culminating in either male or female cellular sexual identity(14-16, 24-29)
(Figure 4A). To examine the contribution of sexual identities to germline piRNA sexual
dimorphism without confounding impacts of the Y chromosome, we sought to masculinize
XX female germline and compare it to XO male germline that lacks a Y (Figure 4B). Unlike
the Drosophila soma, where sex determination occurs cell-autonomously, Drosophila
germline receives an additional input from the soma on top of its own chromosomal content
to determine the germline sex(25, 26). When the germline sex does not match the somatic
sex, germline either dies or becomes tumorous(24-26, 30-33), so a productive germline sex
reversal requires perturbing both the germline and somatic sex. Given that there is very little
sexual dimorphism in the gonadal somatic piRNAs (Figures 1E, 1F, 1G, and 1H) and that
gonad-wide sex-biased piRNAs are predominantly expressed in the germline(5, 10, 17, 20),
reversing the somatic sex should not significantly confound our study of germline piRNA
sexual dimorphism. Hence, our germline sex reversal was done in sex-reversed soma, which
allowed us to interrogate the effect of sexual identities on germline piRNA sexual

dimorphism. With the caveat that somatic perturbations could still influence gonad-wide
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piIRNA profiles to some extent, we focused our analysis on piRNAs that are active in the

germline.

To explore if and how sexual identities impact germline piRNA profiles, we masculinized
XX female germline by germline-specific knock-down of Sex lethal (SxI), the major factor
that governs the female identity in germline(24-27), in the transformer (tra) mutant
background that has a masculinized soma(31) (Figure 4C). Strikingly, masculinizing the XX
female germline converted its transposon-targeting piRNA program to a state that closely
resembles the XO male germline (Figure 4D left and S2). When quantified, the median extent
of masculinization for piRNAs targeting different transposon families is 99% (see STAR
Methods; Figure 4D right). Similarly, for major piRNA loci outside the Y, their expression
levels and piRNA coverage profiles also switched from an XX female state to an XO male
state upon masculinization of the XX germline (Figures 4E and 4F). For example, abundant
piRNAs are made from both proximal and distal ends of the 42AB piRNA locus in XX
females, but masculinized XX germline only make some piRNAs from the distal end of
42AB and barely any from the proximal side, reminiscent of the XO male germline (Figure
4F left). In sum, reversing the germline sexual identity is sufficient to switch the germline
piRNA program from one sex to the other, suggesting that the cellular sexual identity

provides a key input into piRNA biogenesis.

How does the germline interpret its sexual identity to elicit a sex-specific piRNA program?
We showed that this sexual-identity effect on piRNA biogenesis is governed by the major

switch protein SxI (Figures 4D, 4E, and 4F), which is active in the female, but not male,
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germline. Next, we looked into how SxI orchestrates a female-specific piRNA program

in the germline. Sxl is known to regulate two target genes that exhibit sex-specific expression
patterns in the germline(34): Tdrd51(29), a cytoplasmic protein that forms granules distinct
from the piRNA processing sites, and Phf7(35), a chromatin reader protein that binds
H3K4me2/3. Both Tdrd5l and Phf7 promote a male identity, and SxI represses these two
factors to bolster a female identity. Since Tdrd5l and Phf7 act genetically redundantly to
support a male identity(29), we focused on Phf7 for this study and asked whether and, if so,
to what extent Phf7 mediates the sexual-identity effect on piRNA biogenesis. Expressing
Phf7 in the female germline accompanied by somatic masculinization partially masculinized
the XX female germline, leading to a 29% median extent of masculinization of transposon-
targeting piRNAs (Figure 4D). For many transposon-targeting piRNAs (e.g., those targeting
copia and burdock), the ectopic expression of Phf7 in XX germline shifted the piRNA profile
from a female state towards a male state, but not as completely as losing SxI did (Figure 4D
right and S2). This partial reversal of the piRNA program from one sex to the other by Phf7
activation is also obvious when examining the expression of major piRNA loci in the
genome. Each of the major piRNA loci in Phf7-expressing XX female germline resumed an
activity somewhere in between the wildtype XX female and XO male, for both male- and
female-biased loci (Figures 4E and 4F). For instance, Phf7 dampened the activity of 42AB,
a female-biased piRNA locus, and enhanced the activity of 38C, a male-biased piRNA locus
(Figures 4E and 4F). These observations indicate that Phf7 promotes a male piRNA program,
and Sxl supports a female piRNA program in part through repressing Phf7. Thus, Phf7

