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Abstract

The piRNA pathway is a highly conserved mechanism that regulates gene and
retrotransposon expression at transcriptional and post-transcriptional levels. Defects in the
piRNA pathway impair germ cell development in animals from invertebrates to mammals. In
mammals, the current knowledge of the piRNA pathway has been mainly built from mouse
model studies. The mouse model suggests that the piRNA pathway is dispensable for
mammalian female germline. However, mouse differs from other mammals in several
important aspects. It lacks PIWIL3, one of four PIWI proteins found in other mammals, and
has a highly active RNA interference in mouse oocytes, which points towards a unique
combination of small RNA pathways in the mouse female germline. These specific
modifications of small RNA pathways in mice could obscure the biological significance of the

mammalian piRNA pathway.

My Ph.D. project aimed at investigating the importance of the piRNA pathway in
mammals and analyzing conserved and derived aspects of this pathway. As golden hamsters
encode all mammalian PIWI proteins and likely lack highly active RNA interference in oocytes,
they represent mammalian small RNA pathways closer than mice. Therefore, we generated a
golden hamster knock-out of MOV10L1 helicase, an essential factor in piRNA biogenesis. We
observed sterility in both sexes of Mov10/1 golden hamster mutants, arguing that female fertility
of piRNA pathway mutants is not a common mammalian feature. We showed that Mov1011™-
golden hamster oocytes can be fertilized and undergo meiosis, but do not support development
beyond the 2-cell stage. Male hamster Mov/0l] mutants are sterile due to germ cell loss during
spermatogonia formation. In both cases, sterility is associated with disturbed transcriptome and
retrotransposon derepression. In males, sterility appears to be related to derepression of
MYSERV, a young family of retrotransposons, and full-length intact IAP and LINE1 elements
capable of retrotransposition. Furthermore, we show an adaptive nature of the piRNA pathway

that appears to respond rapidly to emerging genomic threats in different stages of development.

Overall, my thesis demonstrates that the piRNA pathway is essential for both, male and
female germlines in mammals. It therefore refutes a long-held assumption that piRNAs are only
necessary for mammalian male germline, as originally proposed by the mouse model. Equally
important, the emergence of MYSERV element, whose expression appears to be hamster-
specific, was recognized and independent evolution of ancestral retrotransposons was

described.



Abstrakt

piRNA dréha je vysoce konzervovany mechanismus, ktery reguluje expresi genl a
retrotranspozontl na transkripéni a post-transkripéni urovni. Defekty v piRNA draze narusuji
normalni vyvoj zdrodecnych bunék u zvitat od bezobratlych po savce. Soucasna znalost piRNA
dréhy u savcu je zalozena na studiich mysiho modelu. Ten navrhuje, ze piRNA draha je
postradatelna pro sav¢i samici zarodecnou linii. Mys se vSak od ostatnich savci lisi v nékolika
dalezitych aspektech. Mysi nemaji PIWIL3, jeden ze ctyt PIWI proteinti nalezenych u jinych
savcll, a maji vysoce aktivni RNA interferenci ve svych oocytech, coz poukazuje na jedine¢nou
kombinaci drah malych RNA v samic¢i zarode¢né linii mysi. Tyto specifické modifikace drah

malych RNA u my$i mohou zakryvat biologicky vyznam piRNA drihy u savcil.

Muj PhD projekt je zaméteny na zkoumani vyznamu piRNA dréhy u savct a analyzu
konzervovanych a odvozenych aspektii této drahy. Jelikoz kiecek zlaty koduje vSechny savci
PIWI proteiny a pravdépodobné postrada vysoce aktivni RNA interferenci v oocytech, jsou
jeho dréhy malych RNA podobnéjsi jinym savcim nez ta mysi. Proto jsme u kiecka zlatého
vytvofili knock-out helikaizy MOV10L1, coz je zakladni faktor piRNA biogeneze. Ob¢ pohlavi
Mov10l1 mutanth kiecka zlatého vykazovala sterilitu, coz naznacuje, Ze samici fertilita mutantt
piRNA dréhy neni b&Znym znakem savci. Ukazali jsme, ze Mov10ll” oocyty kiecka zlatého
mohou byt oplodnény a dokoncit meidzu, ale nepodporuji vyvoj dale nez do 2-bunécného
stadia. Sam¢i MovI0/l mutanti kieckl jsou sterilni kvili ztraté zarodeCnych bunék béhem
tvorby spermatogonii. V obou ptipadech je sterilita spojena s naruSenym transkriptomem a
derepresi retrotranspozonil. V piipad¢ samci se zd4, Ze sterilita souvisi s derepresi MYSERV,
mladé rodiny retrotranspozontl, a kompletnich neporusenych IAP a LINE1 elementii schopnych
retrotranspozice. Navic zde ukazujeme adaptivni povahu piRNA drahy, ktera, jak se zda, rychle

reaguje na vznikajici genomové hrozby v riznych stadiich vyvoje.

Dohromady vzato mé prace ukazuje, Ze piRNA dréaha je u savcl nezbytna pro zarodecné
linie samct 1 samic. Vyvraci proto dlouho zazity predpoklad, ze piRNA jsou nezbytné pouze
pro sam¢i zarodecnou linii u savci, jak pivodné navrhoval mys$i model. Nemén¢ dulezité je
také rozpoznani MYSERYV elementu, jehoz exprese se zdé byt specificka pro kiecky, a popsani

nezavislé evoluce ancestralnich retrotranspozond.



1 Introduction

Small ribonucleic acid (RNA) silencing pathways are important post-transcriptional
control mechanisms that use small non-coding RNAs as regulatory factors. Three small RNA
silencing pathways have been described in mammals: RNA interference (RNA1), microRNA
(miRNA), and PIWI-interacting small RNA (piRNA) pathway. This work focuses mainly on
the piRNA pathway, whose regulatory function is important for normal germ cell development.
Small RNA pathways have been extensively studied in mice, and therefore the introduction
focuses on the known background of small RNA pathways and their biological significance as
was characterized predominantly in mice (reviewed in (Burgos, Hurtado et al. 2021)). This
work uses the golden hamster as a model system to analyze the significance of the piRNA
pathway in mammals. Given differences in germ cell small RNA pathways between mice and
other mammals, the golden hamster surpasses the mouse model in specific aspects of biology
of small RNAs in terms of similarity with other mammals. In order to understand the concept
of this work in more detail, I will outline a general view of the biology of small RNA pathways
and their link to gametogenesis. I will first discuss similarities and differences between
individual small RNA silencing pathways in mammals, followed by a detailed description of
the piRNA pathway. In the following section, I will explore the biology of retrotransposons,
whose activity is regulated by the piRNA pathway and I will conclude the introductory part
with a description of gametogenesis and biological role of the piRNA pathway in animal

germline.

1.1 Small RNAs in RNA silencing in mammals

Small RNA silencing pathways have evolved to mediate gene regulation and provide
defense against parasitic elements such as viruses or transposable elements (TEs). They are
essential to many biological and evolutionary processes (reviewed in (Zhang 2009)). In mice,
the most frequently used mammalian model organism, the place of action differs for individual
small RNA pathways. miRNAs are ubiquitously expressed, while the pathway lost its function
in oocytes and during the oocyte-to-embryo transition, apparently due to the reduced
concentration of miRNAs in progressively growing oocytes (Ma, Flemr et al. 2010, Suh,
Baehner et al. 2010, Kataruka, Modrak et al. 2020). In contrast, the RNAi pathway has been
described as the only essential small RNA pathway in mouse oocytes and its function appears
to be insignificant elsewhere (Murchison, Stein et al. 2007, Watanabe, Totoki et al. 2008,
Nejepinska, Malik et al. 2012, Flemr, Malik et al. 2013). piRNA expression is typical for germ
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cells and the pathway is critical for murine spermatogenesis, where it ensures normal germ cell
development, but interestingly, its function appears to be insignificant in mouse oocytes (Deng
and Lin 2002, Kuramochi-Miyagawa, Kimura et al. 2004, Carmell, Girard et al. 2007, Frost,
Hamra et al. 2010, Zheng, Xiol et al. 2010, Cheng, Kang et al. 2014).

Although small RNA pathways differ in many respects, they all use the same concept.
When a small regulatory RNA is formed, it is loaded on a protein from the Argonaute family
and, through sequence complementarity, mediates repressive effects on the target (Hock and
Meister 2008, Ender and Meister 2010). The miRNA and RNAi pathways utilize Dicer, an
RNaselll endonuclease, to produce small RNA molecules from RNA precursors (Bernstein,
Caudy et al. 2001). Dicer, along with Argonaute and other associated proteins, is a part of the
multiprotein RNA-induced silencing complex (RISC), which exerts post-transcriptional control
(Gregory, Chendrimada et al. 2005). The miRNA and RNAi pathways share components
downstream of the Dicer cleavage and differ in their mechanism upstream of the Dicer
cleavage. In contrast, the piIRNA pathway is Dicer-independent and uses a discrete subfamily
of Argonaute proteins, called PIWI (Aravin, Gaidatzis et al. 2006, Girard, Sachidanandam et
al. 2006, Grivna, Beyret et al. 20006).

1.1.1 Argonaute proteins

The Argonaute proteins belong to a well-conserved family of proteins that play a key
role in RNA silencing in eukaryotes and can be divided into subfamilies, including AGO and
PIWI (reviewed in (Meister 2013, Muller, Fazi et al. 2019)). They are structurally similar and
contain four domains: the N-terminal domain, which helps with loading and unwinding of small
RNA molecules (Kwak and Tomari 2012), the MID domain which binds to the 5" end of the
small RNA molecule (Boland, Tritschler et al. 2010), the Piwi-Argonaute-Zwille (PAZ) domain
which allows binding of the 3' end of the small RNA molecule (Ma, Ye et al. 2004) and the P-
element induced wimpy tested (PIWI) domain which provides slicer activity in Argonautes,

which cleave the target directly (Song, Smith et al. 2004).

Four Argonaute proteins (AGO1-4) interacting with small RNAs generated by miRNA
or RNAI1 pathways can be found in mammals. Out of the four Argonaute proteins, only AGO2
is endonucleotically active (Liu, Carmell et al. 2004, Meister, Landthaler et al. 2004). The
AGO?2 protein harbors a catalytic tetrad (DEDH) in the PIWI domain that is necessary for the
slicing activity and allows Argonaute proteins to cleave the target (Nakanishi, Weinberg et al.

2012). Unlike AGO1 and AGO4, AGO3 possesses an intact DEDH tetrad in the PIWI domain,
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but is unable to mediate cleavage activity (Hauptmann, Dueck et al. 2013, Schurmann, Trabuco
et al. 2013). The N-terminal domain of AGO also participates in the cleavage reaction
(Hauptmann, Dueck et al. 2013, Schurmann, Trabuco et al. 2013) and thus modifications in the
N-terminal domain of AGO3 likely render it catalytically inactive (Park, Phan et al. 2017). The
silencing effect caused by cleavage of the target usually requires a perfect Watson-Crick guide-
target base pairing. When imperfect pairing is used, the mechanism by which silencing is
mediated leads to translational repression, usually followed by target RNA degradation. The
latter scenario involves the function of catalytically inactive AGO proteins, which recruit

proteins mediating translational repression (reviewed in (Dexheimer and Cochella 2020).

PIWI proteins form a clade of Argonaute proteins that interact with piRNAs and are
usually found in animal gonads (Aravin, Gaidatzis et al. 2006, Brennecke, Aravin et al. 2007,
Houwing, Berezikov et al. 2008). PIWI proteins are similar to Argonautes but differ in the
presence of arginine-rich motifs near their N-terminal part. The methylation of arginines by
PRMTS allows interaction with Tudor family proteins, which in addition to various functions
in piRNA biogenesis serve as a scaffold for the piRNA machinery (Vagin, Wohlschlegel et al.
2009, Mathioudakis, Palencia et al. 2012). Four different PIWI proteins (PIWIL1-4) exist in
mammals, but only three are present in mice (PIWIL1, PIWIL2, and PIWIL4) likely due to the
recombination of the locus carrying Piwil3 gene (Mouse Genome Sequencing, Waterston et al.
2002, Gutierrez, Platt et al. 2021). PIWI proteins not only serve as effectors mediating silencing,
but also as factors participating in piRNA biogenesis (reviewed in (Ozata, Gainetdinov et al.
2019). Murine PIWI proteins will be described in more detail in the piRNA pathway section.
In the following sections, I will describe mechanisms and functions of small RNA silencing

pathways.

1.2 miRNA pathway

Animals” miRNAs are small non—coding RNAs with a typical length of 22 nucleotides
(nt). They are generated from genome—encoded precursors transcribed by RNA polymerase 11
(Pol II) as 5 capped and mostly 3 poly(A) tailed transcripts carrying a stem-loop structure (Cai,
Hagedorn et al. 2004, Lee, Kim et al. 2004). These so-called pri-miRNAs are then cleaved by
the nuclear Microprocessor complex, consisting of Drosha (RNase III enzyme) and double-
stranded RNA binding protein DGCRS8 (DiGeorge syndrome critical region 8), into hairpins
called pre-miRNAs (Lee, Ahn et al. 2003, Denli, Tops et al. 2004). Exportin-5 provides nuclear
export of pre-miRNAs to the cytoplasm, where they are further processed by Dicer (Yi, Qin et
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al. 2003, Bohnsack, Czaplinski et al. 2004, Lund, Guttinger et al. 2004). Dicer cleaves the
hairpin into a 21-23 nt long miRNA duplex, which is loaded onto an Argonaute protein, where
one miRNA strand remains loaded while the other is released from AGO. Strand selection is
based on the strand‘s thermodynamic properties. In general, a strand with less stable 5" end is
selected (Khvorova, Reynolds et al. 2003, Schwarz, Hutvagner et al. 2003, Kawamata and
Tomari 2010).

miRNAs typically bind to 3° untranslated regions (UTRs) of messenger RNAs
(mRNAs). The mechanism of action depends on the level of complementarity with the target.
miRNA having extensive complementarity and loaded on the AGO2, the only mammalian
AGO protein that possesses endonucleolytic activity, leads to cleavage and subsequent
degradation of the target (Liu, Carmell et al. 2004, Meister, Landthaler et al. 2004, Yekta, Shih
et al. 2004, Bracken, Szubert et al. 2011). However, the common mechanism of miRNA-
mediated repression requires less extensive complementarity. When miRNA recognizes its
target with imperfect complementarity, AGO recruits a TNRC6 protein (Jonas and Izaurralde
2015, Elkayam, Faehnle et al. 2017). TNRC6 then recruits additional proteins controlling RNA
metabolism, leading either (1) to deadenylation of the target accompanied by de-capping and
degradation by 5’-3" exonuclease activity or (2) to inhibition of translation by blocking the
translation elongation complex, which eventually facilitates the exonuclease-mediated

transcript degradation (reviewed in (Huntzinger and Izaurralde 2011, Jonas and Izaurralde

2015)).

miRNAs are among the most common small RNAs found in animals and play an
important role in many developmental and cellular processes. They also may serve as
biomarkers of diseases and it is known that dysregulation of miRNA genes leads to many
pathologies (reviewed in (Bartel 2018)). Not only the protein machinery associated with
miRNAs, but also many miRNAs are conserved across all bilaterian animals (Prochnik,
Rokhsar et al. 2007). miRNA target sites are also highly conserved among related species,
which suggests evolutionarily conserved functions of miRNAs in certain biological processes
(Xu, Zhang et al. 2013). For example, miRNAs are important for embryonic development of
all animals analyzed to date (reviewed in (Dexheimer and Cochella 2020)). In mammals, the
function of the miRNA pathway appears to be dispensable in oocytes and during the oocyte-to-
zygote transition process due to unfavorable miRNA:mRNA stochiometry (Kataruka, Modrak

et al. 2020). However, exceptional miRNAs have been found in porcine and bovine oocytes,
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whose expression levels are sufficient to suppress gene expression (Kataruka, Kinterova et al.

2022).
pri-miRNA Ommm—_\-———

nucleus

pre-miRNA
cytoplasm

pre-miRNA

Om{m.
- Gportind)
Cm=

AAAAA

inhibition of mRNA cleavage
translation

Figure 1: Molecular mechanism of the miRNA pathway. GW182 (TNRC6). Adapted from
(Svoboda 2020).

1.3 RNAIi pathway

The RNAIi pathway utilizes 21-23nt long RNA molecules called small-interfering
RNAs (siRNAs), which are generated from long double-stranded RNA (dsRNA) substrates
(Fire, Xu et al. 1998). dsRNA can be endogenous or form as a result of viral replication in a
host cell. RNAL is thus a potential antiviral mechanismy; it serves this role in invertebrates and
plants (Ding and Voinnet 2007, Obbard, Gordon et al. 2009). In vertebrates, the antiviral role
of RNAI has been replaced by an innate immune response sensing dsRNA, where different
protein sensor molecules activate the interferon response (reviewed in (Gantier and Williams
2007, Cullen, Cherry et al. 2013)). Endogenous sources of dSRNA can originate from naturally
occurring convergent transcription, hairpins generated from inverted repeats, or pairing of sense
and antisense RNA transcripts originating in trans, such as mRNA and antisense transcribed
pseudogenes or retrotransposon transcripts (Tam, Aravin et al. 2008, Watanabe, Totoki et al.

2008).
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dsRNA initiating RNAI is processed by Dicer into siRNA duplexes. A siRNA duplex is
loaded on an Argonaut protein (AGO2 in mammals), where one strand is selected as the
targeting strand, while the other is cleaved by AGO2 activity and degraded (Khvorova,
Reynolds et al. 2003, Matranga, Tomari et al. 2005). The strand selection depends on the
thermodynamics stability of the ends of the individual strands similarly as for miRNAs
(Khvorova, Reynolds et al. 2003). In the case of perfect complementarity, AGO2 cleaves the

cognate target in the middle of the base-paired sequence and gene expression is blocked (Song,

Smith et al. 2004).
by
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Figure 2: Molecular mechanism of the RNAi pathway. RdARP, RNA-dependent RNA
polymerase used in some species to convert RNA into dsRNA. dsRBP, double-stranded RNA
binding protein. Modified from (Svoboda 2020).

In mammals, RN A1 is essentially absent in somatic cells (Nejepinska, Malik et al. 2012,
Demeter, Vaskovicova et al. 2019), but interestingly, it is highly active in mouse oocytes, where
it controls the expression of protein-coding genes and retrotransposons (Svoboda, Stein et al.
2000, Murchison, Stein et al. 2007, Tam, Aravin et al. 2008, Watanabe, Totoki et al. 2008).
High activity of the RNAi1 pathway stems from an oocyte-specific isoform of Dicer termed
Dicer® that emerged during mouse evolution (Fig. 3) along with its substrates (Flemr, Malik et
al. 2013). Dicer? is produced from an alternative promoter provided by a Mouse Transcript type
C (MTC) retrotransposon, which was inserted into intron 6 of Dicer (Fig. 3) and contains both,
the transcription and translation start site (Flemr, Malik et al. 2013). The full-length isoform of
Dicer is expressed in somatic cells and contains a tripartite helicase domain (consisting of HEL1

15



(DExD), HEL2i and HEL2 (HELICc) subdomains), a DUF283 (a domain of the unknown
function), a PAZ domain, two RNase III domains, and a dsSRNA-binding domain (Bernstein,
Caudy et al. 2001, Lau, Guiley et al. 2012). The dsRNA substrate is bound and correctly
positioned through the PAZ and dsRNA-binding domains and is cleaved by RNaselll activity
(Ma, Zhou et al. 2012). The helicase domain forms a clamp, the structural base for the substrate,
bringing the substrate close to RNase III cleavage sites (Lau, Guiley et al. 2012). The full-length
Dicer is efficiently processing pre-miRNAs, but not long dsRNA substrates (Chakravarthy,
Sternberg et al. 2010, Ma, Zhou et al. 2012). Dicer® expressed in mouse oocytes lacks the HEL1
(DExD) helicase domain, which leads to the efficient processing of long dSRNA. Interestingly,
without compromising miRNA production (Flemr, Malik et al. 2013).
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Figure 3: Dicer® production in mice. Dicer® is generated from promoter provided by MT
insertion into intron 6 of the Dicer gene. This insertion occurred in a common ancestor of
mouse and hamster, but the MT element adapted its transcriptional activity to the Muridae
family. Sequencing reads from Next-generation sequencing of mouse and hamster oocytes
are shown above the Dicer gene scheme in each animal. Different retrotransposon insertions
are distinguished by colors. Black arrows correspond to transcription start sites in
retrotransposons that can generate shorter isoforms of Dicer. Modified from (Franke, Ganesh

etal. 2017).
1.4 piRNA pathway

PIWI-interacting RNAs (piRNAs) are small RNA molecules in the range of 18-35 nt
that, as noted above, are produced independently of Dicer and interact with the PIWI clade of
Argonautes (Aravin, Gaidatzis et al. 2006, Girard, Sachidanandam et al. 2006, Grivna, Beyret
et al. 2006, Vagin, Sigova et al. 2006). The piRNAs have been associated primarily with post-
transcriptional and epigenetic control of retrotransposons (Aravin, Hannon et al. 2007,
Brennecke, Aravin et al. 2007, Houwing, Kamminga et al. 2007, Aravin, Sachidanandam et al.
2008, Kuramochi-Miyagawa, Watanabe et al. 2008), but have also been linked with the
regulation of protein-coding genes (Vourekas, Zheng et al. 2012, Gou, Dai et al. 2014, Wu, Fu
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et al. 2020). They were first described in flies as long siRNAs silencing Stellate, a gene on the
X chromosome of Drosophila melanogaster, the expression of which leads to male sterility

(Bozzetti, Massari et al. 1995, Aravin, Naumova et al. 2001, Belloni, Tritto et al. 2002).

1.4.1 Sources of piRNAs and PIWI proteins

In mammals, the piRNA pathway has been described in most detail in mouse
spermatogenesis. Therefore, my description of the molecular mechanism below is mainly based
on this model. Compared to miRNA and RNA1 pathways using dsSRNA precursors, the piRNA
pathway utilizes long single-stranded RN As, which in mice are transcribed by RNA polymerase
IT (RNA Pol II) (Vagin, Sigova et al. 2006, Houwing, Kamminga et al. 2007, Li, Roy et al.
2013) from specific loci called piRNA clusters (Aravin, Gaidatzis et al. 2006, Girard,
Sachidanandam et al. 2006, Grivna, Beyret et al. 2006). What defines the transcript as a piRNA
precursor loaded into the piRNA pathway machinery remains a question in the field. The
canonical transcription of piRNA precursors, which is indistinguishable from the transcription
of mRNAs, suggests that any RNA Pol II transcript can be processed into piRNAs and thus
become a target of the piRNA pathway (Li, Roy et al. 2013). However, the selective
processivity of substrates indicates the presence of a currently unknown mechanism for

selecting transcripts loaded into the piRNA machinery.

The origin of piRNAs and their regulatory potential changes during mouse
spermatogenesis. In the early stages of spermatogenesis, so-called pre—pachytene piRNAs are
derived predominantly from transposable elements, but also from the coding and 3" UTR parts
of protein-coding genes (Li, Roy et al. 2013), which indicates that they may play a role in the
regulation of protein-coding genes. When spermatogenesis reaches the pachytene stage of the
prophase of meiosis I (described in more detail in Chapter 1.6.2 Spermatogenesis), piRNAs are
generated from ~ 100 intergenic loci poor in repetitive sequences (Aravin, Gaidatzis et al. 2006,
Girard, Sachidanandam et al. 2006). The expression of these loci is driven by the transcription
factor A-MYB, which also controls the expression of numerous piRNA pathway components
such as PIWIL1 (MIWI in mice) or PIWIL2 (MILI in mice) (Li, Roy et al. 2013). The third
PIWI protein expressed in mice, PIWIL4 (MIWI2 in mice), is present in the early stages of
germ cell development (Aravin, Sachidanandam et al. 2008). The fourth PIWI (PIWIL3)
protein found in mammals is absent in mice, where it was lost during evolution, as noted above

(Mouse Genome Sequencing, Waterston et al. 2002, Gutierrez, Platt et al. 2021).
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Because the expression pattern of PIWI proteins differs, the modes of regulation
mediated by piRNAs in the mouse germline would presumably also differ. MIWI2 is expressed
only in prenatal germ cells and the production of MIWI2 bound piRNAs is fully dependent on
MILI activity (Aravin, Sachidanandam et al. 2008). MILI is expressed in both prenatal and
adult mice, and MIWI expression begins at the pachytene stage of meiosis I (Kuramochi-
Miyagawa, Kimura et al. 2001). Therefore, while MILI is functional throughout the whole
spermatogenesis, MIWI2 carries pre—pachytene piRNAs and MIWI mediates the function of
pachytene piRNAs (Deng and Lin 2002, Grivna, Pyhtila et al. 2006 , Aravin, Sachidanandam
et al. 2008).

1.4.2 Molecular mechanism of the piRNA pathway

piRNA precursors are processed in a perinuclear structure called Nuage, where they
interact with the MOV10L1 helicase, which funnels the long RNA precursor into the piRNA
pathway machinery (Aravin, van der Heijden et al. 2009, Zheng, Xiol et al. 2010). The long
RNA precursor is cleaved to smaller precursor piRNAs by endonuclease MitoPLD (Watanabe,
Chuma et al. 2011, Nishimasu, Ishizu et al. 2012), which appears to define the 5" ends of
piRNAs, resulting in the piRNAs having uracil (U) in the first position (1U-bias) (Aravin,
Gaidatzis et al. 2006, Brennecke, Aravin et al. 2007). The 5 end of the piRNA is then anchored
by the MID domain of the PIWI protein. The preference for binding piRNAs harboring U at the
first position by the MID domain may be another possible explanation for the observed 1U-bias
(Stein, Genzor et al. 2019). When a piRNA is loaded onto a PIWI protein, its 3" end is defined
either by the second MitoPLD cleavage (Watanabe, Chuma et al. 2011) or by trimming to the
desired size with 3’-5" exonuclease PNLDCI (Ding, Liu et al. 2017). Mature piRNAs are 2—
O—methylated at the 3" end by methyltransferase HENMT 1 (Kirino and Mourelatos 2007, Lim,
Qu et al. 2015). This 3" 2-O-methylation is a specific feature of mammalian piRNAs and has
been proposed to stabilize small RNAs (Lim, Qu et al. 2015).

PIWI loaded with mature piRNA cleaves the complementary target 10 nucleotides
downstream of the 5” end of the piRNA molecule (Brennecke, Aravin et al. 2007, Aravin,
Sachidanandam et al. 2008). In some animals, such as Drosophila, the initiator piRNA is
inherited maternally (Brennecke, Malone et al. 2008). In mice, however, the initiating process
remains unknown. The cleaved target can be recycled and used as a new precursor. Its 5" end
is loaded into the PIWI protein and a secondary piRNA is generated (Brennecke, Aravin et al.
2007, Aravin, Sachidanandam et al. 2008). The first 10 nucleotides of the secondary piRNA
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will be complementary to the original primary piRNA and will exhibit a strong bias for adenine
(A) at position 10. Adenine bias is likely generated as a consequence of 1U-bias, because the
overlap of primary piRNA with its complementary target, from which secondary piRNA is
generated, results in the pairing of U at position 1 with A at position 10 (Brennecke, Aravin et
al. 2007, Aravin, Sachidanandam et al. 2008). Another study suggests that A at position 10 is
the result of PIWI preferential binding to adenine. The model proposes that PIWI (MILI in
mice) selects targets irrespective of the 1U-bias of the piRNA guide. Instead, PIWI binds to the
target with a preference for A at the first binding position. Cleavage of the target, which occurs
10 nucleotides downstream of the 5" end of the piRNA molecule, generates a secondary piRNA
bearing A at position 10 (Wang, Yoshikawa et al. 2014). This amplification process is called
the ping—pong mechanism and serves as an effective weapon in the fight against multiple copies
of retrotransposons due to the rapid increase in the number of piRNAs available for
retrotransposon silencing (Aravin, Sachidanandam et al. 2007, Brennecke, Aravin et al. 2007,
Houwing, Berezikov et al. 2008). The remaining 3" end of the cleaved target is processed by
MitoPLD to produce so-called phased primary piRNAs (Han, Wang et al. 2015). These piRNAs
carry new sequences derived from targets and therefore expand the sequence repertoire of the
piRNA pool and allow rapid adaptation to target specific sequences (Han, Wang et al. 2015).
In general, primary piRNAs interact with MILI, while secondary piRNAs are bound by both,
MILI and MIWI2 (Aravin, Sachidanandam et al. 2008). MIWI2 loaded with piRNA can
translocate to the nucleus and mediate silencing of nascent transcripts (Aravin, Sachidanandam
et al. 2008, Watanabe, Cui et al. 2018). It recognizes nascent transcripts complementary to
secondary piRNAs and interacts with TEX15 and SPOCDI cofactors, which mediate
methylation of DNA or H3K9me3 heterochromatin mark, thereby helping to silence
retrotransposons (Schopp, Zoch et al. 2020, Zoch, Auchynnikava et al. 2020).
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Figure 4: Molecular mechanism of the piRNA pathway. The piRNA pathway regulates the

expression of genes and retrotransposons at transcriptional and post-transcriptional levels.

1.4.3 Pachytene piRNAs

Pachytene piRNAs show no signs of the ping-pong mechanism and, in addition to the
cleavage reaction, have been shown to destabilize targets in a miRNA-like manner (Gou, Dai
et al. 2014) or to mediate translational activation when loaded on MIWI (Dai, Wang et al. 2019).
Translational activation is mediated by AU-rich elements binding protein HuR and the
translation initiation factor EIF3F interacting with the MIWI-piRNA complex (Dai, Wang et
al. 2019). Although pachytene piRNAs are very abundant and make up the vast majority of the
piRNA population in adult mice, their main function remains unclear. More than 80% of
pachytene piRNAs map only to the regions that produce them, suggesting that they have no
specific function (Aravin, Gaidatzis et al. 2006, Girard, Sachidanandam et al. 2006, Li, Roy et
al. 2013), and so far only a few mRNAs having a role in spermiogenesis have been described

as targets of pachytene piRNAs (Gou, Dai et al. 2014, Wu, Fu et al. 2020).

1.4.4 Physiological relevance of piRNAs

Although PIWI proteins are well conserved in animals, piIRNA sequences vary among
species. It reflects the rapid adaptation to the evolution of individual species and molecular
mechanisms producing piRNAs. However, the piRNA pathway appears to have a conserved

function in animal germlines, where it controls the activity of transposable elements. The
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piRNA pathway offers the evolution of an adaptive response to invading transposable elements.
This works as an effective mechanism protecting animal germlines from genomic invaders,
which has been described in a variety of animals from invertebrates to mammals (reviewed in

(Ozata, Gainetdinov et al. 2019)).

In addition to the ancestral function of silencing of retrotransposons, other functions
have emerged during evolution, such as an antiviral role in mosquito somatic cells (Miesen,
Girardi et al. 2015) or regulation of embryo patterning in Drosophila (Rouget, Papin et al.
2010). In mammals, PIWI and piRNAs were thought to be restricted to the germ cells, where
they ensure proper male germline development (Deng and Lin 2002, Kuramochi-Miyagawa,
Kimura et al. 2004, Carmell, Girard et al. 2007, Frost, Hamra et al. 2010). Recently, several
reports have demonstrated their potential in somatic cells, including control of epithelial-to—
mesenchymal neural crest cell transition in chickens through the regulation of a
retrotransposon—derived gene (Galton, Fejes-Toth et al. 2021) or their emerging role in human

diseases (Riquelme, Perez-Moreno et al. 2021).

Interestingly, it has been shown that piRNA populations can vary from cell to cell and
that, in general, only highly abundant piRNAs are present in every cell (Genzor, Konstantinidou
et al. 2021). Thus, piRNA function would be conserved for abundant piRNAs, but in the case
of rare piRNAs, the function may vary between individual cells. Although abundance appears
to determine the function, rare piRNAs provide an opportunity to create functional diversity of

the piRNA pathway within cells and organisms (Genzor, Konstantinidou et al. 2021).

1.5 Retrotransposons

Because the main function of the piRNA pathway is silencing of retrotransposons, it is
important to understand the basics of their biology, and therefore this chapter discusses

retrotransposons in more detail.

Retrotransposons are a major class of transposable elements (reviewed in (Goodier
2016)). Retrotransposons use an RNA intermediate that is reverse transcribed into a double-
stranded DNA (dsDNA) molecule, which is then inserted into a new site in the genome. They
can be divided based on their structural features into long terminal repeats (LTR) and non-LTR
elements (Wicker, Sabot et al. 2007). Retrotransposons occupy a large part of eukaryotic
genomes. They contribute to genome expansion and play a role in genetic innovation associated

with evolution and speciation (Finnegan 1989, Mouse Genome Sequencing, Waterston et al.
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2002, Hughes 2015). On the other hand, their activity can negatively affect genome integrity

due to their insertional mutagenesis (Babushok and Kazazian 2007, Payer and Burns 2019).

1.5.1 LTR retrotransposons

The majority of LTR retrotransposons is believed to be derived from retroviruses that
have lost their ability to exit the cell in the form of infectious particles (Boeke and Stoye 1997,
Kaneko-Ishino and Ishino 2012). They consist of two long terminal repeats at their 5" and 3’
ends flanking a coding region. The coding region carries the GAG polyprotein, which forms
virus-like particles, the POL polyprotein, which is a reverse transcriptase, and some of them
have retained the ENV region encoding the viral envelope proteins for viral transmission
(Hughes 2015). GAG and POL can be expressed in two different variants depending on the host
species. They can either be produced as a single open reading frame (ORF) that is subsequently
cleaved, or a frameshift is introduced between the two ORFs leading to the expression of
independent ORFs (Gao, Havecker et al. 2003). Transcription is regulated by the host RNA
polymerase II from the transcription start site encoded by the 5" LTR and the host tRNA is used
as a primer for reverse transcription (Craig 2002, Hughes 2015, Schorn and Martienssen 2018).
The double-stranded cDNA is generated and integrated into the genome (Craig 2002, Hughes
2015). Interestingly, LTR retrotransposon insertions occur as full-length copies or as a solo
LTR created by the recombination of the two LTRs of a full-length copy (Mager and Goodchild
1989). As LTRs contain transcription and translation start sites, even a solo LTR can affect
neighboring regions, as shown in the example of Dicer® described above (Flemr, Malik et al.

2013, Franke, Ganesh et al. 2017 ).

Retrotransposons that have retained the competence of retrotransposition in their coding
region are called autonomous. Non-autonomous retrotransposons are those that do not have this
competence and are thus dependent on the activity of autonomous elements. LTR
retrotransposons can be further classified as ERV1, EVRK or ERVL families based on their
origin. Currently, the most active elements in the mouse genome belong to the ERVK class
(Maksakova, Romanish et al. 2006). The best-described representative is the autonomous
Intracisternal A Particle (IAP), specifically in mice the IAPE subfamily of retrotransposons
(Ribet, Harper et al. 2008). Moreover, additional families are active in mice such as autonomous
MMERVK or nonautonomous Early transposons activated by autonomous MusD family
(Mager and Freeman 2000, Baust, Gagnier et al. 2003, McCarthy and McDonald 2004). The

most abundant endogenous retroviruses in the mouse genome belong to the ERVL class (Mouse
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Genome Sequencing, Waterston et al. 2002), represented by non-autonomous Mammalian
apparent LTR Retrotransposons (MaLR), that have contributed to the gene-remodeling events
during the mouse oocyte—to—embryo transition due to their ability to become a functional part
of genes (Franke, Ganesh et al. 2017). Their expansion was possibly mediated by the
autonomous Mouse Endogenous Retrovirus type-L (MuERV-L) element, which does not
appear to be retrotransposing anymore, but is still transcriptionally active during early mouse
development (Kigami, Minami et al. 2003, Svoboda, Stein et al. 2004). The ERV1 class
occupies only a small part of the mouse genome and is represented by the Mouse Leukemia
Virus (MuLV). MuLV is a relatively young endogenous retrovirus whose intact copies retained
the ability to infect other cells and the number of copies varies among mouse strains (Stocking
and Kozak 2008). Other families belonging to the ERV1 class are autonomous RLTR6 (also
called MmERV) and non-autonomous VL30 which is most likely derived from the RLTR6
element (French and Norton 1997, Bromham, Clark et al. 2001).

1.5.2 Non-LTR retrotransposons

As their name indicates, non-LTR retrotransposons lack long terminal repeats at their
ends. The best representative of this group is the family of long interspersed nuclear elements
1 (LINEI), which is currently the only active autonomous non-LTR family that has been
expanding for more than 150 million years of mammalian evolution (Smit, Toth et al. 1995). In
mice, a subfamily of independently evolving LINEI1 retrotransposons have expanded and is
currently active (Goodier, Ostertag et al. 2001). LINEI elements are more than 6 kb in length
and consist of a 5" UTR providing an internal bidirectional promoter, two open reading frames
interacting with LINE1 RNA molecules, and a 3 UTR with a poly(A) signal. ORF1 encodes
an RNA-binding protein that is essential for LINE1 retrotransposition and ORF2 encodes an
endonuclease and a reverse transcriptase (Martin and Bushman 2001, Martin, Cruceanu et al.
2005, Kulpa and Moran 2006, Babushok and Kazazian 2007). Retrotransposition is different
from that of LTR retrotransposons and is termed target—primed reverse transcription. During
this mechanism, the LINE1—encoded endonuclease generates a nick at TTAAAA DNA motif,
which anneals to the polyA tail of LINE1 RNA and primes reverse transcription and second-
strand DNA synthesis (Jurka 1997, Cost, Feng et al. 2002). This process is prone to truncations
of the 5" UTR, when reverse transcriptase prematurely terminates reverse transcription. This
results in an incomplete inactive insertion of LINE1 element (Esnault, Maestre et al. 2000, Szak,

Pickeral et al. 2002).
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Non-autonomous non-LTR retrotransposons are represented by short interspersed
nuclear elements (SINEs), which are dependent on the activity of LINEI1 elements
(Dewannieux, Esnault et al. 2003). For example, the most successful SINE element in the
human genome is the Alu element, which is currently transpositionally active in humans and
continuously contributes to genome instability (Deininger and Batzer 1999, Lander, Linton et
al. 2001). The most abundant SINE element in the mouse genome is SINE B1. The mouse
genome contains three other families, namely B2, ID and B4. Of these families, only families
B1 and B2 show signs of ongoing activity in mice (Mouse Genome Sequencing, Waterston et

al. 2002, Gibbs, Weinstock et al. 2004).
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elements i E i é ORF2 H
P L 3
: 0 . |
autonomous
elements e e il

Figure 5: Structural features of autonomous and non-autonomous LTR and non-LTR
retrotransposons. Autonomous retrotransposons encode proteins necessary for independent
retrotransposition. Non-autonomous retrotransposons do not encode retrotransposition
proteins, but retain the cis sequences necessary for transposition controlled by autonomous
elements. Gray arrows represent direct repeats and black arrows correspond to target site
duplication, which is the duplication of short genomic sequence at the site of insertion caused
by TE integration. Modified from (Wessler 2006).

1.5.3 Activity of retrotransposons

The vast majority of retrotransposon insertions are not active because they have lost
their transposition potential by accumulating mutations. Consequently, older retrotransposons
are distinct from each other, because they contain a higher number of substitutions in their
sequences compared to younger families with more recent activity. 5 UTR truncations and
accumulations of mutations resulted in less than 3000 full-length intact (FLI)
retrotransposition-competent LINE1 copies out of 20 000 full-length insertions in the mouse
genome. At the same time, only around 100 copies capable of retrotransposition are estimated
in humans, of which only a small fraction of highly active L1 represents retrotransposition

activity (DeBerardinis, Goodier et al. 1998, Goodier, Ostertag et al. 2001, Brouha, Schustak et
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al. 2003). A small fraction of retrotransposons that remain active not only play an important
role in genome evolution, but as noted above, also pose threat to the integrity of the host
genome, leading to DNA damage through insertional mutations (Babushok and Kazazian 2007,
Goodier and Kazazian 2008). Retrotransposons not only affect genome stability by insertional
mutagenesis, but also serve as a source of homology for non-allelic homologous recombination,
which can lead to genetic disorders, as shown in the example of Alu elements (Deininger and

Batzer 1999).

To propagate successfully for generations, TEs must be active in cells that will be passed
on to the next generation. They are therefore determined to escape repression mechanisms in
the germline. On the other hand, their abnormal activity in the germline is associated with host
sterility (Rubin, Kidwell et al. 1982, Kuramochi-Miyagawa, Kimura et al. 2004, Carmell,
Girard et al. 2007, Houwing, Berezikov et al. 2008, Frost, Hamra et al. 2010, Di Giacomo,
Comazzetto et al. 2014) and that is why the host genome has developed various mechanisms to
silence retrotransposons in germ cells. Despite these protective mechanisms, the genome is
vulnerable to TEs activity during epigenetic reprogramming that occurs during germ cell
formation (Molaro, Falciatori et al. 2014) and after genome activation (Kigami, Minami et al.
2003, Svoboda, Stein et al. 2004). The piRNA pathway is one of the major defense mechanisms
against retrotransposons in animal germlines. Therefore, the next chapters will focus on germ

cell development in mammals and the role of the piRNA pathway in male and female germlines.

1.6 Germ cell development in mammals

Germ cells are unique cell types that undergo meiosis and give rise to highly specified
haploid gametes. The mouse primordial germ cells (PGCs) are induced from epiblast around
embryonic (E) day 7.25 (Ginsburg, Snow et al. 1990). They start to migrate to the genital ridges
around E10.5, where they proliferate (Molyneaux, Stallock et al. 2001). During this period,
PGCs become reprogrammed by genome-wide DNA methylation (Monk, Boubelik et al. 1987,
Sasaki and Matsui 2008). Underlying these events, associated somatic cells play important roles

in germ cell development and differentiation (reviewed in (Rios-Rojas, Bowles et al. 2015)).

1.6.1 Oogenesis and oocyte-to-zygote transition

In mammalian females, gamete formation involves numerous cycles of mitosis before
germ cells enter meiosis, where they remain arrested at the prophase stage of the first meiotic

division. Female germ cells differentiate during embryonic development to produce mature
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gametes (oocytes), which remain at the meiotic arrest until puberty (reviewed in (Edson,
Nagaraja et al. 2009)). Together with surrounding ovarian somatic cells, oocytes form follicles.
During the growth phase, they increase in volume and accumulate maternal factors for the next
events (De Leon, Johnson et al. 1983, Edson, Nagaraja et al. 2009). After puberty, individual
or groups of fully-grown oocytes (known as germinal vesicle, GV oocytes) periodically respond
to luteinizing hormone, which leads to activation of a metaphase-promoting factor and
resumption of meiosis. Oocytes enter the second meiotic division and stop at the metaphase
stage (MII) until fertilization. MII oocytes are called mature oocytes as the process between
meiosis I and II is called meiotic maturation. Mammalian MII oocytes typically complete the
second meiotic division after fertilization, undergo cleavage, and form a zygote (reviewed in

(Edson, Nagaraja et al. 2009)).

The transition from oocyte to zygote means that the developmental control is passed
from the mother to the zygote. From the moment the oocyte reaches its full-grown stage, it is
transcriptionally quiescent until activation of the zygotic genome, which occurs at the 2-cell
stage in mice (Bouniol-Baly, Hamraoui et al. 1999, Wang, Piotrowska et al. 2004, Tadros and
Lipshitz 2009). As a result, post-transcriptional and translational control of maternal mRNAs
during maturation and post-fertilization is fully dependent on proteins and RNAs (including
small RNAs) accumulated during oocyte growth. Control includes both stabilization and
degradation of maternal mRNAs (De Leon, Johnson et al. 1983, Su, Sugiura et al. 2007, Tadros
and Lipshitz 2009, Chen and Shyu 2011). The process of RNA degradation during oocyte
maturation and after fertilization is called maternal RNA clearance (De Leon, Johnson et al.

1983, Zeng and Schultz 2005, Su, Sugiura et al. 2007, Abe, Yamamoto et al. 2015).