mediates part of the sexual-identity effect on piRNA biogenesis, acting downstream of SxI.
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Recently, a female-specific piRNA biogenesis factor, the zinc finger protein Kipferl, was

described to drive a subset of piRNA production in the female germline(36). In particular,
piRNA production from 80F, a sex-specific piRNA locus only active in the female germline
(Figure 4E), depends on Kipferl(36) (Figure 4G), indicating that Kipferl is directly

responsible for some of the germline piRNA sexual dimorphism. As Kipferl appears
dedicated to the piRNA pathway and is absent in the male germline, we hypothesized that
Kipferl is an effector protein that acts downstream of the sex determination pathway to

elaborate a female piRNA program. Indeed, knocking-down Sxl in the female germline is
sufficient to abrogate the expression of Kipferl in XX germline, suggesting that Kipferl
expression depends on SxI (Figure 4H). On the other hand, expressing Phf7 in the XX female
germline did not perturb Kipferl expression (Figure 4H), suggesting that Phf7 and Kipferl
act in parallel, both downstream of Sxl, to promote male and female piRNA programs,

respectively (Figure 4l).

Taken together, we elucidated a genetic circuit that connects the sex determination pathway
to germline piRNA sexual dimorphism (Figure 41). XX germline activates Sxl, which
positively regulates Kipferl to produce female-specific piRNAs and negatively regulates
Phf7 to suppress a male piRNA program. On the contrary, XY germline lacks functional SxI
to activate Kipferl and instead expresses Phf7 to elaborate a male piRNA program. We
conclude that male and female sexual identities enable divergent piRNA production
programs, sculpting a sexually dimorphic molecular trait alongside the male-specific Y

chromosome.
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Discussion

In this work, we identified the germline as the source of piRNA sexual dimorphism in fly
gonads. Building on this, we genetically separated the actions of sex chromosomes and the
sex determination pathway to dissect their distinct roles towards the sex-specific piRNA
program. We characterized the contribution of the Y chromosome to the male piRNA
program, and we showed that the presence of the Y is sufficient to recapitulate some aspects
of the male piRNA program in a female cellular environment. In fact, the effect of the Y is
independent of its parental origin and mothers’ sex chromosome contents. The ability of Y-
linked piRNA loci to act in both male and female cellular environments independently of its
inheritance path implies unique regulatory mechanisms(37) employed by the Y and
distinctive evolutionary forces acting on the Y. What could be the forces that drove the
evolution of Y-linked piRNAs? We envisage that Y-linked piRNAs might have evolved to
facilitate male-specific transposon control and/or to suppress sex chromosome meiotic drive.
Meanwhile, we showed that sexual identity is another major determinant of the piRNA
program that regulates piRNA biogenesis outside the Y. Specifically, sexual identity shapes
piRNA sexual dimorphism under the control of SxI, which relays the sexual identity of a cell
to piRNA biogenesis through the histone reader protein Phf7 and the zinc finger protein
Kipferl. Even though we cannot completely exclude the effect of somatic perturbation in our
germline sex reversal, our work unequivocally demonstrated an input from sex determination
into piRNA biogenesis. We speculate that the sex determination pathway has been hijacked
by transposons to facilitate their sex-biased germline invasion(5), so integrating the
information of germline sexual identities into piRNA biogenesis provides a means to directly

couple the sex-specific piRNA defense program with sex-specific transposon threats.
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Together, our work revealed that sex chromosome and sexual identity control different

facets of piRNA sexual dimorphism, and it is their collective action that sculpts the sex-
specific piRNA program in fly germline. It is very likely that other sexually dimorphic traits
are under the control of both sex chromosome and sexual identity, and disentangling the
effects of the two promises to offer new insights into how a molecular pathway can be

modified by each of the two sexes to execute essential functions.
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Figure 1| Germline is the major cell type origin of piRNA sexual dimorphism in D. mel

gonads.

(A) Genotype and phenotype of males and females that can be identified with definite

chromosome content, employing an X chromosome lacking y and w genes as well as a Y

chromosome that carries the wildtype y* and w* genes.
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(B) Comparison of the abundance of piRNAs targeting individual transposon families in

XY testis versus XX ovary, normalized to the expression of 20A piRNAs. Sex-biased
transposon-targeting piRNAs are color coded and listed on the right.