Other factors required for proper transition of the oocyte to the zygote are small RNAs.
Loss of Dicer in mouse oocytes has been shown to lead to transcriptome dysregulation and a
meiotic defect leading to sterility (Murchison, Stein et al. 2007, Tang, Kaneda et al. 2007). In
contrast, the loss of miRNA processing factor DGCRS or piRNA processing factor MOV10L1
did not show such defects (Frost, Hamra et al. 2010, Suh, Baehner et al. 2010), indicating the
indispensability of only siRNAs in oocyte maturation. The transition from oocyte to zygote also
requires changes in chromatin structure, which rely on maternal contribution. Chromatin from
two parental cells, oocyte and sperm, must be remodeled into a naive, accessible form. This
reprogramming involves changes in DNA methylation and histone marks, but is still not fully

understood (Zhou and Dean 2015, Eckersley-Maslin, Alda-Catalinas et al. 2018).
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1.6.2 Spermatogenesis

The PGCs forming the male germ cells are called gonocytes. Unlike germ cells in
females, gonocytes are mitotically inactive until after birth (reviewed in (McLaren 2003)). Soon
after birth, gonocytes resume mitosis, move to the basement membrane of seminiferous tubules
and begin to differentiate (reviewed in (Griswold 2016)). They form distinct populations of
differentiated and undifferentiated spermatogonia, including a pool of self-renewing
spermatogonial stem cells, which serve as precursors of spermatogonia and thus maintain the
continuation of spermatogenesis. Spermatogonia further proliferate and differentiate into
spermatocytes, cells entering meiosis. Spermatocytes undergo two cycles of meiotic division,
resulting in haploid round spermatids, which further differentiate into mature sperms in a
process called spermiogenesis. The whole process is dependent on germ cell interactions with
somatic cells, including Sertoli, Leydig, and peritubular cells (reviewed in (Phillips, Gassei et

al. 2010, Griswold 2016)).

During spermatogenesis, several critical events important for proper germ cell
development occur, such as de novo DNA methylation ongoing in mitotically quiescent
gonocytes or spermiogenesis relying on a genome repacking involving protamin replacement
of histones (Kato, Kaneda et al. 2007, Bao and Bedford 2016). Another event, requiring several
transcriptional and chromatin changes, is the meiotic process associated with chromosome
recombination (Mahadevaiah, Turner et al. 2001, Tachibana, Nozaki et al. 2007). The prophase
of meiosis I is the longest stage of meiotic division when the early stages of leptotene and
zygotene are transcriptionally inert (Monesi 1964). The main chromatin changes occur at the
pachytene stage when the transcription is reactivated and mitotic transcripts are replaced by
meiotic factors (reviewed in (Geisinger, Rodriguez-Casuriaga et al. 2021)). These processes
require strict transcriptional, translational, and post-transcriptional control. Besides the miRNA
pathway regulating numerous transcripts and the piRNA pathway silencing retrotransposons,
various RNA-binding proteins, terminal transferases, and mRNA modifications are involved in
the regulation of the transcriptome during male germ cell progression (Hayashi, Chuva de Sousa
Lopes et al. 2008, Di Giacomo, Comazzetto et al. 2013, Hussain, Tuorto et al. 2013, Woijtas,
Pandey et al. 2017, Xu, Yang et al. 2017, Morgan, Kabayama et al. 2019).

1.7 Transposable elements and the piRNA pathway

The function of the piRNA pathway in germ cells appears to be conserved across

species. Although certain aspects of piIRNA biogenesis vary across species, such as the origin
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or transcription of piRNA clusters, the requirement for the piRNA pathway in germ cell
development appears to be associated with an ancestral function of silencing retrotransposons
(reviewed in (Ozata, Gainetdinov et al. 2019)). This conserved role of piRNAs in germ cell
development has been demonstrated in flies, fish, or mice. In this chapter, I will describe how
TEs and the defective piRNA pathway affect germ cell development in animal model
organisms, with particular attention paid to the mouse model, a mammalian representative in
which the impact of the piRNA pathway on germ cell development has been extensively

studied.

1.7.1 piRNA pathway in Drosophila

In Drosophila, disruption of the piRNA pathway leads to male and female sterility.
Abnormal germ cell retrotransposon activity has been reported in mutants of the Drosophila
piRNA pathway (Brennecke, Aravin et al. 2007). Germ cells develop normally at the beginning
of gametogenesis in piIRNA pathway mutants, but germline stem cell self-renewal and division
rate are disrupted, leading to germ cell depletion and final absence of germ cells in adults (Lin

and Spradling 1997, Cox, Chao et al. 1998).

Interestingly, transposable elements are active not only in germ cells, but also in somatic
cells surrounding germ cells in Drosophila ovary (Pelisson, Song et al. 1994, Desset, Buchon
et al. 2008). Some of these endogenous retroviruses can infect neighboring germ cells when
derepressed in somatic cells (Chalvet, Teysset et al. 1999, Brasset, Taddei et al. 2000).
Accordingly, somatic piIRNAs can be found in Drosophila ovarian cells. Out of the three PIWI
proteins that exist in flies, only one PIWI protein is expressed in somatic ovarian cells. Despite
this limitation, the piRNA pathway appears to safeguard transposable elements in Drosophila
ovarian somatic cells, thus protecting the germline from the activity of infectious elements
originating in somatic cells. The germline piRNAs are maternally deposited in flies and it has
been shown that these piRNAs are involved in the regulation of both, the germline and somatic
transposable elements in offsprings (Brennecke, Malone et al. 2008, Akkouche, Grentzinger et
al. 2013). It extends the ancestral function of piRNAs observed in germ cells to somatic cells.
Furthermore, the function of piRNAs has been reported also during embryogenesis, where they
mediate decay of Nos mRNA important for embryo patterning. piRNAs are in this case derived
from the insertion of TEs in the 3" UTR of mRNA (Rouget, Papin et al. 2010). It demonstrates
an important function of transposable elements in the evolution of genes and their regulatory

pathways.
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1.7.2 piRNA pathway in zebrafish

Zebrafish genome encodes two PIWI proteins, ZIWI and ZILI, which are important for
the fertility of both, males and females (Houwing, Kamminga et al. 2007, Houwing, Berezikov
et al. 2008). When ZIWI is lost, germ cells most likely do not enter the germ cell differentiation
pathway and are progressively depleted due to apoptosis during larval development (Houwing,
Kamminga et al. 2007). All these mutants are phenotypically sterile males likely due to loss of
PGCs (Houwing, Kamminga et al. 2007), which leads to the development of male gonads in
fish (Slanchev, Stebler et al. 2005). Interestingly, adult animals with reduced ZIWI function
maintain germ cells, which, however, show abnormal levels of apoptosis. This results in

subfertility of animals (Houwing, Kamminga et al. 2007).

Loss of ZILI leads to derepression of TEs and the inability of germ cells to differentiate,
followed by subsequent depletion of germ cells. It indicates that ZILI is important for germ cell
maintenance and differentiation (Houwing, Berezikov et al. 2008). Loss of germ cells lacking
ZILI, which is zygotically expressed, occurs later than in mutants lacking ZIWI protein, which
is provided maternally together with ZIWI-associated piRNAs (Houwing, Kamminga et al.
2007, Houwing, Berezikov et al. 2008). However, consistently with Ziwi mutants, all Zili
mutants are phenotypically sterile males devoid of germ cells. In contrast to Ziwi mutants, germ
cells in Zili mutants do not show signs of apoptosis and are probably depleted by another

mechanism (Houwing, Kamminga et al. 2007, Houwing, Berezikov et al. 2008).

Interestingly, the missense mutation introduced into the Zili gene allowed normal
development of both sexes, but homozygous females were sterile. They produced oocytes that
can be fertilized, but exhibit defects in meiosis. However, no elevated levels of transposable
elements were detected in these oocytes, implicating that the meiotic function of ZILI is

independent of TEs silencing (Houwing, Berezikov et al. 2008).

1.7.3 piRNA pathway in mouse spermatogenesis

In mice, defects in the piRNA pathway lead to male sterility. Unlike in Drosophila or
zebrafish, where pre-meiotic germ cells are affected, mouse piRNA pathway mutants typically
show defects during or after meiosis (Deng and Lin 2002, Kuramochi-Miyagawa, Kimura et al.
2004, Carmell, Girard et al. 2007, Frost, Hamra et al. 2010). Although the cause of defective
spermatogenesis may start much earlier than in meiosis, the phenotype is attributed to elevated
levels of transposable elements in meiotic spermatocytes. Even when the piRNA pathway

factors expressed in pre-meiotic stages of spermatogenesis are lost, the sterile phenotype is not
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manifested until the arrest at the pachytene stage of meiosis I (Kuramochi-Miyagawa, Kimura
et al. 2004, Carmell, Girard et al. 2007, Frost, Hamra et al. 2010). During the zygotene to
pachytene transition of meiosis I, other silencing mechanisms, such as histone marks are erased
from retrotransposons, which brings an opportunity for TEs to escape repression (Kuramochi-
Miyagawa, Kimura et al. 2004, Frost, Hamra et al. 2010, Di Giacomo, Comazzetto et al. 2013).
Therefore, the post-transcriptional regulation by the piRNA pathway is undoubtedly critical at
this point. Although germ cell maintenance is not affected in Mov10l1, Mili or Miwi mutants,
as demonstrated by high germ cell turnover in old mutant mice (Deng and Lin 2002,
Kuramochi-Miyagawa, Kimura et al. 2004, Frost, Hamra et al. 2010), loss of MIWI2 leads to
progressive depletion of pre-meiotic spermatogonia in old mice (Carmell, Girard et al. 2007).
It suggests a function of MIWI2 in germ cell maintenance, which appears to be associated with

defective reprogramming of spermatogonial transcriptome (Vasiliauskaite, Berrens et al. 2018).

Mutation in MOV10L1, a helicase important for the initial steps of piRNA biogenesis,
leads to elevated levels of retrotransposons already in spermatogonia, but spermatogenetic
block occurs at the pachytene stage of meiosis I. It is associated with an increased protein level
of LINEI elements and apoptotic germ cell death (Frost, Hamra et al. 2010, Zheng, Xiol et al.
2010). Loss of MILI or MIWI2 leads to similar defects with massive upregulation of LINE1 in
meiotic cells (Kuramochi-Miyagawa, Kimura et al. 2004, Carmell, Girard et al. 2007). It is not
only related to the post-transcriptional mode of the piRNA pathway, but also to its role in de
novo DNA methylation in gonocytes, where MILI, MIWI2 and MOVI10L1 are expressed
(Aravin, Sachidanandam et al. 2008). Defects in DNA methylation of LINE1l and LTR
retrotransposons were observed in Mili and Miwi2 knock-out mouse testes with loss of MIWI2
impacting methylation of LINEI elements more than that of IAP (Kuramochi-Miyagawa,
Watanabe et al. 2008).

The mode of repression of the LINE1 and IAP retrotransposons is distinct. Loss of DNA
methylation and the piRNA pathway does not affect LINE1 elements until the pachytene stage
of meiosis I due to H3K9me?2 histone marks deposited by histone methyltransferase G9a (D1
Giacomo, Comazzetto et al. 2014). Surprisingly, H3K9me2 alone is not sufficient to suppress
IAP elements in spermatogonia. In addition to deregulation of IAP in the Mili mutant
spermatogonia, the double knockout of G9a and Mili genes causes derepression of LINEI
elements in spermatogonia, leading to massive loss of all germ cell types in the tubule (D1

Giacomo, Comazzetto et al. 2014).
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Mechanisms of LINE1 silencing
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Figure 6: Scheme of various strategies used to silence LINE1 elements during mouse
spermatogenesis. Adapted from (Di Giacomo, Comazzetto et al. 2013).

Loss of MIWI, whose expression starts in meiotic spermatocytes, results in disruption
of spermatogenesis at the stage of round spermatids (Deng and Lin 2002). MIWI plays a role
in post-transcriptional silencing of retrotransposons using pachytene piRNAs and has been
shown to regulate several mRNA targets important for spermiogenesis (Reuter, Berninger et al.
2011, Gou, Dai et al. 2014). Because MIWI interacts with pachytene piRNAs, the function of
MIWTI in the piRNA pathway may be limited by the targeting potential of pachytene piRNAs,

for most of which the targets are unclear (Vourekas, Zheng et al. 2012).

1.7.4 piRNA pathway in mouse oogenesis

As noted above, the piRNA pathway appears to be important only for spermatogenesis
in mice (Kuramochi-Miyagawa, Kimura et al. 2004, Houwing, Berezikov et al. 2008, Frost,
Hamra et al. 2010, Ma, Wang et al. 2014, Akkouche, Mugat et al. 2017), suggesting that

piRNAs are dispensable for mammalian oogenesis and early development.

However, a piRNA population is readily detectable in mouse oocytes (Watanabe, Totoki
et al. 2008, Yang, Li et al. 2019), indicating that piIRNA biogenesis is functional. Although
mutants of the piIRNA pathway did not show any sterile phenotype in females, a decrease in

TE-derived piRNA population associated with upregulation of IAP and LINEI elements was
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observed in Mili mutant primordial oocytes (Lim, Lorthongpanich et al. 2013). Despite the
upregulation of retrotransposons does not lead to sterility, increased LINEI expression can
reduce ovarian follicle reserves and increase the oocyte aneuploidy and embryonic lethality

(Malki, van der Heijden et al. 2014)
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Figure 7: Next-generation single-cell sequencing of small RNAs from mouse oocytes showing
the distribution of different populations of small RNAs. Although piRNAs are present, endo-
SiRNAs represent the most abundant population of small RNAs in mouse oocytes. Adapted
from (Yang, Li et al. 2019).

Compared to other mammals, mouse oocytes express high levels of siRNAs. The RNAi
pathway utilizing siRNA regulates numerous targets, including retrotransposons. The piRNA
pathway is partially redundant with the RNA1 pathway, for example in silencing of LINE1
retrotransposons (Taborska, Pasulka et al. 2019). The mutant of both pathways showed an
increased number of LINEI] transcripts, but no augmented transcriptional or transposable
activity was observed, suggesting that another retrotransposon suppression mechanism is
present. In any case, these two pathways are partially redundant, because they share common

targets in mouse oocytes (Taborska, Pasulka et al. 2019).

An interesting question remains whether highly active RNAi in mouse oocytes can
partially serve as a substitute for requirements of piRNA pathway function in the female
germline. Also, as noted above, unlike most other mammals encoding four PIWI proteins, the
mouse genome lacks Piwil3 (Mouse Genome Sequencing, Waterston et al. 2002). PIWIL3 is
expressed in oocytes of other mammals, such as a golden hamster, cow, or human (Roovers,

Rosenkranz et al. 2015, Tan, Tol et al. 2020, Ishino, Hasuwa et al. 2021). Thus, the presence of
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RNAI1 and/or the absence of PIWIL3 in mouse oocytes may be a contributing factor to the

insignificance of the piRNA pathway in the female mouse germline.
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2 Aim of the study

For more than a decade, there has been a general opinion that piRNA function may be
dispensable for mammalian female germline. This view has been supported by numerous mouse
piRNA pathway mutants with full fertility in females. piRNAs and retrotransposons have been
analyzed in many mammalian species, but all in vivo mechanistic studies have been using the
mouse model because of its accessibility to genetic manipulations. However, mice have evolved
specific adaptations to small RNA pathways. Highly active RNAi in mouse oocytes and the
absence of PIWIL3, one of the four PIWI proteins found in mammals, distinguish mice from

the majority of other mammals, including humans.

It has to be clarified whether or not the piRNA pathway is essential for mammalian
female germline or whether it is a mouse-specific attribute. My thesis aimed to analyze the
function of the piRNA pathway in an alternative model organism that would better represent
mammalian small RNA pathways. With the presence of PIWIL3 protein and likely lacking
highly active RNA1 in oocytes, the golden hamster appeared to be a suitable model organism
for studying the significance of the piRNA pathway in mammals. The specific objectives of
this study were divided into five main parts, which also correspond to the division of section 4

Results:

1. Establishment of golden hamster as a model for the piRNA pathway: Analysis of the
piRNA pathway machinery and piRNA populations

2. Analysis of retrotransposons in the golden hamster genome: Analysis of young

retrotransposon families and full-length intact copies of retrotransposons

3. Generation of golden hamster piRNA pathway mutant: Generation of golden hamster

Mov10l1 mutant, analysis of the mutation and lineage establishment

4. Analysis of the female germline in golden hamster Mov10l1 mutant: Determination of

potential defect in female MovI0l] hamster mutants and its analysis

5. Analysis of the male germline in golden hamster Mov10ll mutant: Determination of

potential defect in male Mov10!/1 hamster mutants and its analysis
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3 Materials and methods
Animals

Golden hamsters were purchased from Japan SLC and Janvier Labs and all animal
experiments were approved by the Animal Experimentation Committee at the RIKEN Tsukuba
Institute (T2019-J004) and the Institutional Animal Use and Care Committee at the Institute of
Molecular Genetics of the Czech Academy of Sciences (approval no. 42/2016 and 70/2018)
and were carried out in accordance with the law. Animals were maintained under 12 hours of

light and 12 hours of dark periods.
Generation of Mov10I-deficient golden hamsters

The sgRNAs targeting intron 19 and 21 ( 5'-GGGTATCACATGACTTGGGG-3'; 5'-
GGTGTTGGGATCATAGTGGGG-3" and 5-TCTCCACTCTTCCATGTGGGG-3"; 5'-
TACCATTACATTTGTCAGGGG-3', respectively) were injected together with Cas9 protein
into the oviducts of pregnant females, and electrical pulses were immediately applied to the

oviducts using a forceps-like electrode (Gurumurthy, Sato et al. 2019, Hirose, Honda et al.

2020).
Establishment of Mov10l1-deficient hamster lines

Two heterozygous founders were used for subsequent breeding with WT animals to
establish the hamster lines. The heterozygous male did not transmit the mutated allele. The
heterozygous female transmitted the allele to 7 of 10 progeny and these were used for

subsequent breeding to establish the population.
Animal genotyping

Ear biopsies were lysed in a PCR-friendly buffer with proteinase K (0,6U per sample)
(Thermo Fisher Scientific) at 55°C with constant shaking for 2 hours. Samples were then
incubated at 90°C for 10 min to deactivate proteinase K. The lysate was used as a template for

nested PCR reaction detecting deletion and the presence of exon 20 with the following primers:

1* round Pl fwd CTAAGCTACCAGGTGGTTCTCAG
P2rev.  AGATGATAATCCACACCACTGTCC

2" round deletion P3 fwd CAGAATACCAGCTGCTGATAGGG
P2rev.  AGATGATAATCCACACCACTGTCC

2" round_ex20 P5 fwd CATGTATTTGTGGACGAGGCAGG
P6rev  GACACTCAGAATTGGAGGAGCTG
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The PCR product of the deletion region was used for Sanger sequencing to define the

exact deletion. The Mov10/1 mutant allele showed a deletion of 761 bp.
Oocyte and zygote collection

Fully-grown GV oocytes were isolated by puncturing the antral follicles of hamster
ovaries and were collected into M2 media containing 0.2 mM 3-isobutyl-1-methyl-xanthine
preventing the resumption of meiosis. They were then washed from cumulus cells by repeated
pipetting using glass capillaries. Female golden hamsters were superovulated with 151U to 251U
(based on the bodyweight) pregnant mare’s serum gonadotropin (ProSpec Bio) on the first day
of the estrous cycle. They were subsequently injected with 251U hCG (Sigma-Aldrich) 76h later
and eventually mated on the same day with males with proven fertility. MII oocytes were
released from the oviductal ampulla of superovulated females 17h after hCG injection without
mating. They were incubated in M199TE medium (HEPES, sodium bicarbonate, and Eagle’s
salts, Gibco; heat-inactivated (30 min, 56°C) 5% fetal bovine serum, Sigma-Aldrich;5 mM
taurine; 25 uM EDTA) containing 0.1% bovine testes hyaluronidase (Sigma-Aldrich) for 1
min at 37°C to wash out the cumulus cells. 2-cell zygotes and 4/8-cell embryos were collected
by flushing oviducts 40h and 61h after mating, respectively. Because golden hamster oocytes
and zygotes appeared to be sensitive to light and manipulation, isolation was performed as
quickly as possible with a red filter on the microscope light source and an equilibrated (5%

COz, 5% O2, 90% N2) M199TE medium kept under paraftin oil.
Western blotting

Tissues were lysed in RIPA buffer containing a 1x protease inhibitor cocktail set
(Millipore). 60 pg of protein/lane measured by the Bradford assay and mixed with SDS dye
was loaded on 6% polyacrylamide gel and transferred onto a polyvinylidene difluoride
membrane (Millipore) using semi-dry blotting. 5% skim milk diluted in TTBS buffer was used
to block the membrane and MOV 10L1 was detected using an anti-MOV 10L1 primary antibody
(Zheng, Xiol et al. 2010) (a gift from J. Wang) diluted 1:250 and incubated overnight at 4°C.
The protein was then detected using an anti-rabbit-HRP secondary antibody (Thermo Fisher
Scientific) diluted 1:50 000 and SuperSignal West Femto Substrate (Thermo Fisher Scientific).
Samples for TUBA4A detection were loaded onto 10% polyacrylamide gel and anti-Tubulin
(Sigma-Aldrich, T6074) primary antibody diluted 1:10 000 (overnight at 4°C) and anti-mouse-
HRP secondary antibody (Thermo Fisher Scientific) diluted 1:50 000 were used.
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RT-PCR analysis

Five to ten oocytes or embryos were collected into 3 ul of PBS and snap-frozen in liquid
nitrogen. An equal number of oocytes/embryos was used for individual experiments. Samples
were lysed by adding 3 ul of lysis buffer (Shatzkes, Teferedegne et al. 2014) and used for
reverse transcription using SuperScript III RT (Thermo Fisher Scientific) according to the
manufacturer’s instructions. cDNA was amplified using ExTagqHS (TaKaRa) with the

following primers:

maActb RT F GTCGTACCACTGGCATTGTGATG
maActb RT R CTTCATGAGGTAGTCTGTCAGGTCC
maHprt RT_F2 (oocyte/embryo RT) GGAGACGATCTCTCAACTTTAACTG
maHprt RT R TCCAACACTTCGAGAGGTCC
maMov10ll RT F2 GGAGCACTCTTACTGATAAACAAAGG
maMov1011_RT R2 AATTGTTGTGCTTTATCCCAGCC
maPiwill RT F1 AGAACCTTGACCATGTCAAAGAGTC
maPiwill RT R1 GGTCTTCATGCTGGAAGAGCAG
mmPiwil2 RT F1 TATCGCTGTTACCACTGGGAAG
mmPiwil2 RT R1 TGTTCCTTTTGATCCTTGCTTGAC
maPiwil3_RT F2 TGTCAGTAAGACTGAAGGTGATGAC
maPiwil3 RT R2 TGAGTTTTCTGAGACTGGAATCGC
maPiwild RT F2 ACTTTGTCTGACCTAAATCAGCCC
maPiwil4 RT R2 ATCAGGTGGAAATCCGAGGTTG

PCR products were then run on 1,5% agarose gel and visualized using ethidium

bromide.

RNA was isolated from whole testes using the mirPremier microRNA isolation kit
(Sigma Aldrich) according to the manufacturer’s protocol. RNA was then treated with Turbo
DNAse (Invitrogen) for 30 min at 37°C and reverse transcribed using LunaScript RT SuperMix
Kit (New England Biolabs) according to the manufacturer’s instructions. qPCR reaction was
performed with a 0.5 ul cDNA aliquot, the Maxima SYBR Green qPCR master mix (Thermo

Fisher Scientific) and the following primers:

maDmrtbl F1 CGTCTCCTGTAGCCCCTACCATG
maDmrtbl RI1 CTTTTCACCAGCAAGCTTGCAAC
maDdx4 F1 GTGCTCAAACAGGGTCTGGGAAGA
maDdx4 R1 GACAACAGCTCTTACACAAGTCCC
maKif5c F1 CCTATGTAAAGGGGTGCACCGAGA

maKif5c R1 GATACTGTGACTCCTCGAGCTGTG
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malAP3 gag-123F GTCCATCTGGTGCTGTCAGTCTG

malAP4_gag-70F CTGTCAGTCTGGTGCTCGTCAGTC
malAP3/4 gag+13 R CTGTAGGGCAGTAACCACTGACTG
maLl ORF1+1222 F TCCAGGACCTTCTGGCTTTCAGAG
maLl ORFI1+1069 R CCTCGCCACATAATAATCAAGACCC
maMySERV ORF1 F1 ATAGAGGCATGGGTAGGGAAGGCA
maMySERV_ORF1 R1 CTGCATAGACCAGGAGGCTTAGGC
maHPRT F1 AGACGATCTCTCAACTTTAACTGG
maHPRT R1 CTTTTCACCAGCAAGCTTGCAAC
maB2MG-F2 GCGACTGATAAATACGCCTGCAGA
maB2MG-R2 CTGATCCAAATGAAGCATCTCCATG

Average Ct values of the technical replicates were normalized to the housekeeping

genes maHPRT and maB2MG using the AACt method (Pfaffl, Horgan et al. 2002).
Fluorescence-activated cell sorting

Testes were isolated from WT animals and funica albuginea was removed. Testes were
then incubated in freshly prepared collagenase solution (Hank's balanced salt solution (HBSS)
without calcium or magnesium prepared in the house + 1 mg/ml collagenase + 1:1 000 DNAse
I, Fermentas) for 7 min at 35°C with gentle agitation. After 3 min of this period, gentle pipetting
with Pasteur pipette was used to assist with tubule dispersion. The tube was then left for 2 min
at room temperature to allow tubules to settle to the bottom and supernatant containing somatic
cells from the testicular interstitium was removed. 1 ml of freshly prepared collagenase/trypsin
solution (Hanks balanced salt solution without calcium or magnesium prepared in the house +
1 mg/ml collagenase + 1:1 000 DNAse I, Fermentas + 0,05% trypsin) was added to the tube
followed by the incubation for 20 min at 35°C with gentle agitation and additional pipetting
using Pasteur pipette every 5 min. After 10 min of this period, 8 ul of 2,5% trypsin and 1 pl of
DNAse I stock (only if the solution looked overly viscous) were added and the digestion
reaction was quenched using 400 pl of fetal bovine serum (FBS) at the end of the incubation
period. The cell suspension was then centrifuged for 5 min at 2 000 g, resuspended in 500 pl
HBSS with 1% FBS and 20 pul of this suspension was used as a negative control for FACS
sorting. The rest was centrifuged for 5 min at 2 000 g and resuspended in 100 pl of 3% FBS in
HBSS containing the c-kit-PE-Cyanine7 (dilution 1:100, 25-1171-82, Thermo Fisher) and
CD9-FITC (dilution 1:20, MAS51686, Thermo Fisher) antibodies. The suspension was
incubated with antibodies for 20 min on ice, centrifuged for 5 min at 2 000 g (4°C), washed in

3% FBS in HBSS, centrifuged for 5 min at 2 000 g (4°C), and resuspended in cold HBSS/1%
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FBS containing 10 pg/ml Hoechst dye. The suspension was then kept on ice until sorting.
Immediately before sorting, cells were passed through a 40 pm membrane and stained with

propidium iodide to exclude nonviable cells.
Histology and immunofluorescence staining of histological sections

Tissues used for histology were fixed in Hartmann's fixative (Sigma Aldrich, H0290)
or 4% paraformaldehyde in PBS for 1,5 h or overnight at 4°C, followed by ethanol dehydration
and paraffin embedding. Paraffin blocks were then cut into 2,5-6 pm sections and used for

hematoxylin and eosin or immunofluorescence staining.

Sections for immunofluorescence staining were deparaffinized and boiled in 10 mM
sodium citrate buffer (pH 6) for 18 min to retrieve antigens. Sections were then blocked in PBS
with 5% normal donkey serum and 5% bovine serum albumin (BSA) and incubated for 1h at
room temperature or overnight at 4°C with following primary antibodies: anti-LINE1 ORF1p
(diluted 1:200, provided by D. O’Carroll, University of Edinburgh); anti-SCP3 (diluted 1:200,
Abcam, ab976672); anti-ZBTB16 (diluted 1:200, Atlas antibodies, HPA001499); anti-yH2AX
(diluted 1:200, Millipore, 05-636); anti-MOV10L1 (diluted 1:250, a gift from J. Wang); anti-
DDX4 (diluted 1:400, Abcam, ab27591 and ab13840); anti-WT1 (diluted 1:400, Novus
Biologicals, NB110-60011); anti-IAP GAG (diluted 1:500, a gift from B. R. Cullen). Samples
were then incubated with anti-mouse and anti-rabbit secondary antibodies conjugated with
Alexa 488/594 (diluted 1:500, Thermo Fisher Scientific) for 1h at room temperature and stained
with DAPI (diluted 1:1000, Sigma, D9542-10MG) for 10 min. Slides were mounted in ProLong
Diamond Antifade Mountant (Thermo Fisher Scientific) and images were acquired using the

DM6000 or Leica Sp8 confocal microscope.
Immunofluorescence staining of oocytes and zygotes

Samples were (immediately after collection) fixed and permeabilized in 0,2% Triton-
X100 in 4% paraformaldehyde for 30 min at room temperature. They were then incubated in a
blocking solution (2% BSA in PBS) for 1h or overnight at 4°C. They were then stained with
anti-Tubulin (diluted 1:100, Abcam, ab7750), anti-IAP GAG (diluted 1:200, a gift from B. R.
Cullen), anti-LINE1 ORF1p (diluted 1:200, provided by D. O’Carroll, University of Edinburgh)
or anti- YH2AX (diluted 1:100, Millipore) for 1h at room temperature or with H3K9me3
(diluted 1:1000, Upstate, 07-442) and H3K9Ac (diluted 1:1000, Upstate, 07-352) overnight at
4°C. Samples were incubated with anti-mouse and anti-rabbit secondary antibodies conjugated

with Alexa 488/594 (diluted 1:500, Thermo Fisher Scientific) for 1h at room temperature and
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stained with DAPI (diluted 1:1000, Sigma, D9542-10MG) for 10 min. Images were collected
using an SP8 confocal microscope and processed by LAS AF LITE 3.3 software (Leica). Imaris
v.9.6 (Bitplane) was used to analyze the spindle properties of MII oocytes by three-dimensional

reconstruction of images from confocal optical sections.
Total RNA sequencing

For RNA sequencing of oocytes, six to twelve fully-grown oocytes were collected into
2 ul drop of 0,2% Polyvinylpyrrolidone in PBS, mixed with 50 pl of extraction buffer provided
in Arcturus Picopure RNA isolation kit (Thermo Fisher Scientific), and incubated for 30 min at
42°C. Arcturus Picopure RNA isolation kit was then used according to the manufacturer’s
instructions to isolate RNA. Ovation RNA-Seq System V2 (NuGEN) followed by the Ovation
Ultralow Library system (DR Multiplex System, NuGEN) were then used according to the
manufacturer’s protocol to prepare libraries for sequencing. The fragmentation of cDNA was
performed using the Bioruptor sonication device (Diagenode) with 18 cycles of the 30s on and
30s off at low intensity. 9 PCR cycles were used to amplify libraries and 100-nucleotide single-

end reading using the Illumina NovaSeq6000 platform was used for sequencing.

For RNA sequencing of testes samples, RNA was isolated from hamster testes using the
mirPremier microRNA isolation kit (Sigma-Aldrich) according to the manufacturer’s protocol.
Ribo-Zero rRNA Removal Kit (Human/Mouse/Rat) (Epicentre) and the QIAseq FastSelect—
rRNA HMR Kit (Qiagen) were used according to the manufacturer’s protocols to remove
ribosomal RNA, which was confirmed by 2100 Bioanalyzer (Agilent Technologies)
analysis. NEBNext Ultra I Directional RNA Library Prep kit for Illumina (BioLabs, E7765S)
was used to prepare libraries for sequencing according to the manufacturer’s protocol. Samples
from an adult, 21 dpp and 13 dpp old hamsters were sequenced using 150-nucleotide paired-
end reading, while samples from 9 dpp and newborn hamsters were sequenced using the 75-

nucleotide single-end reading from the Illumina NextSeq500/550 platform.
Small RNA sequencing

At least five oocytes per sample were collected into 10 pl of water and incubated for 3
min at 70°C to release small RNAs. NextFlex Small-RNA-seq v3 kit (Amplicon) was used
according to the manufacturer’s protocol to prepare libraries for sequencing. Samples were then
separated on 2,5% agarose gel using lithium borate buffer and bands corresponding to the size

of 140-170 nt were cut off the gel. MinElute Gel Extraction Kit (Qiagen) was used to extract
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DNA from the gel and 75-nucleotide single-end reading was used to sequence libraries with

[Mlumina NextSeq500/550 platform.

For small RNA sequencing of testes, RNA was isolated from hamster testes using the
mirPremier microRNA isolation kit (Sigma-Aldrich) according to the manufacturer’s protocol.
NextFlex Small-RNA-seq v3 kit (Amplicon) was used according to the manufacturer’s protocol
to prepare libraries for sequencing. NextFlex beads were used for size selection or samples were
separated on 2,5% agarose gel using lithium borate buffer and bands corresponding to the size
of 140-170 nt were cut off the gel and DNA was extracted using the MinElute Gel Extraction
Kit (Qiagen). Libraries were sequenced using the 75-nucleotide single-end reading from the
[Mlumina NextSeq500/550 platform or the 100-nucleotide single-end reading from the
NovaSeq6000 platform.

Total RNA and small RNA sequencing depository
Raw data were deposited at the Gene Expression Omnibus (GEO: GSE164658).
Bisulfite sequencing

Ten fully-grown oocytes per sample were directly processed by the EZ DNA
Methylation-Direct kit (Zymo Research) for bisulfite conversion. Following modifications
were applied to the protocol: samples were digested using proteinase K for 35 min at 50°C and
the program for bisulfite conversion was as follows: 98°C for 6 min, 64°C for 30 min, 95°C for
I min, 64°C for 90 min, 95°C for 1 min and 64°C for 90 min. EpiNext Post-Bisulfite DNA
Library Preparation kit was used to prepare libraries according to the manufacturer’s protocol,
which were sequenced using the 250-nucleotide paired-end sequencing from the Illumina

NovaSeq6000 platform.
Bioinformatic analyses

All RNA sequencing data were analyzed by Filip Horvat and Josef Pasulka.
RNA-sequencing data analysis

STAR v.2.7.3a (Dobin, Davis et al. 2013) was used to map raw RNA sequencing data
to mouse (mm10), human (hg38), cow (bosTau9), rat (rn6), golden hamster (mesAurl) and the
newest golden hamster (PRJDB10770)(Ishino, Hasuwa et al. 2021) genomes with the following
parameters optimized for quantification of transposable elements (Teissandier, Servant et al.

2019):
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STAR --readFilesIn $ ({FILE}.fastqg.gz --genomeDir $ {GENOME INDEX} --
runThreadN 12 --genomelLoad LoadAndRemove --limitBAMsortRAM 20000000000 --
readFilesCommand unpigz -c --outFileNamePrefix $ {FILENAME} --outSAMtype BAM
SortedByCoordinate --outReadsUnmapped Fastx --outFilterMultimapNmax 5000 --
winAnchorMultimapNmax 5000 --seedSearchStartLmax 30 -
alignTranscriptsPerReadNmax 30000 --alignWindowsPerReadNmax 30000 -
alignTranscriptsPerWindowNmax 300 --seedPerReadNmax 3000 --seedPerWindowNmax
300 --seedNoneLociPerWindow 1000 --outFilterMultimapScoreRange 0 -
outFilterMismatchNoverlLmax 0.05 --sjdbScore 2

featureCounts v.2.0.0 (Liao, Smyth et al. 2014) was used for analysis of expression of
protein-coding genes mapped to mesAurl with maximum of 20 multimapping alignments

allowed and counted over exon features annotated by Ensembl (release 99):

featureCounts -a $ {FILE}.gtf -o $ {FILE}.counts.txt $ {FILE}.bam -T 12 -F
GTF -M -0 —-fraction

-p flag and -s 2 flag were added for the pair-end and stranded libraries, respectively. R
(https://www.R-project.org/) using DESeq2 package (Love, Huber et al. 2014) was used for
analysis of fold changes in gene expression and statistical significance used adjusted P values
smaller than 0,01. Principal component analysis used regularized logarithm (rlog) function

performed on counts data.

Datasets used for the heatmap showing the expression of individual piRNA pathway
components were as follows: bovine oocyte GSE52415 (Graf, Krebs et al. 2014), bovine
testis PRINA471564 (Gao, Li et al. 2019), human oocyte GSE72379 (Hendrickson, Dorais et
al. 2017), human testis GSE74896 (Jegou, Sankararaman et al. 2017), mouse
oocyte GSE116771 (Horvat, Fulka et al. 2018), mouse testis GSE49417 (Yue, Cheng et al.
2014), rat oocyte GSE137563 (Ganesh, Horvat et al. 2020) and rat testis GSE53960 (Yu, Zhao
et al. 2014).

Small RNA sequencing data analysis

bbduk.sh v.38.87 (https://jgi.doe.gov/data-and-tools/bbtools/) was used to trim small

RNA sequencing reads. The NextFlext adapter was trimmed as follows:

bbduk.sh -Xmx20G threads=6 in=$ {FILE}.fastg.gz out=$ {FILE}.atrim.fastqg.gz
literal= TGGAATTCTCGGGTGCCAAGG stats=$ {FILE}.atrim.stats overwrite=t
ktrim=r k=21 rcomp=f mink=10 hdist=1 minoverlap=38

Four random nucleotides were then trimmed from both sides of reads, because of the

NextFlex kit using randomized adapters.

bbduk. sh -Xmx20G threads=6 in=$ {FILE}.atrim.fastqg.gz out=$
{FILE}.trimmed.fastqg.gz stats=$ {FILE}.ftrim.stats overwrite=t
forcetrimright2=4 forcetrimleft=4 minlength=18
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In the case of small RNA sequencing from oocytes, libraries were first deduplicated
from PCR duplicates and then subjected to random nucleotides trimming. For deduplication,
both UMI sequences (four random nucleotides from each side of the read) were added to the
read header using custom scripts (available at https://github.com/thorvat) and then removed

from the read sequence with Cutadapt v.2.10 (Martin 2011).

cutadapt -u 4 -o ${FILE}.trim 1.fastqg -j 6 ${FILE}.umi.fastqgcutadapt -m 18 -
u -4 -o ${FILE}.trim 2.fastq -j 6 ${FILE}.trim 1.fastgTrimmed reads were then
mapped to the new golden hamster genome using STAR 2.7.3a:STAR --readFilesIn
$ {FILE}.dedup.fastg.gz --genomeDir $ {GENOME INDEX} --runThreadN 12 --
genomeLoad LoadAndRemove --1limitBAMsortRAM 20000000000 --readFilesCommand
unpigz -C --outFileNamePrefix $ {FILENAME } --outSAMtype BAM
SortedByCoordinate --outReadsUnmapped Fastx --outFilterMismatchNmax 1 --
outFilterMismatchNoverLmax 1 --outFilterMismatchNoverReadlmax 1 -
outFilterMatchNmin 16 --outFilterMatchNminOverLread 0 -—
outFilterScoreMinOverLread 0 --outFilterMultimapNmax 5000 -
winAnchorMultimapNmax 5000 --seedSearchStartLmax 30 --
alignTranscriptsPerReadNmax 30000 --alignWindowsPerReadNmax 30000 --
alignTranscriptsPerWindowNmax 300 --seedPerReadNmax 3000 --seedPerWindowNmax
300 --seedNoneLociPerWindow 1000 --outFilterMultimapScoreRange 0 -
alignIntronMax 1 --alignSJDBoverhangMin 999999999999

The deduplication of reads was performed on mapped.bam files using UMI tools v.1.1.1

(Smith, Heger et al. 2017).

umi tools dedup --method=directional --multimapping-detection-method=NH -I
S{FILE}.trim 1.fastqg --output-stats=${FILE}.dedup stats -
log=${FILE}.dedup log.txt -S S{FILE}.dedup.bam.

And final files were then generated using samtools v.1.10 (Li, Handsaker et al. 2009):

samtools fastg -@ 12 ${FILE}.dedup.bam > S${FILE}.dedup.fastqg

Mapping of reads to genomes was performed as follows:

STAR --readFilesIn $ ({FILE}.fastqg.gz --genomeDir $ {GENOME INDEX} --
runThreadN 12 --genomelLoad LoadAndRemove --limitBAMsortRAM 20000000000 --
readFilesCommand unpigz -c --outFileNamePrefix $ {FILENAME} --outSAMtype BAM
SortedByCoordinate --outReadsUnmapped Fastx --outFilterMismatchNmax 1 --
outFilterMismatchNoverLmax 1 --outFilterMismatchNoverReadlLmax 1 --
outFilterMatchNmin 16 --outFilterMatchNminOverLread 0 -=
outFilterScoreMinOverLread 0 --outFilterMultimapNmax 5000 -=
winAnchorMultimapNmax 5000 --seedSearchStartLmax 30 -
alignTranscriptsPerReadNmax 30000 -—alignWindowsPerReadNmax 30000 -=
alignTranscriptsPerWindowNmax 300 --seedPerReadNmax 3000 --seedPerWindowNmax
300 --seedNoneLociPerWindow 1000 --outFilterMultimapScoreRange 0 -
alignIntronMax 1 --alignSJDBoverhangMin 999999999999

PiRNA cluster analysis

To analyze piRNA clusters, 24-31nt reads were counted with fractional counts and
normalized to 19-32nt fraction (RPM). RPMs were then normalized to the length of windows
(without counting gaps in assembly) into RPKM values. This was done for each 1 kb window

into which the genome was divided and windows with RPKM < 1 were removed. Neighboring
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tiles were merged if their log2-transformed fold changes of RPKMs (KO vs WT) were lower
than -2. This was done for pre-pachytene clusters in samples from 9 and 13 dpp hamster testes
and for pachytene clusters in samples from 21 dpp hamster testes. For pachytene clusters, tiles
included in this analysis had to also have log2-transformed fold changes of RPKMs (KO/WT)
at 13 dpp higher than —2. Superclusters were generated as a merge of clusters, which were at
most 2 kb apart. Only pre-pachytene and pachytene clusters having small RNA densities of
more than 10 RPM and 100 RPM per kilobase, respectively, were selected for the piRNA

cluster feature analysis.

For oocyte piRNA cluster analysis, the same conditions described above were used,
except that the alignments of previously described PIWIL1 and PIWIL3-associating small
RNAs (Ishino, Hasuwa et al. 2021) were used for counting. Only clusters having small RNA
density (excluding 21-23 nt population including siRNA/miRNA) more than 10 RPMs were

selected for further analysis.
Bisulfite sequencing

Bisulfite sequencing reads were first trimmed as follows:

bbduk.sh -Xmx20G threads=12 inl=$ ({FILE} l.txt.gz in2=$ ({FILE} 2.txt.gz
outl=$ {BASE} 1l.trim.txt.gz out2=% {BASE} 2.trim.txt.gz outs=$
{BASE} s.trim.txt.gz stats=$ {BASE}.stats literal=AGATCGGAAGAGC overwrite=t
ktrim=r k=12 rcomp=t mink=8 hdist=1 minoverlap=8 minlength=25 minlength=50
tbo

and then mapped to the genome using Bismark (Krueger and Andrews 2011):

bismark --non directional --parallel 4 --unmapped --output dir. --temp dir.-
-genome_ folder S {BISMARK INDEX } -1 S {FILE} 1l.trim.txt.gz -2 S
{FILE} 2.trim.txt.gz $ (FILE} s.trim.txt.gz

The deduplicate_bismark script was used to remove duplicated reads generated during
PCR amplification and bismark methylation extractor was used to analyze methylation in
individual cytosines. For analysis of methylation in the consensus sequence of IAP elements,
reads were first mapped to the genome and reads mapping to FLI IAP elements were then

mapped to the consensus sequence of FLI IAP elements.
Other analysis

The clusterProfiler (Yu, Wang et al. 2012) (R package) was used for gene ontology

annotation analysis.
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Only primary alignments were used for the sequence logo analysis (Wagih 2017). The
reads with aligned first nucleotide were selected and those which were 25-31 nt long and

mapped to the piRNA clusters were used.
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4 Results

4.1 Golden hamster as a model for the piRNA pathway

The piRNA pathway is a key small RNA pathway silencing retrotransposons in the
mammalian germline. Potentially active retrotransposons pose a threat to the genome, so it is
important to understand how they are controlled and how they adapt to the host during
evolution. piRNAs and retrotransposons were analyzed in several mammals, including mouse,
rat, cow or human (Lau, Seto et al. 2006, Aravin, Sachidanandam et al. 2007, Roovers,
Rosenkranz et al. 2015, Yang, Li et al. 2019). However, such analysis has been lacking in
golden hamsters. Accordingly, the aims of this work included analyzing piRNA populations

and retrotransposons in the golden hamster genome.