(C) Comparison of the expression of major piRNA loci in the genome(5) in XY testis versus
XX ovary, normalized to the expression of 20A piRNAs. Each locus is marked by a different
color.

(D) Hlustration of the experimental strategy to isolate somatic piRNAs in the gonad. Left:
cartoon showing the cell type composition of testis and ovary, with germline having a blue
outline and gonadal somatic cells having a red outline. Both germline and gonadal somatic
cells express Piwi, which is marked by yellow. Right: cartoon showing Piwi expression in
testis and ovary upon efficient, germline-specific knock-down of piwi that completely
depletes Piwi in the germline, leaving the somatic cells as the only source of Piwi in the
gonad. Gonadal somatic piRNAs are isolated by immunoprecipitating Piwi from these
gonads that lose germline Piwi.

(E) UCSC genome browser view of the flamenco piRNA locus showing flamenco piRNAs
take up similar fractions of gonadal somatic piRNASs in testis and ovary with similar coverage
profiles.

(F) Comparison of the abundance of transposon-antisense piRNAs in testicular and ovarian
soma, normalized to the expression of flamenco piRNAs. Sex-biased piRNAs are color
coded in the same way as in (B) and the correlation coefficients are reported.

(G) Comparison of the expression of different piRNA loci in testicular and ovarian soma,
normalized to the expression of flamenco piRNAs. Sex-biased piRNAs are color coded in

the same way as in (B) and the correlation coefficients are reported.
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(H) UCSC genome browser view of the 77B piRNA locus, showing its flanking protein-

coding genes, its transposon contents and piRNA coverage profiles in two sexes. Note the
difference in y-axis scales that reflects a higher relative activity of 77B in the testicular soma
than the female counterpart. A putative promoter marked by an RNA pol Il peak likely drives
the expression of piRNAs from the plus strand that are antisense to two transposons, 176 and
idefix.

See also Figure S1.
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Figure 2|Y chromosome produces piRNAs in both males and females.

(A) Left: listed are factors that might explain piIRNA sexual dimorphism. Right: cartoon
showing different sex chromosome contents and respective sexual identities. X and Y
chromosomes are depicted in different ways, and sexual identities are color coded with the
male identity being green and the female one being orange. Note that the Y chromosome of
D. melanogaster does not participate in sex determination, and the sex instead depends on
the number of X. Hence, XY and XO are both males, and XX and XXY are both females.
(B) Hlustration showing the karyotype of D. melanogaster with five chromosomes—X, Y,
2, 3, and 4, as well as the rough genomic locations of major piRNA loci in the germline.
(C) Cross scheme of the generation of XY and XO brothers.

(D) The abundance of transposon-targeting piRNAs in XO males compared to their XY
brothers, showing the loss of piRNAs targeting several transposon families.

(E) The expression of major germline piRNA loci in XO males compared to their XY
brothers, showing a specific loss of piRNAs from two Y-linked loci, Su(Ste) and petrel.
(F) Cross scheme of the generation of XX and XXY sisters.

(G) The abundance of transposon-targeting piRNAs in XXY females compared to their XX
sisters, showing very limited differences.

(H) The expression of major germline piRNA loci in XXY females compared to their XX
sisters, showing piRNA production from two Y-linked loci, Su(Ste) and petrel.

(1) Cross scheme of the generation of XY and XO half-brothers, with the same XX mothers.
(J) The abundance of transposon-targeting piRNAs in XO males compared to their XY half-
brothers, both of which are sired by XX mothers, showing similar loss of piRNAs targeting

several transposon families as seen in (D).



234
(K) The expression of major germline piRNA loci in XO males compared to their XY

half-brothers, both of which are sired by XX mothers, showing a similar loss of piRNAs
from two Y-linked loci, Su(Ste) and petrel, as seen in (E).

(L) Cross scheme of the generation of XX and XXY half-sisters, with the same XX mothers.
(M) The abundance of transposon-targeting piRNAs in XXY females compared to their XX
half-sisters, both of which are sired by XX mothers, showing very few differences similar to
Q).

(N) The expression of major germline piRNA loci in XXY females compared to their XX
half-sisters, both of which are sired by XX mothers, showing piRNA production from two

Y-linked loci, Su(Ste) and petrel, as seen in (H).
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Figure 3| Y-linked piRNA loci are active and functional in both sexes, when inherited
from either parent, regardless of whether mothers carry a Y chromosome.

(A) Top: Cross schemes that generate: XX females without mothers bearing a'Y (column 1),
XX females with Y-bearing mothers (column 2), XXY females without mothers bearing a Y
(column 3), XXY females with Y-bearing mothers but inhering the Y from the father
(column 4), and XXY females with Y-bearing mothers and inheriting the Y from the mother
(column 5). Middle: cartoon showing the genotype of each kind of females generated and
whether their mothers carry a'Y is reflected by whether they receive maternally deposited Y-
derived piRNAs. Bottom: RNA in situ HCR detecting Su(Ste) piRNA precursors (row 1),
petrel piRNA precursors (row 2), and pirate mRNAs (row 3) in stage 6—7 egg chambers.
Scale bar: S5pm.

(B) Top: Cross schemes that generate: XO males without mothers bearing a Y (column 1),
XO males with Y-bearing mothers (column 2), XY males without mothers bearing a Y
(column 3), XY males with Y-bearing mothers but inhering the Y from the father (column
4), and XY males with Y-bearing mothers and inheriting the Y from the mother (column 5).
Middle: cartoon showing the genotype of each kind of males generated and whether their
mothers carry a Y is reflected by whether they receive maternally deposited Y -derived
piRNAs. Bottom: RNA in situ HCR detecting Su(Ste) piRNA precursors (row 1), Stellate
MRNAs (row 2), petrel piRNA precursors (row 3), and pirate mMRNAs (row 4) and at the

apical tips of the testes. Scale bar: 10um.
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Figure 4 | Sexual identity provides a key input into piRNA biogenesis and is a major

determinant of the piRNA program.

(A) A simplified model of the sex determination pathway in germline and soma. On top of
its own chromosome content, germline receives an additional input from the soma to
determine its sex.

(B) A comparison scheme that uses sex reversal to examine the effects of sexual identities
on the piRNA program. XX female germline is masculinized and compared to both wildtype
XX females (the origin state) and XO males (the target state). Thus, any differences observed
would reveal the effects of sexual identities on piRNAs, without confounding impacts of Y
chromosome.

(C) Cartoon showing the masculinization of the XX female germline by genetic
perturbations, without any changes to the sex chromosome content. To facilitate germline
masculinization, the soma is masculinized by mutating tra. In addition, germline-specific
knock-down of SxlI near completely masculinizes the female germline, while ectopic
expression of Phf7 in the germline led to partial masculinization.

(D) Left: a heatmap showing the abundance of piRNAs targeting different transposons in
XX female, XO male, or XX masculinized by perturbing either Phf7 or SxI expression (in
the tra mutant background). Each row represents piRNAs that target a different transposon,
and their expression levels are color coded. Expression was normalized to the 20A piRNAs.
Middle: Quantification of the extent of masculinization for piRNAs targeting individual
transposon families. For each transposon family, the abundance of corresponding antisense
piRNAs in XX female is scaled to 0% and that in XO male is scaled to 100%, so the levels

of transposon-targeting piRNAs in masculinized XX can be normalized to reflect the extent
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of masculinization. Shown are the summary statistics (median and interquartile range) of

the antisense piRNAs targeting different transposon families. Right: piRNA abundance upon
XX masculinization for four examples of male-biased and female-biased transposon-
targeting piRNAs, respectively. In these examples as well as the overall summary statistics,
perturbing Sxl led to a stronger masculinization of the piRNA program than perturbing Phf7.
(E) A heatmap showing the expression of major germline piRNA loci (located outside Y) in
XX female, XO male, or XX masculinized by perturbing either Phf7 or SxI expression (in
the tra mutant background), normalized to the expression of 20A piRNAs.

(F) UCSC genome browser view of the piRNA coverage profiles over the locus 42AB (left)
and the locus 38CL1 (right) in XX female, XO male, or XX masculinized by perturbing either
Phf7 or SxI expression (in the tra mutant background).

(G) Female-specific expression of Kipferl and Kipferl-dependent piRNAs.

(H) RNA insitu HCR detecting Kipferl mMRNA in XX female, XO male, or XX masculinized
by perturbing either Phf7 or SxI expression (in the tra mutant background).

(1) A genetic circuit that connects the sex determination pathway and piRNA biogenesis.