To determine the properties of the golden hamster piRNA pathway, expression levels
of known components of the piRNA pathway in testes and oocytes were first examined. mRNA
expression of piRNA pathway factors in golden hamsters germ cells was compared with
publicly available datasets from other mammals, including mouse, rat, cow, and human.
Expression profiling showed that all analyzed piRNA pathway components were present in
testes of adult golden hamsters, including Piwil4 (Fig. 8a), which was absent in testes of adult
mice. PIWIL4 is a PIWI protein involved in de novo DNA methylation of retrotransposons in
mouse gonocytes (Watanabe, Cui et al. 2018) and its presence implies that PIWIL4 may play a
role in adult golden hamster testes. All components of the piIRNA pathway were also expressed
in golden hamster GV oocytes, except Spocd! and Tdrd6 (Fig. 8a). SPOCDI1 is a PIWIL4-
associated protein that mediates de novo DNA methylation into the promoter region of young
TEs in mouse testes (Zoch, Auchynnikava et al. 2020). It also appeared to be missing in oocytes
from mammals other than mice (Fig. 8a), suggesting that maternal SPOCD]1 expression is a
mouse-specific feature. TDRD6 is a protein of the Tudor family of proteins, is required for
normal spermiogenesis, and its loss in mice leads to aberrant regulation of miRNAs (Vasileva,
Tiedau et al. 2009). Tdrd6 was expressed in oocytes of all other animals analyzed, except the
rat (Fig. 8a), indicating certain similarities between rat and golden hamster oocytes. As
expected, Piwil3 encoding for one of the four PIWI proteins described in mammals was
expressed in human and bovine GV oocytes, but was absent in oocytes of mouse and rat (Fig.
8a), documenting a major difference in the piRNA pathway between mouse and rat and other
mammals. Overall, the golden hamster genome encodes all described essential components of

the piRNA pathway and their expression profile is more similar to that of cow and human than
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to mouse and rat, primarily because of the loss of Piwil3 in mouse and rat genomes. The
expression profile of Movi0ll and Piwi genes in golden hamster testes and ovaries was
confirmed by RT-PCR performed with primers specific for each gene (Fig. 8b). Consistent with
PIWIL3 being described as an oocyte-specific factor (Roovers, Rosenkranz et al. 2015, Tan,
Tol et al. 2020, Ishino, Hasuwa et al. 2021), RT-PCR data showed a lack of Piwil3 RNA in
hamster testes (Fig. 8b). A lack of Piwil4 gene expression in RT-PCR from ovaries (Fig. 8b)
may reflect PIWIL4 expression pattern, which is negligible throughout oocyte development in
mice (Kabayama, Toh et al. 2017), and therefore its detection in a sample isolated from hamster
adult ovaries may be poor. On the other hand, as noted above, Piwil4 expression detected in
transcriptomic data from hamster oocytes appears to be relatively abundant (Fig. 8a). The
expression of Piwil4, together with the presence of PIWIL3 in golden hamster oocytes, suggests
a different configuration of the piRNA pathway in golden hamsters and mice that separated
from a common ancestor more than 20 million years ago (Steppan, Adkins et al. 2004) (Fig.

8¢).

Unlike the protein components of the piRNA pathway, piRNA sequences themselves
are not conserved among animals, reflecting the rapid response of the piRNA pathway to the
evolving genome sequence and retrotransposon load. However, mammalian piRNAs should
share common features originating from their biogenesis. Thus, the golden hamster piRNA
populations were analyzed and their properties were examined. I decided to analyze piRNAs
from hamster testes, because mammalian piRNA studies provide good comparative data for
testicular piIRNAs. Furthermore, while my thesis project was in progress, hamster ovarian

piRNAs were analyzed in Haruhiko Siomi’s lab (Ishino, Hasuwa et al. 2021).

To analyze the properties of golden hamster testicular piRNAs, it was important to
examine specific piIRNA populations. Two different populations of piRNAs, called pre-
pachytene and pachytene piRNAs, have been described in mice. They are distinguished based
on the stage at which they are expressed and the genome regions to which they map (Aravin,
Gaidatzis et al. 2006, Girard, Sachidanandam et al. 2006, Grivna, Beyret et al. 2006, Aravin,
Sachidanandam et al. 2008). In hamsters on day 9 post-partum (dpp), gonocytes re-enter
mitosis, start moving to the periphery of the seminiferous tubule and differentiate.
Spermatogonia are formed by day 13 post-partum and on day 21 the germ cells reach the
pachytene stage of meiosis I, so that a transition from the zygotene to pachytene stage can be
observed (Miething 1998). Therefore, testes from 9 and 13 days old hamsters and testes from

21 days old hamsters were examined for pre-pachytene and pachytene piRNAs, respectively.
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Figure 8: Analysis of the piIRNA pathway components in five different mammals. a) Heatmap
generated from transcriptomes of five different species showing expression of piRNA pathway
components in their testes and oocytes. RPKM, reads per kilobase per million. b) RT-PCR
analysis of piIRNA pathway genes in golden hamster testis and ovary. c) A phylogenetic tree
showing the divergence of five mammals estimated over a million years of evolution using
TimeTree (Kumar, Stecher et al. 2017). It is estimated in the literature that mice and rats
diverged about 20 million years ago (Springer, Murphy et al. 2003), mice and hamsters
separated 24 million years ago (Steppan, Adkins et al. 2004), rodents and humans separated
about 80 million years ago (Springer, Murphy et al. 2003) and humans and cows separated
more than 90 million years ago (Liu, Matukumalli et al. 2006). MYA, Million years ago. Modified
from (Kumar, Stecher et al. 2017).
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First, I attempted to separate testicular germ cells from somatic cells to obtain cell-
specific piRNA populations. Unfortunately, germ cell survival after fluorescence-activated cell
sorting (FACS) on hamster testes was unacceptable. Hamster germ cells appeared to be more
sensitive to manipulation than mouse germ cells. Hamster germ cells® sensitivity to
manipulation was also confirmed by Atsuo Ogura (personal communication), an expert on
golden hamster germ cell analysis. Another problem with FACS were commercial antibodies,
such as c-Kit or CD9, typically used for sorting specific germ cell populations. They apparently
did not recognize epitopes on the surface of hamster germ cells, as was indicated by the absence

of a positive fluorescent signal during sorting (data not shown).

Thus, I had to overcome this issue by using whole testes from hamsters at different ages.
As piRNAs are expected to be expressed specifically in germ cells, I decided to take advantage
of the pioneering round of spermatogenesis, where specific populations of germ cells appear
gradually at specific age of an animal. Accordingly, I isolated RNA from whole testes of 9, 13
and 21 days old hamsters containing different germ cell populations, as described above, and
performed Next-generation sequencing (NGS) of small RNAs. Kits used to prepare small RNA
libraries often face the problem of capturing 3" methylated small RNAs due to the problematic
ligation of the 3" adapter and low efficiency of polyadenylation used for template-switching
(Munafo and Robb 2010). This problem was solved using the NextFlex Small RNA-Seq Kit v3
from BIOO Scientific suitable for 3" methylated small RNAs such as piRNAs, through the use
of randomized adapters and polyethylene glycol (PEG), which increase ligation efficiency
(Harrison and Zimmerman 1984) and reduce ligation bias (Sorefan, Pais et al. 2012, Zhang,
Lee et al. 2013, Song, Liu et al. 2014). The great advantage of adapters using randomized bases
is a more accurate composition of small RNA populations and recognition of duplicated reads

generated during PCR amplification.

Small RNA sequencing analysis of hamster testes showed that pre-pachytene piRNAs
are broadly dispersed along the genome and map to intergenic and genic regions in rather low
levels (Fig. 9a, b). Pachytene piRNAs, on the other hand, were extremely abundant and mapped
mainly to approximately 100 genomic loci with a coverage of more than 100 reads per million
(Fig. 9a, b). The first 50 pachytene piRNA clusters yielded more than 90% of the population of
24-31 nt small RNAs. Many of the piRNA cluster loci were syntenic to mouse, cow and human
loci, indicating conservation of mammalian piRNA clusters (Fig. 10). The length of many pre-

pachytene and pachytene hamster clusters reached more than 60 kb (Fig. 9c¢). It is consistent
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with mouse data, where most clusters in the mouse genome are within 100 kb, with the largest

one reaching a length up to 356 kb (Gan, Lin et al. 2011).

1,000,000 -
* 9dpp clusters
100,000 4+ 13 dpp clusters
+ 21 dpp clusters (pachytene)
10,000 A
— 4 100 RPM cut-off for
% 1,000 21dpp clusters
=
=% 10 RPM cut-off for
§ 106 9 & 13 dpp clusters
(o
m 10 N
1 T 1
0 10000 20000
rank sorted clusters
100000y
* 13 dpp clusters
1.000.0 A + 21 dpp clusters (pachytene)
Jol
2 100.0 -
O
=
E 10.0
& A
1.0 T —_—
0 10000 20000
rank sorted clusters
C
80 =
70 ] + 13 dpp clusters
g 60 t + 21 dpp clusters (pachytene)
= 1
5 50 4
p i
o 40 -
L 30 -
5
O 20
10
0 T i
0 10000 20000

rank sorted clusters

Fig. 9: Analysis of golden hamster piRNA clusters. a) Rank-sorted testicular piRNA clusters
based on the number of small RNAs (RPM) per cluster, RPM, reads per million. b) Testicular
piRNA cluster distribution based on average piRNA density (RPKM). c) Testicular piRNA

clusters size. Kb, kilobase.
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Fig. 10: Snapshot from the UCSC browser showing an example of a syntenic locus generating
pachytene piRNAs in hamster, mouse, cow and human.
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The low abundance of pre-pachytene piRNAs becomes apparent when compared to the
expression level of 21-23 nt long miRNAs. The relative amount of pre-pachytene piRNAs
decreases between 9 and 13 dpp stages of spermatogenesis, while the relative level of pachytene
piRNAs bursts in 21 dpp testes (Fig. 11). Changes in the abundance of piRNAs in various stages
of spermatogenesis are consistent with data from mice, where piRNA profiling during
spermatogenesis shows analogous changes in the abundance of different piRNA populations
(Li, Roy et al. 2013, Sun, Lee et al. 2021). It suggests similar regulation of piRNA levels during
spermatogenesis in mice and hamsters. The length of hamster pre-pachytene piRNAs is 27-29
nucleotides, while pachytene piRNAs are 29-31 nt long (Fig. 11). The distinct length of piRNAs
has been described as a result of the binding of specific PIWI proteins to RNAs of different
lengths (Brennecke, Aravin et al. 2007). In mice, MILI which is expressed throughout the whole
spermatogenesis binds piRNAs with an average length of 26 nt, MIWI2 interacts with pre-
pachytene piRNAs with an average length of 28 nt, and MIWI associates with pachytene
piRNAs whose length peaks at 30 nt (Girard, Sachidanandam et al. 2006, Aravin,
Sachidanandam et al. 2007, Aravin, Sachidanandam et al. 2008). Thus, different lengths of
hamster piRNA populations suggest that a similar regulation as in mice exists in hamsters.
Moreover, pachytene piRNAs were not present in small RNA populations of golden hamster
testes on days 9 and 13 (Fig. 12). This suggests that the pachytene-specific transcription factor
regulates hamster pachytene piRNA expression similarly to mice, where transcription factor A-

MYB drives pachytene piRNA expression in meiotic spermatocytes (Li, Roy et al. 2013).

Sequence analysis of pre-pachytene piRNAs confirmed the presence of 1U bias and a
hallmark of the ping-pong mechanism, typical of secondary piRNAs, manifested by the
enrichment of adenine at position 10 of the sequence logo (Fig. 13). Pachytene piRNAs also
have 1U bias, but unlike pre-pachytene piRNAs, they lack adenine enrichment at position 10,
suggesting the absence of the ping-pong mechanism (Fig. 13). This is again consistent with the
properties of mouse testicular piRNAs (Aravin, Sachidanandam et al. 2008). Overall, hamster
testicular piRNAs share common features with mouse piRNAs, suggesting that the piRNA

biogenesis in golden hamsters works in the same way as in other mammals.
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Figure 12: Stage-specific expression of pachytene piRNAs. Snapshot from the UCSC browser
showing the absence of pachytene piRNAs (24-31 nt RNAs normalized to 19-32 nt RNAS) in
pre-pachytene stages in 9 dpp (upper) and 13 dpp (middle) golden hamster testes, while
expressed in 21 dpp hamster testes (bottom).

Mov10/1*/* 9 dpp 25-31 nt Mov10/1*/* 9 dpp 26 nt Mov10/1*/* 9 dpp 29 nt
2 1.0 10 1.0
7 v 4
3 8
S 305 A Aé A N ) X A )
a AA A@ AAAAAAAAAAAAAAAAM@ A A AAA A AAAAA A
3 I 4704 ﬁ‘?? SR STCHARAAAAY AT
: 00(}2:1((16(1]111(]'1 [;IIIIIIIIF(‘C oo(:xr;[.CIr‘C«JZ(Iitrr 20 (X OO (‘? :Il(:rt ooCL Jccl (LTCCEI(ECI&CC( ng(
131517 10 21 23 25 27 29 31 V7357 911131617102123 25 579”131517!92123252?29
@ Mov10/1*/* 13 dpp 25-31 nt Mov10/1*/* 13 dpp 26 nt » Mov10/1*/* 13 dpp 29 nt
2 9
Y @o 05
a @%)
g Aww A AT wx%ww AMTAATY
2 I TARPIA
™ oocliitcce I LT itk sl rx( 8k WU&U&? FLLTAL oo“ Jm 85 363 Wl 457}
- 57 9 111315 17 19 21 23 25 27 29 31 57 9 1N1315171921 23 25 * 79 1N131517 10 21 23 25 21 29
15 154
E Mov10/1*/* 21 dpp 25-31 nt Mov10/1*/* 21 dpp 26 nt . Mov10/1*/* 21 dpp 29 nt
8 3
3 g v
EEOSAA ’ l AA A O'SA%X A
ADAAAA AAAAAAAAAAAAAAAAAA AB A AAQBAAAAAACAAAA ABA MAA
©
2 oo o exsonien)! oeISTIILE ?%W'ﬁ-m&iév& o G S
13579 1131517192123 2527 29 31 07357 9 1113156171921 23 25 13579 111315171921232521 29

Figure 13: Sequence analysis of piRNA clusters at three different time-points of
spermatogenesis showing 1U-bias, a typical hallmark of piRNAs, and differences in preference
for A at position 10, a hallmark of the ping-pong effect.



4.2 Retrotransposons in the golden hamster genome

The available golden hamster genome assembly was of poor quality (the MesAur 1.0

genome: Attps:/www.ncbi.nlm.nih.gov/assembly/GCF _000349665.1/, produced at the Broad

Institute) when compared to the mouse model, whose genome sequence is almost complete with
only a few unmapped scaffolds and gene annotation includes well-annotated retrotransposons
(Mouse Genome Sequencing, Waterston et al. 2002). A high-quality genome assembly is
essential for proper retrotransposon analysis, because if the sequence is not complete, then full-
length copies of retrotransposons may not be found. Not just the presence of retrotransposon
sequences, but specifically potentially active transposable elements should be identified and
analyzed, because these are elements that may pose a threat to genome integrity. Mobile
elements capable of retrotransposition have full-length intact copies encoding all the necessary
proteins for mobility. Despite the low quality of the available golden hamster genome assembly,

retrotransposon analysis was performed anyway, as there was no alternative at that moment.

4.2.1 Retrotransposon annotations

Mouse and hamster evolved from a common ancestor and the mouse genome contains
ancestral active AP and LINEI elements (Mouse Genome Sequencing, Waterston et al. 2002).
Therefore, particular attention was paid to these two families of retrotransposons in the hamster

genome.

To find all retrotransposon representatives, MesAur 1.0, a publicly available golden
hamster genome assembly, was analyzed first. Although short insertions and larger fragments
matching internal sequences of LTR retrotransposons could be found, there was not a single
full-length intact copy detected corresponding to the published IAP sequence (Ono, Toh et al.
1985). The situation with LINE1 recognition was even worse. However, the analysis was
apparently inaccurate, because MesAur 1.0 genome assembly was on the scaffold level due to
relatively short sequence reads which it relied on (https://www.ncbi.nlm.nih.gov/assembly/

GCF_000349665.1/).

To overcome this problem, the criGriChoV2 genome assembly (https://www.ncbi.nlm.

nih.gov/assembly/GCA_900186095.1/) of the Chinese hamster was used for initial analysis,

although sequence divergence led to rather unsatisfactory results. However, this analysis
showed that the genome of a close relative of the golden hamster contains full-length IAP and

LINEI1 elements.
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While the project was in progress, Ishino and colleagues re-sequenced the golden
hamster genome using long reads from the Pacific Biosciences platform and re-assembled the
genome into an improved version (Ishino, Hasuwa et al. 2021). This new genome assembly
allowed for proper annotation of retrotransposons, which could be used for further analysis.
RepetMasker and de-novo RepeatModeler were used to identify all retrotransposons from the
golden hamster genome. To make a comparison between mouse and hamster elements clear,
the RepeatMasker classification used for murine retrotransposons was used for further analysis

of hamster transposable elements.

4.2.2 Nucleotide substitution rate analysis of retrotransposons

Recently active retrotransposons accumulated fewer mutations during evolution, and
therefore have many copies highly similar to each other. Accordingly, evolutionary older
families will have a higher substitution rate among their sequences. To analyze the nucleotide
substitution rate of golden hamster retrotransposons, 200 copies of each family and subfamily
were randomly selected and analyzed for sequence divergence. If the retrotransposon family or
subfamily had less than 200 copies present, all copies available in the genome were used. The
mutation rate analysis of LTR elements indicates a recent expansion of the ERV1 and ERVK

classes in the hamster genome (Fig. 14a).

The ERVI class is represented by young, recently expanded LTRIS and MuLV families
as shown by the low substitution rate of their insertions (Fig. 14a). The ERVK class appears to
be the most recently expanded group of LTR retrotransposons in the hamster genome. The
ERVK members with low substitution rates are represented by IAP, MYSERV, MuERV4,
MMERVK, or RMERx ERVK families. [APs exhibited a minimal substitution rate, indicating
ongoing retrotransposition in golden hamsters (Fig. 14a). Further analysis of the mutation rate
of the IAP family revealed two subfamilies, IAPLTR3 and IAPLTR4, with an outstanding low
nucleotide exchange rate (Fig. 14b). Consistent with this, a search for full-length intact elements
showed 110 IAP insertions belonging to IAPLTR3/4 subfamilies. Compared to the mouse IAP
analysis, where IAPE was described as the only active IAP subgroup (Ribet, Harper et al. 2008),
independent evolution of different IAP subfamilies was found in the hamster genome (Fig.
14b). In contrast to the well-described IAP, not much is known about the MYSERYV family of
retrotransposons. MYSERYV existed in a common ancestor of mouse and hamster, but appears
to retain its expression and activity in the Cricetidae family (Wichman, Potter et al. 1985,

Cantrell, Ederer et al. 2005). An internal consensus sequence made from MYSERYV insertions
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longer than 4 kb extracted from the golden hamster genome was assembled and analyzed
(Supplementary Data 1). The MYSERV consensus sequence was first compared with
IAPLTR3/4 consensus sequence (Supplementary Data 1). Only 30% of identical sequences
were found, suggesting that the two elements are not closely related. The MYSERYV consensus
sequence was then characterized for its coding potential. Two ORFs were found with the length
of 1041 bp and 2 574 bp, translated into 346 and 857 amino acids, respectively (Fig. 15a). When
searched in the golden hamster protein sequences, ORF1 and ORF2 were partially recognized
as ERVK GAG and POL polyproteins (Fig. 15b) necessary for retrotransposon mobility. The
ORF analysis thus indicated that MYSERV could be autonomous and capable of
retrotransposition in the golden hamster genome. ERVL class, the most abundant group in the
mouse genome (Mouse Genome Sequencing, Waterston et al. 2002) showed no recent
expansion in the hamster genome. Consistent with the higher substitution rates of autonomous
ERVL families, non-autonomous MaLRs belonging to the ERVL class do not show potential
activity either (Fig. 14c).

The substitution rate analysis of LINEI retrotransposons revealed independent LINE1
expansions in mouse and hamster genomes (Fig. 16). While murine young potentially active
LINE]1 elements with low mutation rates belong to the L1Md subgroup, relatively high mutation
rates can be observed in most LIM families in the hamster genome (Fig. 16). A relatively low
substitution rate was observed for the Lx5 subfamily (Fig. 16). Indeed, analysis of full-length
intact insertions in the hamster genome showed that 108 of the 110 intact copies belong to the
Lx5 subfamily of LINE1 elements. Thus, Lx5 elements represent young and potentially active

LINE1 retrotransposons in the golden hamster genome.
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Figure 15: MYSERV sequence analysis. a) Analysis of open reading frames (ORFs) in the
MYSERYV consensus sequence generated from insertions longer than 4 kb extracted from the
golden hamster genome. b) Analysis of similarities between MYSERV ORFs and golden
hamster protein sequences using the BLAST tool (NCBI).
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Figure 16: Nucleotide substitution rates in LINE1 subfamilies in golden hamsters and mice.
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4.2.3 Retrotransposons-derived piRNA analysis

Retrotransposon transcripts serve as substrates of the piRNA pathway for piRNA
generation. Basically, retrotransposons are repressed by piRNAs derived from their sequences.
Thus, amounts of testicular pre-pachytene and pachytene piRNAs derived from
retrotransposons were analyzed to determine whether and at what stage of spermatogenesis
retrotransposons are actively regulated by the piRNA pathway. The piRNA populations from

days 9, 13 and 21, properties of which are described above, were used.