See also Figure S2 and S3.
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Materials and Methods

Fly crosses

To minimize genetic background differences, yw / y*w*Y was backcrossed to the inbred yw
line for six consecutive generations, via a single male at every generation. Similarly, after
generating C(1)A / y*w*Y females, we backcrossed them to yw / y*w*Y males for six
consecutive generations, via 2—3 females at every generation. To obtain an XXY exceptional
female, we looked for a female carrying the marked Y chromosome (y*w*Y) in the yw /
y*w*Y stock, which typically took no more than two months. To deplete germline Piwi, we
expressed sh-piwi using both nos-Gal4 and bam-Gal4, which led to efficient knock-down of
Piwi in the germline as evidenced by the loss of germline GFP-Piwi expression in both testis
and ovary. For sex reversal experiments, a Y chromosome marked by BS (present in the
Df(tra) stock) that alters the eye shape was employed, such that the sex chromosome content
could be inferred independently of the morphological sex. Upon sex reversal, germline
remains prevalent but shows phenotypes characteristic of either male or female germline

development in SxI and Phf7 perturbations, respectively (Figure S3).

RNA in situ hybridization and RNA in situ hybridization chain reaction (HCR)

For RNA in situ HCR, probes, amplifiers and buffers were purchased from Molecular
Instruments (molecularinstruments.org) for flam (3893/E046), petrel (3872/E024), pirate
(3916/E064), Stellate (4537/E832) and Kipferl (4708/E1062) transcripts. RNA in situ HCR
v3.0(38) was done according to manufacturer’s recommendations for generic samples in

solution. To detect Su(Ste) transcripts, we did conventional RNA in situ hybridization using
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DNA probes (75bp, position 994-1068 of Su(Ste): CR42424, sense direction) directly

conjugated with fluorophore purchased from IDT.

Image acquisition and processing
Confocal images were acquired with Zeiss LSM 800 or LSM 980 using a 63x oil immersion
objective (NA=1.4) and processed using Fiji(39). Single focal planes were shown in all

images, where dotted outlines were manually drawn for illustration purposes.

Small RNA sequencing

Argonaute-associated small RNAs were isolated from ovaries (20 pairs per sample) or testes
(30 pairs per sample) using TraPR columns(40). Purified small RNA was subject to library
prep using NEBNext Multiplex Small RNA Sample Prep Set for lllumina (NEB E7330).
Adaptor-ligated, reverse-transcribed, PCR-amplified samples were purified again by PAGE
(6% polyacrylamide gel), from which we cut out the band within the desired size range. This
additional size selection by PAGE eliminated other, longer RNAs (>30 nt) captured by
TraPR columns. To isolate Piwi-associated small RNAs in gonadal soma, we first
immunoprecipitated GFP-Piwi from gonads lacking germline Piwi (see above for fly
crosses) using GFP-Trap (ChromoTek) magnetic agarose beads, as described before(41).
Small RNAs associated with gonadal somatic Piwi are then purified by TraPR columns and
library-prepared, as described above for all Argonaute-associated small RNAs. Libraries

were sequenced on Illumina HiSeq 2500 or NextSeq 2000.

Analysis of transposon-targeting piRNAs
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To computationally extract piRNAs from all Argonaute-associated small RNAs, adaptor-

trimmed small RNAs were size-selected for 23-29nt (cutadapt 2.5) and those mapped to
rRNA, tRNA, snRNA, snoRNA, miRNA, hpRNA and 7SL RNA were discarded (bowtie
1.2.2 with -v 3). piRNAs were then mapped to RepBase25.08 (manually curated) and those
antisense to transposon consensus sequences with <3 mismatches are designated as
transposon-targeting piRNAs. For LTR transposons, reads mapping to the LTR and internal
sequences of a given transposon family were merged for quantification, given their well-
correlated behaviors. All quantification was normalized to the expression of 20A piRNAs

(unless otherwise noted) and shown as the mean of two biological replicates.

Analysis of the expression of major piRNA loci

piRNAs were computationally extracted as described above. piRNAs were mapped to the
dm6 genome using a previously described algorithm(5) that considers both piRNAs that map
to single unique positions in the genome as well as those that map to “local repeats” (defined
as repeats that are contained within a genomic window <2Mb in length in dm6 reference
genome). Major piRNA loci, their coordinates and quantification method were described
before(5). All quantification was normalized to 20A piRNAs. The average of two biological

replicates was shown in all figures.

Definition of piRNA-producing loci in gonadal soma
piRNA-producing loci in gonadal soma were defined as previously described for piRNA-
producing loci (also known as “piRNA clusters”) in whole gonads(5). Briefly, piRNAs

isolated from gonadal soma were mapped to the genome and those that map uniquely or to
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local repeats were kept and quantified over 1Kb windows that tile the entire genome.

Neighboring 1Kb widows within 3Kb were merged. If merged windows were >5Kb, they
were merged again within 15Kb, and this process was repeated twice. This de novo method
recapitulated the flamenco locus and the 3°UTR of the tj gene—two loci that are known to

make abundant piRNAs in ovarian soma—confirming its utility.

Inference of germline contribution to whole gonad piRNAs

Given that flamenco is only active in the gonadal soma but not in the germline, flamenco
piRNAs found in whole gonad piRNAs must come from somatic cells in the gonad.
Experimentally isolated gonadal somatic piRNAs revealed the contribution of flamenco
piRNAs to total piRNAs in the gonadal soma (e.g., 25%), so if flamenco takes up 5% of
whole gonad piRNAs, gonadal soma will contribute to 20% (5% / 25% = 20%) of whole
gonad piRNAs. Then, the germline contribution to whole gonad piRNAs is 100% -20% =
80%. When calculating actual contributions of flamenco piRNAs to gonadal soma and whole

gonads of both sexes, the mean of two replicates was used.

Data visualization

All data visualization were done in Python 3 via JupyterLab with the following software
packages: numpy(42), pandas(43) and altair(44). The UCSC Genome Brower(45) and
IGV(46, 47) were used to explore sequencing data and to prepare genome browser track
panels shown. UCSC genome browser tracks of piRNA coverages shown in the figures were
normalized to CPM (counts per million 23-29nt reads that map uniquely to dmé6
genome).

Two biological replicates showed similar coverage profiles on the genome browser, so one
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of the two replicates was randomly selected to be shown in the figures. RNA pol Il ChIP-

seq data from wildtype fly ovary (w1118) was visualized using IGV using the publicly

available bigwig file from GEO under the accession number GSM2576144(48).

Quantification and statistical analysis
Statistical analysis was done in Python 3 via JuputerLab. All sequencing experiments were
done with two biological replicates. Differential expression analysis was done using

DESeq2(49).
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Figure S1 | The flamenco piRNA locus is only active in the gonadal soma in testis.

RNA in situ HCR detecting flamenco piRNA precursors in testes expressing mCherry-Vasa
and Tj-GFP under endogenous regulatory elements, stained for DAPI. flamenco transcripts
are only detected in gonadal somatic cells (including both early cyst cells marked by Tj

expression and hub cells marked by the lack of Tj and Vasa expression), but not in germline

cells (marked by Vasa expression). Scale bar: 10pum.
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Figure S2 | Pairwise piRNA comparisons of XX female, XO male, and XX masculinized
by perturbing either Phf7 or SxI (in the tra mutant background).

Pairwise comparison of the abundance of piRNAs against different transposon families in
four genotypes: XX female, XO male, XX tra-/- with Phf7 ectopic expression, and XX tra-
/- with SxI germline knock-down. SxI perturbation led to a piRNA program that differed

from XX female and resembled XO male, more than Phf7 perturbation did.
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XX, tra”, nos>sh-SxI | pseudo-testis

chromosome territory formation
(characteristic of pre-meiotic spermatocyte)

post-meiotic chromatin defects
(characteristic of XO male germline lacking Y)

meiosis

XX, tra”, nos>Phf7 | pseudo-testis

denser DAPI staining, suggestive of endo-replication dense, “five-blob™like chromatin conformation
that occurs in female germline development that resembles stage-5 nurse cell development

Figure S3 | Germline prevalence and phenotype in masculinized XX.

DAPI staining of masculinized XX tra-/- germline with either SxI knock-down (top) or Phf7
ectopic expression (bottom). In both masculinization perturbations, germline is prevalent,
but they show distinct phenotypes. SxI perturbation mimics male germline development
(with, e.g., chromosome territory formation characteristic of spermatocytes), while Phf7
perturbation resembles female germline development (with, e.g., nurse cell-like

chromatin
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conformation), though both surrounded by masculinized gonadal soma. Of note, these

germline phenotypes correlate with the “sex” of the piRNA program. Scale bar: 50um.
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Chapter 6

ADAPTIVE PIRNAPATHWAY TUNING TAMES RECENTLY
EXPANDED SELFISH GENES

B.Chen, K. C. Pan, E. H. Park, Y. Luo, Y. C. G. Lee, A. A. Aravin (2024).
submitted
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