Analysis of young retrotransposons from the ERV1 class showed that piRNAs carrying
LTRIS sequences are hardly detectable, while those derived from MuLV retrotransposons are
abundant, especially on day 9 (Fig. 17). This suggests a recent activity of MuLV, which has
adapted to the early phase of spermatogenesis, where it is likely regulated by pre-pachytene
piRNAs. The activity of the endogenous retrovirus MuLV has also been documented in mice,
where it has retained the ability to infect neighboring cells (Stocking and Kozak 2008). In
ERVL class, abundant populations of piRNAs carrying IAP, MYSERV and MMERVK
sequences were observed, especially on day 9 (Fig. 17), suggesting that the piIRNA pathway
suppresses these elements in the early stages of spermatogenesis. This implies the potential
activity of IAP, MYSERYV and MMERVK retrotransposons in the golden hamster genome. The
activity of IAP and MMERVK families has been described also in mice (McCarthy and
McDonald 2004), suggesting persistent activity originating in a common ancestor of mouse and
hamster. Interestingly, an abundant population of piRNAs derived from MaLR elements can be
observed on day 21 (Fig. 17). As noted above, MaLR elements did not show a recent expansion
in the golden hamster genome based on substitution rate analysis (Fig. 14a, ¢). However,
abundant pachytene piRNA populations suggest that MalLRs are actively regulated by the
piRNA pathway during meiosis, which may indicate some ongoing transcriptional activity of

these elements in hamster spermatogenesis.
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Figure 17: Abundance of 24-31 nt RNAs derived from selected LTR retrotransposons
normalized to 19-32 nt small RNA populations (RPM) analyzed at three different time-points
of spermatogenesis.

4.2.3.1 Full-length intact elements-derived piRNA analysis

To explore the link between FLI IAP and FLI LINEI insertions and piRNA pathway
activity, we examined antisense small RNAs perfectly mapping to FLI intact copies of IAP and
LINE1. Antisense small RNAs that perfectly map to FLI elements should be piRNAs derived
from these FLI retrotransposons and their presence would indicate active regulation of FLI IAP
and LINEI elements by the piRNA pathway. To check all piRNA populations, small RNA
sequencing data from 9, 13 and 21 old hamster testes were used again. Analysis showed that
antisense piRNAs derived from FLI IAP were abundant at all three-time points tested, with the
highest peak at day 9 (Fig. 18). Interestingly, piRNAs mapping to FLI LINE1 were observed
mainly on day 9, followed by reduced levels in later stages (Fig. 18). These data suggest that
IAPs are active and thus regulated by piRNAs in all stages of spermatogenesis, at least up to
the pachytene stage of meiosis I. On the other hand, LINE1 elements appear to adapt their
activity to early stages of spermatogenesis and are therefore regulated mainly by pre-pachytene
piRNAs. These results are in contrast to the LINE1 expression pattern in mice, where the
piRNA pathway is necessary to suppress LINE1 at the onset of meiosis, when other control
mechanisms such as histone modifications are erased (Di Giacomo, Comazzetto et al. 2013, Di

Giacomo, Comazzetto et al. 2014).
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Figure 18: Abundance of 24-32 nt antisense RNAs perfectly mapping to FLI IAP and FLI LINE1
elements and normalized to 19-32 nt RNA populations (RPM) analyzed at three different time-
points of spermatogenesis.

In conclusion, young retrotransposon families and subfamilies that showed recent
expansion in the golden hamster genome are represented by Lx5, MuLV, IAP LTR3/4,
MMERVK and MYSERV elements. Ancestral LINE1 and IAP elements evolved
independently in mice and hamsters, and full-length intact copies of these elements were found
in the golden hamster genome, suggesting that they are capable of retrotransposition. Also,
piRNA populations found in golden hamster testes appeared to be predominantly derived from
young elements, suggesting that the piRNA pathway regulates their activity during

spermatogenesis in golden hamsters.

4.3 Generation of the Mov10/1 golden hamster mutant

Essentially all in vivo mechanistic studies on the mammalian piRNA pathway have been
performed in mice. However, the apparent divergence of the mouse model in terms of small
RNA pathways in the germline brings the question of whether the documented function of the
murine piRNA pathway applies to all mammals or whether it is rather a mouse-specific case.
To address this issue, the biological role of the piRNA pathway in golden hamsters was
investigated by knocking out the piRNA pathway.
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The golden hamster was selected because, like most mammals, including humans,
encodes all four PIWI proteins, and likely lacks highly active RNAI in its oocytes. These
properties, affordable cost, and biological features shared with mice, such as fast zygotic
genome activation or a short reproductive cycle, made the golden hamster a suitable model
organism for a genetic approach to study the physiological relevance of the piIRNA pathway in
mammals. Different factors acting in the piRNA pathway could be deleted to disrupt its
function. However, loss of specific Piwi genes results in the loss of different piRNA fractions,
while we wanted to eliminate piRNAs completely. Therefore, we decided to knock out
MOV10L1 helicase, which plays an important role in the initial steps of piRNA biogenesis, as
shown in mice (Frost, Hamra et al. 2010, Zheng, Xiol et al. 2010, Vourekas, Zheng et al. 2015).

With the introduction of the CRISPR/Cas9 system (Gasiunas, Barrangou et al. 2012,
Jinek, Chylinski et al. 2012), genetic manipulations of various model organisms have become
easier and more accessible. However, many species still have limited availability of embryos
and handling difficulties of germ cells, so successful use of the CRISPR/Cas9 approach still
remains a challenge. Golden hamster oocytes and embryos are extremely vulnerable in vitro
(Schini and Bavister 1988), which turned out to be a big barrier to the generation of genetically
modified hamsters. This issue was solved by Hirose and colleagues in the Atsuo Ogura
laboratory (RIKEN, Japan) who employed iGONAD (Hirose, Honda et al. 2020), which is in
vivo gene-editing system using sgRNAs and Cas9 protein delivery to a pregnant female by
ampulla injection and oviduct electroporation using forceps-like electrodes (Gurumurthy, Sato
etal. 2019). In collaboration with Helena Fulka and Atsuo Ogura, we used iGONAD to generate
the hamster Mov10[1 knock-out (KO). sgRNAs targeting introns 19 and 21 were used to remove
exon 20 encoding the helicase domain (Fig. 19), thus creating an analogous mutation as

performed in mice (Frost, Hamra et al. 2010).

As a result, five animals were born. One did not carry the mutation (Fig. 20, number 3)
and two were homozygous for the deletion (Fig. 20, numbers 2 and 5). Homozygous animals
appeared to be sterile and therefore could not pass the mutation on to the next generation. One
male and one female were detected as heterozygotes for the deletion, and these were used to
establish the hamster lines upon breeding with wild-type (WT) animals. The heterozygous male
was fertile (Fig. 20, number 1), but none of the offspring carried the mutation. The heterozygous
female (Fig. 20, number 4) bred with wild-type male transmitted the mutated allele to 7 of 10
progeny. These heterozygotes were used for subsequent breeding with wild-type outbred

animals for two generations to minimize possible effects of inbreeding and off-targeting.
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Figure 19: Targeting strategy for generating golden hamster Mov10l1 mutant.
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Figure 20: PCR genotyping of golden hamster founders for the Mov10l1 mutation. The upper

band corresponds to the WT allele, the lower band corresponds to the mutated allele.

Deletion of exon 20 was designed to lead to a frameshift that results in a lack of protein

production. Therefore, we analyzed mutant animals to confirm the deletion. The deleted

segment was confirmed by Sanger sequencing (Fig. 21) and, as expected, a comparison of RNA

sequencing from WT and KO testes showed a lack of reads mapping to exon 20 along with

significantly reduced MovI0l1 RNA levels in mutant testes (Fig. 22).
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Figure 21: Validation of the Mov10I/1 deletion by Sanger sequencing.
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Figure 22: Snapshot from the UCSC browser showing RNA coverage of the Mov10I1 locus in
WT (top) and KO (bottom) 9 dpp golden hamster testes. The absence of reads mapping to the
deleted exon 20 is apparent in KO testes. Dashed lines show counts per million normalized to
the library size.

Western blot showed the presence of MOV10L1 in WT hamster testes and loss of the
protein in mutant testes (Fig. 23). If, as expected, MOV10L1 is a germ cell-specific protein,
then the absence of the protein might reflect massive germ cell loss in adult testes of MovI0/1
mutant (as described in Chapter 4.5 Sterile phenotype of male Mov/(0/] mutants) and therefore

cannot directly prove the absence of protein resulting from exon 20 deletion. I used ovarian
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sections to confirm the loss of MOV 10L1 protein, but immunofluorescence staining of WT and
KO ovaries with MOV10L1 antibody did not show any specific signal, suggesting the protein
is either not expressed in adult ovarian cells or the immunofluorescence staining did not work
(Fig. 24). However, the minimal level of Movi0/I RNA in 9 dpp KO testes (Fig. 22), where
germ cells are still present, and loss of the reading frame imply the absence of MOV10LI

protein.
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Figure 23: Western blot analysis of MOV10L1 protein in mouse and golden hamster testes.
Liver were used as a negative control for antibody specificity.

Mov10I1+/+* Mov10l1--

MOV10L1

Figure 24: Immunofluorescence staining of WT and KO adult ovaries using MOV10L1
antibody. White arrows indicate oocytes.

Interestingly, compared to the mouse protein, hamster MOV 10L1 was detected as two
bands of different lengths (Fig. 23), indicating the presence of two MOV 10L1 isoforms. This
result is consistent with the hamster MovI0l1 sequence having two possible translation start
sites, one annotated by Ensembl (Howe, Achuthan et al. 2021) and the other found in the

sequence extracted from the golden hamster genome (Fig. 25).

66



5UTR (from Spades) ORF

DEAG box
Walker motif B

Walker motif A polyA signal

i I
| CDY_ensembl ]

I*_
A

Figure 25: Annotation of the golden hamster Mov10Il1 sequence. The blue arrow indicates the
longest ORF, the yellow color corresponds to the coding sequence annotated in Ensembl and
the green color corresponds to the coding sequence found in the Mov10l1 sequence extracted
from the golden hamster genome. Black triangles in the green rectangle indicate potential
translation start sites. The red triangle between dashed lines corresponds to the deleted part
of the gene (E20). CDS, Coding DNA sequence; UTR, untranslated region; E, Exon.

Animals carrying the Mov10/1 mutation were examined for fertility. Heterozygotes for
the Mov10!1 deletion were fertile and their breeding showed the expected Mendelian ratio of
genotypes (Table 1). Homozygotes were viable, but interestingly, both sexes were sterile, as
shown by the absence of progeny when 6 mutant males and 10 mutant females were mated with
heterozygous animals with proven fertility (Table 1). All matings were monitored to ensure that

coitus occurred.

Table 1: Mating performance

Male x Female ++ | +/- -/- M F coitus litters hstitzir
Mov10/1*~ x Mov1011*~ | 24 55 17 47 55 21 20 5.8+2.5
Mov10/1*~ x Mov1011** | 5 8 “ 10 6 3 3 5.7+3.7
Mov10I11** x Mov10/1*~ | 2 12 - 4 10 3 2 7.0:2.0
Mov10/11~7~ x Mov10I1*" - - - 6 - -
Mov10/1* x Mov10/17/- . . . 10 - -
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4.4 Sterile phenotype of female MovI0/1 mutants

The sterile phenotype of female MovI0/1 mutant hamsters was interesting, considering
that female Mov0/1 mutant mice do not show any fertility defects (Frost, Hamra et al. 2010).
Hence, we inspected ovaries and early development of MovI0ll mutants to find the stage at
which the defect occurs. Histological sections of MovI0lI” ovaries did not show any
abnormalities. The presence of early antral and antral follicles suggested that oocytes develop
into preovulatory oocytes and the presence of corpus luteum indicated normal ovulation of

mutant oocytes (Fig. 26).

Mov10I1+/+* Mov10I1+/+

x'e ,',,':”;
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e

Figure 26: Hematoxylin and eosin staining of ovaries isolated from adult WT (top) and Mov10I1
mutant (bottom) females. AF, antral follicles; EA, early antral follicles; CL, corpus luteum.
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To investigate whether fully-grown oocytes really can ovulate and mature into
metaphase II oocytes, hamster females were superovulated with pregnant mare’s serum
gonadotropin (PMSG) and the oocyte maturation was induced by subsequent injection of
human chorionic gonadotropin (hCG). Following hCG injection, MII oocytes were collected
from ovaries and spindle properties were examined using Tubulin and DNA
immunofluorescence staining (Fig. 27). Analysis of the spindle length and volume and the
volume of the metaphase plate did not show any significant alterations in MovI0l’~ MII oocytes
(Fig. 27b). The results showed that mutant GV oocytes retain the meiotic competence and are
able to mature into MII oocytes in vivo. The high variability in spindle volume measurements
(Fig. 27b) can be explained by differences typically caused by the paraformaldehyde fixation
or by sensitivity of hamster oocytes to manipulation, light and temperature, which could slightly

differ in particular experiments.

The ability of GV mutant oocytes to reach the pre-fertilization MII stage suggested that
developmental arrest occurs during early development. Superovulated mutant females were
therefore mated with WT or heterozygous males with proven fertility to determine whether
MovI10l17~ oocytes can be fertilized and develop further. The mating produced normally looking
1-cell and 2-cell zygotes, showing that MovI0l1”~ MII oocytes can be fertilized and undergo
cleavage. However, MovI0l1” zygotes did not develop beyond the 2-cell stage, as shown 61
hours after fertilization, when 4- to 8-cell embryos could be seen in WT, whereas only
degenerating 2-cell embryos could be isolated from mutant oviducts (Fig. 28). These results
show that developmental arrest occurs at the 2-cell stage, the stage where zygotic genome

activation takes place in hamsters (Seshagiri, McKenzie et al. 1992).

Because proper chromatin architecture is essential for normal zygotic genome activation
and activity of retrotransposons may affect the chromatin structure, 1 examined active
chromatin and heterochromatin status of Mov/0/1 mutant 2-cell zygotes using H3K9Ac and
H3K9me3 immunofluorescence staining (Fig. 29). This analysis could detect only major
defects in heterochromatin, however, given the limited amount of material, this was the only
insight I could obtain. No difference was observed between WT and Movi0/I KO 2-cell
zygotes, implying that the formation of zygotic heterochromatin was not severely disrupted at

this stage.

Since no apparent defect was found in the chromatin structure of MovI0l1”~ 2-cell
zygotes, | decided to examine changes in gene expression that could be affected by disruption
of the piRNA pathway. Breeding of heterozygotes for Movi0/]/ mutation produced viable
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homozygotes in the expected Mendelian ratio, while homozygous females were sterile with
development arrested at the 2-cell stage (Table 1). It means that Movi0lI-deficient zygotes
could develop into a normal individual, while fertilized oocytes produced by Mov10/17- females
could not support development beyond the 2-cell stage (Fig. 28). This implies a maternal defect
caused by the loss of MOV10L1.
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Figure 27: Spindle analysis in MIl oocytes. a) Mll oocytes isolated from WT (top) and Mov10I1
mutant (bottom) females 17h after hCG injection and stained with Tubulin (red) and DAPI (blue)
antibodies. Asterisks indicate polar bodies. Scale bars, 10 um. b) Quantitative analysis of Mll
spindle traits. Tubulin immunofluorescence staining was used to quantify spindle length and
volume and DAPI immunofluorescence staining was used to analyze metaphase plate volume
using three-dimensional reconstruction of oocytes.
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Figure 28: Analysis of early development in WT and Mov10l1 mutant females. Mutant oocytes
can be fertilized, form a 1-cell zygote with male (M) and female (F) pronuclei, undergo
cleavage, and form a 2-cell zygote. They cannot support development beyond the 2-cell stage
and start to degenerate as shown in 61 hours post-mating. Pictures of zygotes and embryos
are shown as an overlap of bright-field and DAPI immunofluorescence staining (blue). Scale
bars, 20 um.

The maternal function is also consistent with the expression of components of the
piRNA pathway, which are expressed maternally as shown by RT-PCR performed on different
stages of oogenesis and early development. RT-PCR examined the transcripts of individual
piRNA pathway genes in oocytes and embryos of WT animals and used Actb and Hprt genes
as housekeeping genes (Fig. 30). Changes in Actb and Hprt RNA levels between GV oocytes
and 8-cell embryos (Fig. 30) can be explained by clearance of maternal mRNA leading to
decreased RNA levels and new transcription originating in the zygotic genome at the 2-cell
stage, when RNA levels begin to increase. The MovI0ll and Piwi genes appear to be well
expressed in fully grown and MII oocytes and are absent at other stages tested, except Piwill
expression at the 2-cell stage (Fig. 30). Interestingly, Piwil2 appears to be expressed in fully
grown oocytes, but not later (FIg. 30), making the fully grown oocytes the only stage where all
PIWI proteins are expressed. It indicates an important function of the piRNA pathway at this
stage, suggesting that the loss of developmental competence in MovI0/l mutants may have
origin in GV oocytes. These data supported the decision to analyze oocytes in their fully-grown
stage, where the piIRNA pathway is most likely to be functional as shown by the presence of all
piRNA pathway components examined and where the very first changes leading to the 2-cell

arrest in Mov10/] mutants could be found.
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Figure 29: Analysis of chromatin structure in 2-cell zygotes. a) Immunofluorescence staining
of DNA (DAPI, blue in merge), H3K9me3 (green in merge) and H3K9Ac (red in merge) in 2-
cell zygotes isolated 40h post-mating from superovulated WT and Mov10/1 mutant females. b)
Detailed pictures of 2-cell zygotes isolated 40h post-mating from superovulated WT and
Mov10/1 mutant females shown as an overlap of bright-field and H3K9me3
immunofluorescence staining (green).
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Figure 30: RT-PCR analysis of piRNA pathway components at different stages of oogenesis
and early development. GV, fully grown oocytes; MIl, matured oocytes; 2C, 2-cell zygotes; 8C,
8-cell embryos.

To look for changes in the transcriptome of fully-grown GV oocytes caused by the loss
of the Mov10ll gene, 1 performed RNA sequencing of WT and MovI0/1”~ fully-grown GV
oocytes. 57 differentially expressed genes were identified between WT and MovI0ll KO
oocytes (Fig. 31a), with only 13 genes upregulated and none downregulated when sequencing

from heterozygotes was included in the analysis (Fig. 31b).
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Figure 31: Analysis of transcriptomes in GV oocytes. a) MA plot of differentially expressed
protein-coding genes in GV oocytes isolated from WT and Mov10l1 mutant females. Red dots
depict significantly upregulated genes and blue dots depict significantly downregulated genes
in Mov10l1-deficient oocytes. b) Venn diagrams showing the overlap between differentially
expressed protein-coding genes in GV oocytes isolated from females with different Mov 1011
genotypes.
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At the time this work was being prepared, another group of Dr. Siomi (Keio University
School of Medicine, Tokyo, Japan) produced golden hamster Piwi/l knock-out. This allowed
for comparing Mov10l1 and Piwill sequencing datasets. We hypothesized that the real piRNA
pathway targets should be dysregulated in both, MovI0/1”- and Piwill”- datasets, despite
Movl10l1 sequencing used fully-grown oocytes, while Piwill sequencing was performed on MII
oocytes and the loss of each member of the piRNA pathway would affect the piRNA pathway
differently. We compared results from the MovI0/I differential expression analysis with the
Piwill differential expression analysis and found 13 genes that were significantly upregulated
in both datasets (Fig. 32a), suggesting that these might be direct targets of the piRNA pathway.
Interestingly, no common features were found among these 13 genes that would explain the
targeting mechanism, suggesting that piRNA-mediated regulation may work through different
paths. However, we found a good example of how regulation by the piRNA pathway may work.
Kif2a, one of the significantly upregulated genes in both datasets (Fig. 32a), utilizes an insertion
of MYSERV-related RLTR31B2 LTR as a promoter and first exon, and its activity appears to
be specific for oocytes, as shown by the expression of shorter Kif2a transcript in hamster testes
(Fig. 32b). This suggests that control of Kif2a gene expression in hamster oocytes may be

associated with piRNAs regulating retrotransposon activity.

Although it cannot be ruled out that small transcriptome changes in MovI0ll mutant
oocytes (Fig. 31a) contributed to the observed phenotype, the known functions of the
differentially expressed genes do not clearly explain the developmental incompetence of
Movi0ll mutants. Therefore, the activity of retrotransposons, which could affect proper
development, was investigated next. Maximum 2.4-fold change in reads mapping to different
families of LTR retrotransposons in MovI0l”~ oocytes was found, with IAP retrotransposons
being increased up to 2-fold (Fig. 33a). When specifically focusing on potentially active
families in the golden hamster genome, only a slight increase in reads mapping to all LINE and
IAP insertions, with a large representation of the Lx5/6 and IAPLTR3/4 subfamilies (Fig. 33b)
showing the lowest substitution rates (Fig. 14b, 16), was observed. Next, only reads perfectly
mapping to full-length intact LINE and IAP insertions were analyzed and approximately 25%
increase in FLI LINE1 and 3.5-fold increase in FLI IAP expression was found (Fig. 33b). These
data suggest that LINE1 and IAP elements capable of retrotransposition are derepressed in

MovI0l1”" oocytes.
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Figure 32: Analysis of piRNA targets in golden hamster GV oocytes. a) Comparison of
Mov10I1 and Piwil1 differential expression analysis showing the overlap in upregulated genes
in both datasets. b) Snapshot from the UCSC browser showing Kif2a locus expression in
Mov10I1 heterozygous (top) and homozygous (middle) GV oocytes and in 13 dpp Mov10I1
mutant testes. Upregulation of the LTR element providing the first exon is evident in mutant
GV oocytes, while its expression is absent in 13 dpp mutant testes, indicating oocyte-specific
expression of the LTR element.
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Figure 33: Analysis of retrotransposon regulation in GV oocytes. a) Graph showing
upregulation of LTR retrotransposon transcripts in Mov10l1 mutant oocytes compared to WT
oocytes. b) Graph showing mild upregulation of reads mapping to all IAP and LINE1 elements,
to young subfamilies of IAP and LINE1 elements selected by nucleotide substitution rate
analysis, and to full-length intact copies of IAP and LINE1 elements. FLI, Full-length intact.

To examine whether the derepression of retrotransposon correlates with piRNA levels,
sequencing of small RNAs from fully-grown GV oocytes was performed. Analysis showed a
decrease in the expression of all 18-3Int small RNA populations when scaled to the amount of
endogenous miRNAs (Fig. 34a, b). The 21-23nt category of small RNAs contains Dicer
products, but hamster oocyte piRNAs are present in a wide range of lengths. This includes short
18-20nt piRNAs typically bound to PIWIL3 or piRNAs starting at the length of 20 nt bound to
PIWIL1 (Ishino, Hasuwa et al. 2021). When the composition of specific classes of 18-32 nt
small RNAs was normalized to miRNA abundance, a massive loss of reads derived from
retrotransposons and unannotated regions (referred to as other) was found in MovI10l1”- oocytes
(Fig. 34b), suggesting that the derepression of retrotransposons in Mov/0/l mutant oocytes is
indeed associated with piRNA loss. It is consistent with data showing reduced levels of piRNAs
derived from different LTR retrotransposons, even though the loss of these small RNAs is not
complete (Fig. 34c). This can be explained either by redundancy with another small RNA-
producing pathway targeting retrotransposons, or by the presence of MOV 10L1-independent
piRNAs. Accordingly, when the expression profile of piRNA clusters was examined, specific
abundant small RNAs remaining present in these clusters of mutant oocytes were found (Fig.

34d), suggesting the existence of a specific class of MOV 10L1-independent piRNAs.
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Figure 34: piRNA analysis in golden hamster GV oocytes. a) Analysis of small RNAs of
different lengths mapping to annotated piRNA clusters in WT and Mov10l1 mutant GV oocytes
normalized to miRNA abundance. The decline in all Mov10l1 mutant small RNA populations is
evident. b) Distribution of 18-32 nt RNAs based on length, origin and abundance normalized
to miRNAs in WT and Mov10l1 mutant GV oocytes. c¢) Abundance of LTR retrotransposon-
derived piRNAs in WT and Mov10l1-deficient GV oocytes. d) Snapshot from the UCSC
browser showing the expression of 19-32 nt RNAs mapping to an annotated piRNA cluster in
WT and Mov10l1 mutant GV oocytes (top). Below is a detail of two different regions showing
the presence of specific piRNAs remaining in one of the regions in Mov10Il1 mutant oocytes.

Because the piRNA pathway can regulate gene expression by introducing DNA
methylation into the promoter region, I wanted to determine whether impaired repression of
FLI retrotransposons may be due to changes in the methylation state. I did not use the traditional
bisulfite sequencing with PCR amplification and instead opted for whole-genome bisulfite
sequencing of oocytes. Oocytes are of limited availability and using a traditional approach could
bring clonal effects and amplification bias in repetitive sequence analysis. Whole-genome

bisulfite sequencing allows for eliminating duplicated reads for more accurate analysis. Also,
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the whole-genome bisulfite sequencing using multimapping reads mapped to the consensus
sequence is equivalent to the traditional bisulfite sequencing, where retrotransposon families

would be amplified with primers designed for the consensus sequence.

The very limited amount of material that oocytes provide revealed relatively low
(approximately 10%) genome coverage of the converted reads (Fig. 35a). The resolution was
not sufficient to estimate the level of methylation at unique loci, but allowed analysis of
repetitive sequences. No significant changes in DNA methylation of recently expanded and
highly piRNA-targeted retrotransposons were found (Fig. 35b). Next, individual CpG sites in
IAP were examined using multimapping reads mapped to the consensus sequence of intact
elements, which generated 20-40x coverage of specific regions (Fig. 35d). The IAPLTR3/4
subfamilies did not show a general loss of DNA methylation, although several CpG positions
indicated a reduced state of DNA methylation (Fig. 35c). Although small changes in DNA
methylation were found, overall these data do not clearly link retrotransposon derepression to

defective piIRNA-directed methylation.

Because RNA sequencing data imply impaired repression of retrotransposons,
especially slightly increased expression of intact full-length copies, the key question remains
whether they are actually active. Retrotransposons need to express their proteins for mobility,
thus Mov10/1”~ GV oocytes were examined for the presence of LINE1 ORF1 and IAP GAG
proteins. Immunofluorescence staining of IAP GAG protein did not show any specific signal in
mutant oocytes compared to WT oocytes (Fig. 36a). LINE ORF1 staining revealed a slightly
increased signal in mutant oocytes compared to WT oocytes (Fig. 36b), indicating that intact
copies of LINE1 may be expressed and translated. On the other hand, a positive LINE1 signal
also appeared in WT oocytes and the difference between WT and KO oocytes was not very
striking (Fig. 36b). Taken together, data from LINE ORF1 immunofluorescence staining of GV

oocytes did not provide clear evidence of abnormal LINE1 activity in mutant oocytes.

78



a HIC _scaflod_8:10,352.010-13.714 401
coverage niﬂ&ﬂ i .MMM.LL Mlluihinu

I H|||l||| Vi AT R
coverage o e uM-MMW&JM A b

Mov10I1*
% CpG methylation

GV oocyte
transcriptome

genes — - g - ‘--"
5 60
= 50
©
;>'. 40
o 30
E 20
5%
e /-
("2 > x o -~
°\° j _é,: E < % 100 100
= il -
[72]
>
0 MO N T O O N m 0 © O O © N
d 888588 Saf3888°%
IAPLTR3 IAPLTR
IAPLTR3 FLI

bl J! ’
”I| lul‘!l l | ’I ‘
WM 1

Mov1011~~ Mov10I1**~ Mov10I1
1

= F F

» 3 I

] ) ]
Mov10I1*~ Mov10I1*~ Mov10/1

$ WELTReFL) $

: A _““u FyW Y™ : o il 11

E AAA Aadhaa f% ' Wl b o Al ]

g .‘M_hh Ao i lli bl 1 ol 0

Figure 35: Bisulfite sequencing of golden hamster GV oocytes. a) Snapshot from the UCSC
browser showing coverage of the genome by fragments from bisulfite sequencing and CpG
methylation frequency in different Mov10l1 genotypes. b) CpG methylation frequency in
selected LTR retrotransposons. ¢) Methylation frequency at individual CpG sites of 5" LTR (as
indicated in the IAP scheme) of IAP LTR3/4 subfamilies in Mov10l1 heterozygous and
homozygous GV oocytes. d) Number of bisulfite sequencing reads mapping to the consensus
sequence of FLI IAP LTR3 and FLI IAP LTR4 subfamilies (left) and methylation frequency at
individual IAP CpG sites (right) of different Mov10I1 genotypes (right). Red lines correspond to

CpG positions analyzed in Fig. 35c.
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Furthermore, there was no difference between WT and KO oocytes, when staining with
the DNA damage and repair marker yH2AX (Rogakou, Pilch et al. 1998) was used (Fig. 36),
suggesting that the genome does not face a massive attack by mobilizing elements. More to
that, I did not observe positive IAP or LINE1 staining, or even an increased signal from YH2AX
in 2-cell zygotes isolated from MovI0/l mutant females 61 hours after mating (Fig. 37),
suggesting that active elements do not accumulate between the GV and 2-cell stage and that the
LINE1 signal observed in mutant oocytes was most likely a false-positive result. However,
immunofluorescence staining may not be sensitive enough to recognize active elements in
Mov10l] mutant oocytes and embryos, and impaired repression of retrotransposons indicated
by RNA sequencing of mutant GV oocytes may contribute to the developmental incompetence

of female MovI10ll mutant hamsters.

Taken together, I showed that MovI0l/1” golden hamster females are sterile due to the
inability of oocytes to support development beyond the 2-cell stage. The defect is a maternal
effect associated with small transcriptome changes and mild derepression of retrotransposons
in Mov10l1-deficient fully-grown GV oocytes. Analysis of IAP elements in MovI0/17 fully-
grown GV oocytes did not show significant changes in DNA methylation, and interestingly,

specific piRNAs remain present in Movi0!/1-deficient golden hamster oocytes.
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Figure 36: Analysis of IAP and LINE1 retrotransposon activity in GV oocytes. a)
Immunofluorescence staining of WT and Mov10l1 mutant GV oocytes using DAPI (blue),
YH2AX (red) and IAP GAG (green) antibodies. b) Immunofluorescence staining of WT and
Mov10I1 mutant GV oocytes using DAPI (blue), yH2AX (red) and LINE1 ORF1 (green)
antibodies. White arrows depict LINE1 positive staining distinguishable from the background.
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Figure 37: Immunofiluorescence staining of 2-cell zygotes isolated 61h post-mating from WT
and Mov10l mutant females using DAPI (blue), yH2AX (red) and IAP GAG (top) or LINE1
ORF1 (bottom) antibodies. Scale bars, 25 um.

4.5 Sterile phenotype of male Mov10l1 mutants

Male Mov10! hamster mutants were sterile. It was expected given the sterility observed
in MovI0l1 mouse mutants. Male MovI0/I”~ mice were sterile due to arrest at the pachytene
stage of meiosis I associated with elevated levels of LINE1 and IAP retrotransposons (Zheng,
Xiol et al. 2010). To determine whether the piIRNA pathway in golden hamsters operates in the
same way as in mice and whether hamster Mov10/1 mutant males show the same spermatogenic

defect as mouse MovI0l] mutants, I first examined the histology of adult male hamsters.

Adult Mov1011”~ hamsters had atrophic testes and no sperm present in the epididymis
(Fig. 38a, b). The hematoxylin and eosin staining of MovI0l1”~ seminiferous tubules showed
mainly aspermatogenic tubules containing only somatic Sertoli cells located close to the
basement membrane (Fig. 39), as confirmed using immunofluorescence staining of WTI1, a

marker of Sertoli cells (Fig. 39¢) (Gao, Maiti et al. 2006). Interestingly, clusters of surviving
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cells were observed in the center of approximately 3% of tubules (Fig. 39a, b).
Immunofluorescence staining with germ cell marker DDX4 (Raz 2000) and a meiotic
component of the synaptonemal complex SCP3 (Yuan, Liu et al. 2000) showed that cells
located in the center of the tubule are germ cells undergoing meiosis (Fig. 39¢). To examine the
activity of retrotransposons in these rarely surviving germ cells of MovI0l1”7 tubules, I
performed staining with IAP GAG, LINE1 ORF1 and yH2AX antibodies. A strong signal was
observed when IAP GAG and yH2AX staining was used, showing the derepression of IAP
retrotransposons associated with increased DNA damage (Fig. 39c). This suggests
compromised genome integrity due to the activity of IAP elements. On the other hand, LINEI
ORF1 staining showed no positive signal in MovI10Il1”" tubules (Fig. 39¢), suggesting that the
antibody does not recognize hamster LINE1 protein or that LINEI elements are not active at
this stage. Accordingly, LINE1 inactivity in adults has already been indicated during the
analysis of FLI LINE1-derived piRNAs at various stages of spermatogenesis, where abundant
piRNA populations appeared on day 9, but were almost absent at later stages (Fig. 18). This is
in contrast with the phenotype of Mov/0/l mutant mice, where LINE1 expression increases
dramatically during meiosis (Zheng, Xiol et al. 2010). Overall, the rarely surviving clusters of
germ cells in hamster Mov/0l1 mutants exhibit similar manifestation of phenotype as MovI0l1

mutant mice with germ cells arrested in meiosis.

Besides meiotic cells observed in several MovI0/1”7- hamster tubules, it is apparent that
germ cell loss occurs in stages preceding entry into meiosis. To find the stage at which the germ
cells are lost, the pioneering round of spermatogenesis was investigated. A newborn hamster
testis (0 dpp), containing mitotically quiescent gonocytes, showed normal numbers of germ
cells without any obvious defect found in KO animals when stained with DDX4 marker (Fig.
40a). It demonstrates that the golden hamster piRNA pathway is not essential for
spermatogenesis during embryonic development. The 9 dpp MovI0117~ testes, where germ cells
re-enter mitosis and move to the periphery of the tubule, did not show changes in numbers of
cells either, when stained with DDX4 and counted on several histological sections (Fig. 40a,
b). However, aberrant nuclear localization of DDX4 marker was observed in several germ cells
(Fig. 40c), suggesting that a defect in spermatogenesis appears at this stage. The massive germ
cell loss was observed in testes from mutant hamsters on day 13 post-partum, when
spermatogonia are formed (Fig. 40a). The loss was indicated by tubules filled mainly with
Sertoli cells and only a rare occurrence of cells positive for ZBTB16 (Fig. 40a), a marker of

undifferentiated spermatogonia (Costoya, Hobbs et al. 2004). This observation was supported
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by Mov10117" tubules completely devoid of germ cells on day 21 when meiotic germ cells were
present in WT tubules (Fig. 40a). It seems that the rarely surviving spermatogonia are
compromised and enter meiosis later, given the rare appearance of meiotic cells in adult mutant

hamsters (Fig. 39).

a Mov10I1** Mov 1011

b Mov10I1** Mov1011™~

Figure 38: Sterility of Mov10/1 mutant males. a) Testes isolated from adult WT and Mov10I1
mutant males. Mov10l1 mutants have atrophic testes. Scale bar, 5 mm. b) Hematoxylin and
eosin staining of epididymal ducts. The presence of sperm is shown in WT, while the absence
of sperm is evident in the Mov10l1 mutant. Black asterisks correspond to epididymal ducts
containing sperm. Scale bars, 50 um.
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Figure 39: Analysis of seminiferous tubules in adult Mov10l1 mutants. a) Hematoxylin and
eosin staining of seminiferous tubules shows a massive loss of germ cells with a rare
appearance of degenerating cells in the center of tubules in Mov10l1 mutants. White arrows
depict degenerating cells, black arrows depict somatic Sertoli cells. Scale bars, 50 um. b)
Hematoxylin and eosin staining (left) and immunofluorescence staining using DAPI (blue) and
DDX4 (green) show very few germ cells present in the seminiferous tubules of adult Mov10l1
mutants. ¢) Immunofluorescence staining of Mov10/1 mutant seminiferous tubules analyzing
residual cell clusters. Left: Cells near the basement membrane are somatic Sertoli cells (WTT,
red), rarely surviving clusters are germ cells (DDX4, green), which, Middle: undergo meiosis
(SCP3, red), express IAP elements (green) and show DNA damage (yH2AX, red). Right:

LINE1 elements (green) were not detected in seminiferous tubules of adult Mov10l1 mutants.
Scale bars, 50 um.
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Figure 40: Analysis of germ cell loss in Mov10l1 mutants. a) Immunofluorescence staining of
seminiferous tubules isolated from newborn, 9 dpp, 13 dpp and 21 dpp old hamsters. Somatic
Sertoli cells (WT1, red), germ cells (DDX4, red), undifferentiated spermatogonia (ZBTB16,
green) and meiotic spermatocytes (SCP3, red) were examined and DNA was stained with
DAPI. The analysis shows that massive germ cell loss occurs during spermatogonia formation.
The asterisk indicates aberrant DDX4 germ cell localization, the white arrow indicates the only
surviving ZBTB16-positive spermatogonium. Scale bars, 50 um. b) Number of germ cells per
seminiferous tubule in WT and Mov10/1 mutant counted in sections made from 9 dpp hamster
testes and stained with DDX4. c) Aberrant localization of DDX4 germ cell marker in Mov101I1
mutant shown in detail. Scale bars, 50 um.

To find the cause of germ cell loss in Mov10!/] mutant male hamsters that occurs before
spermatogonia are formed, I examined stages preceding the major phenotypic manifestation.
Because the piIRNA pathway regulates gene expression, I performed an RNA sequencing of

whole testes of newborn and 9 dpp old hamsters to examine their transcriptomes. Whole testes
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were used for sampling due to difficulties with FACS sorting of the germ cells described in

Chapter 4.1 Golden hamster as a model for the piRNA pathway.

The analysis showed approximately 300 genes dysregulated in newborn MovI0l17
testes and more than 900 genes dysregulated in MovI0l17" testes isolated from 9 dpp hamsters
(Fig. 41a), suggesting a major effect on gene expression, which may contribute to the germ cell
loss phenotype. Surprisingly, when the two datasets were compared, only a minimal overlap of
differentially expressed genes and no enrichment of any biological function were found (Fig.
41b, c). These data indicate that the loss of MOV 10L1 protein affects spermatogenesis already
in newborn hamster testes, but the germ cell loss is associated with a different set of

differentially expressed genes appearing on day 9.
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Figure 41: Analysis of transcriptomes in newborn and 9 dpp hamster testes. a) MA plots of
differentially expressed protein-coding genes in newborn and 9 dpp testes isolated from WT
and Mov10l1 mutant males. Red dots depict significantly upregulated genes and blue dots
depict significantly downregulated genes in Mov10l1-deficient testes. b) Venn diagrams
showing the overlap between significantly upregulated or downregulated protein-coding genes
selected in Mov10I1 differential expression analysis of newborn and 9 dpp hamster testes. c)
Biological function analysis of upregulated and downregulated genes found in newborn and 9
dpp Mov10I1 mutant testes.
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Accordingly, events in 9 dpp testes were examined further. Because the comparative
analysis of datasets from day 0 and day 9 did not reveal many candidates to be direct piRNA
pathway targets, the targeting potential of piRNAs was examined. Small RNA sequencing of 9
dpp testes showed a massive drop in the population of 25-32nt small RNAs in Mov10/] mutants
without any effect on the miRNA population (Fig. 42a, b). Interestingly, unlike piRNAs in
oocytes, piRNAs in MovI0lI” testes were completely lost (Fig. 42b), suggesting that all
testicular piRNAs are generated in the MOV 10L1-dependent process. Because loss of piRNAs
derived from non-repetitive sequences, particularly 3" UTR of protein-coding genes, could lead
to the germ cell loss caused by upregulation of genes normally repressed by the piRNA
pathway, this scenario was investigated in detail. However, only a small fraction of upregulated
genes appeared to be targeted by piRNAs mapping to the same loci (Fig. 42¢). On the other
hand, this analysis was complicated by the fact, that whole testes RNA sequencing was
performed and thus the changes in expression could be under-represented when genes are also
expressed in other than germ cells. This is demonstrated by the fraction of germ cell-specific
genes that were found when the differential analysis from 13 and 21 dpp WT and mutant testes

(lacking germ cells) was compared to the differential analysis of 9 dpp testes (Fig. 43).

The reason behind the spermatogenesis failure could be also derepressed
retrotransposons, typical targets of piRNAs. Therefore, I analyzed TE regulation in MovI0l1
mutants. The analysis revealed different groups of retrotransposons derepressed at various
stages of spermatogenesis. In newborn mutant hamster testes, the most upregulated reads map
to the MMERVKXx family of retrotransposons. In contrast, the reads from 9 dpp mutants suggest
that MYSERVx is the most expressed group of elements on day 9 (Fig. 44a, b). When the
expression profile of 9 dpp testes was examined, I indeed observed a genome-wide expression
activity of MYSERV-related inserts in MovI0ll mutants (Fig. 45), suggesting a link between

derepressed MYSERYV elements and spermatogenesis failure.

The derepression of IAP appeared to be rather low in both stages. The expression
analysis of full-length intact LINE1 and IAP elements indicated 56% and 48% increase in 9
dpp mutant testes, respectively (Fig. 46). Results extracted from the RNA sequencing data were
confirmed by RT-PCR performed on several genes, supporting the reliability of the data (Fig.
47a). Sanger sequencing of MYSERV RT-PCR products showed that multiple regions are
amplified by primers designed for the consensus sequence of FLI insertions (Fig. 47b),

indicating derepression of multiple loci.
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Figure 42: Analysis of testicular piRNAs in Mov10l1 mutants. a) Distribution of 20-32 nt RNAs
based on length, origin and abundance normalized to miRNAs in WT and Mov10l1 mutant 9
dpp testes. b) Snapshot from the UCSC browser showing loss of piRNAs in an annotated
PiRNA cluster (top) and intact Let-7 miRNA locus (bottom) in Mov10l1 mutant 9 dpp testes. c)
MA plot showing the correlation between differentially expressed genes and abundance-
scattered 24-31 nt RNAs (RPM) mapping to exons of differentially expressed genes in Mov10I1
mutant 9 dpp testes. The rectangle shows a small fraction of upregulated genes associated
with abundant 24-31 nt RNAs (>-5 RPM).
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Figure 43: Analysis of germ cell-specific genes. Differential expression analysis of Mov10l
mutant 9 dpp hamster testes was plotted against differential expression analysis of Mov10/
mutant testes from 13 dpp (left) and 21 dpp (right) old hamsters devoid of germ cells. Red and
blue points depict significantly upregulated and downregulated genes in 9 dpp Mov10l mutant
testes.
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Figure 44: Analysis of retrotransposon regulation in newborn and 9 dpp testes. a) Upregulation
of LTR retrotransposon transcripts in Mov10l1 mutant newborn hamster testes compared to
WT. b) Upregulation of LTR retrotransposon transcripts in Mov10/1 mutant 9 dpp hamster

testes compared to WT.
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Figure 45: Snapshot from the UCSC browser showing upregulation of MYSERV and
MYSERV-related RLTR31B2 LTR transcripts in Mov10l mutant 9 dpp testes. Asterisks indicate
upregulated retrotransposon loci.

90



L1 IAP

18.0 -
14.0 - Mov10I11**
g 10.0 1 W Mov10/1T™"
o
- 18~
X
s 1.2
o
C 08 -
0.4 -
0 T = w = = =t =
< 5 T < 5 @
3 i
-
o
<

Figure 46: Graph showing upregulation of reads mapping to all IAP and LINE1 elements, to
young subfamilies of IAP and LINE1 elements selected by nucleotide substitution rate analysis,
and to full-length intact copies of IAP and LINE1 elements in 9 dpp testes. FLI, Full-length
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Figure 47: RT-PCR analysis of selected genes and retrotransposons. a) Quantitative RT-PCR
analysis of selected genes and retrotransposons in newborn and 9 dpp hamster testes.
Numbers above each bar represent fold change. b) Sanger sequencing of MYSERV RT-PCR
product amplified from 9 dpp Mov10l1 mutant testes by primers designed for the MYSERV
consensus sequence. Black arrows indicate multiple nucleotides at one position.
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Although a similar increase in IAP expression was observed in both newborn and 9 dpp
testes (Fig. 44a, b), the immunofluorescence staining with IAP GAG antibody revealed a
specific signal only in 9 dpp mutant testes (Fig. 48). Concurrently, the same observation was
made when the LINEI ORFI1 antibody was used. The signal was detected in 9 dpp mutant
testes, but not in newborn hamsters testes (Fig. 48), suggesting different post-transcriptional
regulation of retrotransposons between the two stages and potential retrotransposable activity
of IAP and LINE]1 elements emerging on day 9 post-partum. Accordingly, increased YH2AX
signal was detected in 9 dpp mutant testes (Fig. 48), suggesting compromised genome integrity

due to TE mobilization.
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Figure 48: Analysis of IAP and LINE1 protein expression in newborn and 9 dpp hamster testes.
Immunofluorescence staining showed the presence of IAP GAG (green, left) and LINE1 ORF1
(green, right) proteins in 9 dpp Mov10l1 mutant seminiferous tubules, but not in newborn
mutants. Elevated expression of IAP and LINE1 elements was associated with increased
yYH2AX (red) signal. DDX4 (VASA, red) was used to indicate germ cells and DNA was stained
with DAPI (blue). Scale bars, 50 um.

In conclusion, a more detailed analysis of transcriptome changes in 9 dpp MovI10l1™"
testes demonstrated that the regulation of gene and retrotransposon expression by the piRNA
pathway may be interrelated. For example, when Lypd6b and Kif5c, the two of the most
upregulated genes in 9 dpp mutant testes were examined, they appeared to be genomic
neighbors. This suggests a common regulation of the locus. The expression profile analysis of
the transcriptome along with small RNA profiling showed that the regulation may occur via
piRNAs derived from the 3" UTR of the Kif5c gene or through the control of a multiple
retrotransposon insertion in the Lypd5 gene (Fig. 49). Therefore, the data do not allow to
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distinguish the primary cause of the phenotype and rather refer to the very complex biological

system.
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Figure 49: Snapshot from the UCSC browser showing 24-31 nt RNA profiling in WT 9 dpp
testes (top) and long transcripts in WT 9 dpp testes (middle) and Mov10l1 mutant 9 dpp testes
(bottom) at the Kif5c-Lypd6 locus. The red arrow indicates piRNAs mapping to 3" UTR of the
Kif5¢c gene. Multiple insertions of retrotransposons (MYSERV6, RLTR31B2 and Lx5) into intron
1 of the Lypd6b gene and increased density of small RNAs derived from the same region along
with piRNAs derived from Lx5 element, which are in close proximity, are also shown.

Overall, I showed that Mov10l1”- golden hamster males are sterile due to massive germ
cell loss during spermatogonia formation. Rarely surviving germ cells show a defect in meiosis,
resembling a phenotype in MovI0lI”~ mice. Stages preceding the major phenotypic
manifestation in hamster MovI0l] mutant testes show substantial transcriptome changes, and
germ cell loss appears to be associated with elevated levels of MYSERYV, a young element

identified in golden hamsters, and active full-length intact IAP and LINE1 elements.
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5 Discussion

The piRNA pathway is an RNA-silencing mechanism whose ancestral function is to
suppress the activity of mobile elements, which can pose a dangerous threat to the genome. The
pathway has been extensively studied since the discovery of piRNAs (Aravin, Gaidatzis et al.
2006, Girard, Sachidanandam et al. 2006, Grivna, Beyret et al. 2006). Although our knowledge
of the piRNA pathway has expanded in the last few years, many unknowns remain to be
explained. The growing interest in the piIRNA pathway brought many descriptive analyses of
piRNAs and retrotransposons in a wide variety of animals. However, the biological function of
the piRNA pathway in mammals has only been experimentally addressed in mice. This study
selected the golden hamster as an alternative model organism to analyze the biological
significance of the mammalian piRNA pathway beyond the known functions described in mice.
Golden hamster is a suitable model for this task, because its small RNA pathways are more

similar to other mammals than that of mice.
Golden hamster as a model for the mammalian piRNA pathway

Unlike Drosophila or zebrafish, any disruption of the mouse piRNA pathway leads to
male sterility with no effect on female fertility (Lin and Spradling 1997, Cox, Chao et al. 1998,
Deng and Lin 2002, Kuramochi-Miyagawa, Kimura et al. 2004, Carmell, Girard et al. 2007,
Houwing, Kamminga et al. 2007, Houwing, Berezikov et al. 2008, Frost, Hamra et al. 2010). It
is remarkable that such an evolutionary conserved pathway like the piRNA pathway would lose
its significant function in the mammalian female germline. Notably, mice have evolved specific
modifications to small RNA pathways that could mask the biological role of the piRNA
pathway in the female germline. The first significant modification to the mouse piRNA pathway
is a lack of PIWIL3 protein (Mouse Genome Sequencing, Waterston et al. 2002), one of the
four PIWI proteins present in other mammals, like a cow or human (Roovers, Rosenkranz et al.
2015, Tan, Tol et al. 2020). Second, highly active RNAi pathway present in mouse oocytes
points towards a unique combination of small RNA pathways in mouse female germline (Flemr,
Malik et al. 2013). These specific aspects of small RNA pathways in mice emphasized the need
for a new model organism more similar to other mammals, including humans. The presence of
PIWIL3 (Ishino, Hasuwa et al. 2021) together with probable lack of highly active RNAIi in
golden hamster oocytes (Franke, Ganesh et al. 2017) resembles settings of mammalian small
RNA pathways much closer than that of mice. Also, given the fast zygotic genome activation,

short gestation (Hirose and Ogura 2019) and, above all, the availability of gene editing (Hirose,
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Honda et al. 2020), the golden hamster is an optimal model for studying the biological

significance of the piRNA pathway in mammals.
Retrotransposons in golden hamsters

Analysis of retrotransposons, the main targets of the piRNA pathway, has revealed
several potentially active retrotransposon families in the golden hamster genome. Because
mouse and hamster separated from a common ancestor and because ancestral active IAP and
LINE1 elements are present in the mouse genome (Mouse Genome Sequencing, Waterston et
al. 2002), particular attention was paid to hamster IAP and LINE1 elements. This study found
110 full-length intact copies of IAP and 110 full-length intact copies of LINE1 elements in the
hamster genome, which are most likely capable of retrotransposition. It is a low number in
comparison to more than 2 800 full-length intact copies of LINE1 elements found in the mouse
genome (Mouse Genome Sequencing, Waterston et al. 2002). Also, we showed that different
IAP and LINE1 subfamilies expanded in golden hamsters and mice. This offers an insight into
retrotransposon divergence during ~24 million years (Steppan, Adkins et al. 2004) of the

independent evolution of golden hamsters and mice.

Besides LINEI and IAP retrotransposon families, the MuLV, MMERVK and MYSERV
elements were also selected as young and potentially active elements. The activity of MuLV
and MMERVK families has already been described in mice (McCarthy and McDonald 2004,
Stocking and Kozak 2008), suggesting that their origin started back in a common ancestor of
mouse and hamster. Although MYSERV was also present in the common ancestor of mouse
and hamster, its activity has not been reported in mice and its sequence divergence suggests it
is dead there. However, MYSERV features observed in this study indicate that MYSERV
adapted its expression and acting to the early spermatogenesis in the Cricetidae family.
MYSERYV family is not well characterized and a low degree of homology with IAP elements
does not show a close relationship between the two elements. The ORF analysis performed in
this study showed that MYSERYV can be in fact an autonomous element. A previous study
suggested that MYSERV is related to active non-autonomous Mys element (Cantrell, Ederer et
al. 2005), which was identified in the Cricetidae family (Wichman, Potter et al. 1985). Non-
autonomous Mys elements in golden hamsters appear good candidates to be mobilized by

MYSERYV elements.

A different situation is observed in the case of ERVL elements. MalLR, a non-

autonomous group of ERVL elements participating in mouse oocyte-to-zygote transition, which
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was possibly driven by the autonomous MuERVL element, exhibits recent expansion in the
mouse genome (Mouse Genome Sequencing, Waterston et al. 2002, Franke, Ganesh et al.
2017). However, no recent expansion of MaLR elements was found in the hamster genome
based on substitution rate analysis. Accordingly, hamster MuERV-L and other ERVL families
did not show recent expansion either, which indicates an absence of recent ERVL activity in
the hamster genome. Together, analysis of young potentially active elements in related species
offers an insight into the evolutionary divergence of ancestral transposable elements. For
example, the above-described differences of ERVK and ERVL families in mouse and hamster
genomes reveal dynamics of independent evolution of retrotransposons during the last ~24

million years (Steppan, Adkins et al. 2004).
The golden hamster piRNA pathway

Analysis of the golden hamster piRNA pathway outlined certain differences between
male and female germlines. Features of pre-pachytene and pachytene piRNA populations
examined at different time points of hamster spermatogenesis showed that hamster testicular
piRNAs have the same characteristics as many other mammalian piRNAs, such as 1U-bias or
the ping-pong signature (Aravin, Sachidanandam et al. 2008, Yang, Li et al. 2019). This shows
that piRNA biogenesis during golden hamster spermatogenesis is essentially as was described
in mice (Aravin, Sachidanandam et al. 2008). Surprisingly, we observed specific piRNAs
remaining in golden hamster oocytes lacking MOV10L1 helicase. Given that MOV10L1 is an
essential helicase for the initial steps of piRNA biogenesis (Zheng, Xiol et al. 2010, Vourekas,
Zheng et al. 2015), we hypothesize that yet unknown alternative MOV 10L1-independent

mechanism of piRNA production may exist in golden hamster oocytes.

The piRNA pathway in golden hamster oocytes was examined through transcriptomic
data. The analysis showed that, in addition to the presence of PIWIL3, Piwil4 is also well
expressed in fully grown hamster oocytes. PIWIL4 was not detected in fully grown or growing
mouse oocytes (Kabayama, Toh et al. 2017) and is expressed in murine gonocytes and
spermatogonia, where it is associated with post-transcriptional silencing of retrotransposons
and piRNA-directed methylation of TE promoters (Watanabe, Cui et al. 2018). Thus, not only
the presence of PIWIL3, but also the expression of Piwil4 in hamster oocytes suggests a
different mode of operation of the piRNA pathway than in mouse oocytes. Interestingly,
transcriptomic data from human oocytes also show Piwil4 expression in GV oocytes, albeit in
low amounts, which suggests other common features in addition to Piwil3 expression shared
by the hamster and human oocytes. It is possible, that the unique physiology of oocytes together
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with the expression of specific piIRNA pathway components, like PIWIL3, promoted a different
strategy of piRNA production compared to testes.

The biological role of the piRNA pathway in female golden hamsters

To investigate the biological significance of the piRNA pathway in golden hamsters, the
function of the piRNA pathway had to be disrupted first. There were several possibilities how
to do this, e.g. knocking-out one of the PIWI proteins. However, this strategy may be
problematic due to possible redundant functions of PIWI proteins. Such redundancy can help
the germline to overcome certain defects caused by the loss of one of the PIWI proteins, thus
complicating analysis of knock-out phenotypes. As noted above, it was reported earlier that
MOVIO0L1 plays an important role in the initial steps of piRNA biogenesis (Vourekas, Zheng
etal. 2015). Given this knowledge, we assumed that loss of MOV 10L1 should eliminate piRNA
production completely and thus lead to complete loss of the piIRNA pathway.

Deletion of MOV10L1 helicase caused impaired fertility in both sexes in golden
hamsters, even though not all piRNA populations were lost in MovI0/I mutant oocytes, as
discussed above. In accordance with our research, two parallel studies of the golden hamster
piRNA pathway described a sterile female phenotype of Piwil/l mutants (Hasuwa, Iwasaki et
al. 2021, Zhang, Zhang et al. 2021). Given the consistency in phenotypes of different mutants,
we can conclude that female sterility is indeed a result of a non-functional piRNA pathway
rather than a result of some hypothetical piIRNA-independent function of knocked-out proteins.
Our data thus refute the assumption that the piRNA pathway is necessary only for male
germline in mammals, as was shown in numerous studies in mice (Deng and Lin 2002,
Kuramochi-Miyagawa, Kimura et al. 2004, Carmell, Girard et al. 2007, Frost, Hamra et al.
2010). It also implies that modifications of small RNA pathways present in mice obscured the

biological significance of the mammalian piRNA pathway in the female germline.

The sterility of hamster piRNA pathway mutant females comes from a developmental
arrest at the 2-cell stage (Hasuwa, Iwasaki et al. 2021, Zhang, Zhang et al. 2021). Activation of
the zygotic genome is largely dependent on maternal contribution, and the sterile phenotype is
clearly a maternal effect, as shown by viability and normal Mendelian frequency of Mov10117-
animals derived from heterozygous zygotes. Therefore, our study focused on the fully grown
GV stage of oocytes, which is the last stage of ovarian oogenesis. It is also a stage expressing
all components of the piRNA pathway, as shown by RT-PCR analysis of hamster oocytes and
zygotes, suggesting that the piRNA pathway executes an important function in hamster GV
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oocytes. To find out the potential origin of female sterility, we examined changes in gene
expression of protein-coding genes in GV oocytes and surprisingly found only 13 genes
dysregulated in Movi0/l mutants. In contrast, analysis of Piwi/l-deficient matured oocytes
identified 1 612 dysregulated genes (Hasuwa, Iwasaki et al. 2021). Although disruption of the
piRNA pathway leads to the same phenotype in both mutants, there may be several differences

explaining the transcriptome variability.

First, piRNA populations are affected differentially in the two mutants. Massive, but
incomplete loss of piRNAs was observed in Mov10/1”~ oocytes. The remaining piRNAs could
be effective to mediate the regulatory function required in GV oocytes. In the Piwi// mutant,
only piRNA populations bound to PIWIL1 would be affected, while those bound by other PIWI
proteins would be intact. However, it is possible that the PIWIL1-bound piRNA population is
important for regulatory function in GV oocytes and that piRNAs remaining in Movi0!]
mutants are those that interact with PIWIL1. Second, interaction of other PIWI proteins
expressed in Piwill mutant oocytes with piRNAs normally bound by PIWIL1 could have a
negative impact on the transcriptome. Third, piRNA-independent role of PIWIL1 (Gou, Kang
etal. 2017) could cause additional transcriptome changes to those caused by the loss of piRNAs.
However, differences can also be, in part, explained by using oocytes of different stages leading

to an escalated differential expression of genes during oocyte maturation.

A direct comparison of the datasets from differential expression analysis of Movi0!1
and Piwill filtered with the same stringency revealed 13 potential piIRNA target genes that were
significantly upregulated in both mutants. Yet, no common features were found among these
genes, which suggests diverse control of the piRNA pathway. It is also possible that
upregulation of these genes is a secondary effect caused by yet unknown primary changes or
that the piRNA pathway participates at the posttranscriptional level. Nonetheless, even small
changes in the transcriptome of MovI0/1”~ hamster oocytes could contribute to developmental

incompetence, as exemplified by Ythdf2 mouse mutants (Ivanova, Much et al. 2017).

Cumulative effect of defective maternal mRNA clearance adversely affecting zygotic
genome activation may also be detrimental to ZGA (Rouget, Papin et al. 2010, Halbach, Miesen
et al. 2020). Accordingly, Zhang and colleagues (Zhang, Zhang et al. 2021) show accumulation
of maternal mRNA transcripts in Piwill-deficient zygotes, suggesting impaired degradation of
maternal mRNAs, which could lead to defective ZGA. This suggests a role for piRNAs in the
degradation of maternal mRNAs during early development, which could have been omitted in
our study, because we focused on earlier stages of development.
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Not only changes in protein-coding genes, but also derepression of retrotransposons
could lead to a developmental defect in female Mov/0/l mutant hamsters. Yet, analysis of
retrotransposons in hamster GV oocytes showed only a small increase in transcripts of LINE1
and TAP full-length intact elements. This suggests either very mild retrotransposon derepression
occurring at only a few loci, or generally limited expression potential of retrotransposons in
Mov10l1 mutant oocytes. It is possible that retrotransposons have not adapted their activity to
golden hamster GV oocytes and their expression may peak at later developmental stages or
piRNAs remaining in MovI0/l mutant oocytes may be effective to suppress these elements.
Moreover, the whole-genome bisulfite sequencing of MovI0l1-deficient GV oocytes did not
reveal significant changes in DNA methylation status of IAP retrotransposons. This suggests
that the repression of retrotransposons in Mov0!/1-deficient oocytes is still present. Again, it is
possible that piRNAs remaining in MovI0l1”- oocytes may still sufficiently contribute to
maintaining DNA methylation in MovI/0ll mutants and the above-mentioned presence of
PIWIL4 in hamster oocytes may help control the DNA methylation status. However, the
possibility that retrotransposon repression is not associated with piRNA-directed methylation

should also be considered.

Although we did not observe major derepression of retrotransposons in Movi0l1-
deficient GV oocytes, their activity could start later and/or they could accumulate between GV
oocytes and 2-cell zygotes. The 2-cell stage is the stage at which the zygotic genome activation
starts in golden hamsters (Seshagiri, McKenzie et al. 1992) and is therefore very sensitive to
any transcriptional and chromatin changes. When we examined Mov10l1”- 2-cell zygotes by
immunofluorescence staining with H3K9Ac¢ and H3K9me3 antibodies, we did not find any
unexpected major change in active chromatin or heterochromatin marks. The unaltered
configuration of chromatin indicates normal heterochromatin formation in zygotes prior to
zygotic genome activation. We also did not find any positive staining of LINE1 ORF1 and [AP
GAG proteins in 2-cell zygotes lacking MovI0l1. In contrast, a parallel publication reported a
significant increase of TE transcripts from Piwill-deficient GV oocytes to 1-cell embryos
(Zhang, Zhang et al. 2021), which suggests a cumulation of derepressed retrotransposons in the
piRNA pathway-defective zygotes. However, the loss of MovI0/l and Piwill could affect
retrotransposons differentially. Our RT-PCR analysis of piRNA pathway transcripts at various
time points of development showed persistence of only the Piwill transcript up to the 2-cell
stage. This would imply that PIWIL1 is the only PIWI protein translated and mediating piRNA-

related function during early embryonic development. However, it is necessary to consider also
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protein stability of other PIWI proteins. Accordingly, incomplete loss of piRNAs in MovI0l17
oocytes could lead to milder retrotransposon derepression effects than the loss of PIWILI1. In
any case, activity of mobile elements requires retrotransposon-encoded proteins that were not
detected in Mov10l1-deficient zygotes by immunofluorescence staining. This approach is either
not sensitive enough to detect active elements in embryos, or retrotransposons are not active at
the protein level. Possibly, as Zhang et al. (Zhang, Zhang et al. 2021) analyzed TEs at the RNA
level, another post-transcriptional mechanism could prevent protein translation, or detected

RNA signal may not represent full-length intact elements.
The biological role of the piRNA pathway in male golden hamsters

Our work shows that Movi0!/I-deficient hamster males are sterile. The phenotype is
manifested by massive germ cell loss during spermatogonia formation. This is different from
mice where male Mov/0/] mutants show arrest in meiotic spermatocytes (Frost, Hamra et al.
2010). In hamsters, only rarely surviving germ cells develop into meiotic cells. The surviving
hamster meiotic cells show activity of AP elements associated with impaired genome integrity.
This observation suggests a secondary effect of the loss of the piRNA pathway in hamster
meiotic cells, which is reminiscent of the MovI0l”- mouse phenotype (Frost, Hamra et al. 2010).
Thus, it appears that besides the common meiotic function of the MOV 10L1 protein, a specific
function evolved in golden hamster pre-meiotic cells. Interestingly, analysis of MOV10L1
protein in testes of mice and hamsters showed that, in contrast to mice, golden hamsters express
two MOVI10L1 isoforms. Whether this difference may reflect an additional function of

MOV10L1 protein remains unknown and would require further investigation.

Germ cell loss in the early stages of spermatogenesis appears to be associated with
massive transcriptomic changes in newborn and 9 dpp testes, stages preceding the phenotype.
It is possible that loss of the piRNA pathway led to upregulation of protein-coding genes
normally regulated by piRNAs, which resulted in defective germ cell development. Differential
expression analysis showed around 300 and more than 900 genes dysregulated in newborn and
9 dpp mutant testes, respectively. We expected that real targets of the piIRNA pathway should
be present in both datasets. However, this was not the case, because different sets of genes were
dysregulated in newborn and 9 dpp testes. This minimal overlap of differentially expressed
genes indicates that cumulative trend of differentially expressed genes is not the reason behind
the male germ cell loss. Notably, only a minimum of upregulated genes appeared to be directly
targeted by piRNAs. Although real changes could be masked by bulk sequencing of all
testicular cell populations, which makes detecting changes in smaller populations difficult.
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Also, exact requirements for piRNA-target pairing have not yet been fully clarified and it

appears that targeting flexibility is provided beyond the seed and is tolerant of mismatches

(Anzelon, Chowdhury et al. 2021).

The rare occurrence of germ cells, which has led to the formation of meiotic cells in
adult mutant hamsters, suggests a stochastic element in the mechanism leading to germ cell
death, which allows for fortuitous survival of specific cells. This could be explained by the
activity of retrotransposons, which may compromise the genome control rather stochastically.
Indeed, a genome-wide derepression of MYSERYV loci was found in 9 dpp testes, a stage
preceding the germ cell loss. It suggests that MYSERYV derepression is involved in the failure
of spermatogenesis. Also, positive staining of IAP and LINE1 proteins found in MovI0l]
mutant 9 dpp testes indicates that these full-length intact elements are capable of
retrotransposition at this stage. This is surprising, because sequencing reads perfectly mapping
to full-length intact copies of IAP and LINE1 elements were only slightly increased in mutants
at day 9. This could be a situation where full-length intact retrotransposons escaped repression
at only a few loci. High activity of these several copies may be detrimental for the host cell,

while there would be a low increase at the RNA level.

Interestingly, MYSERV derepression in newborn mutant testes did not appear as
massive as in 9 dpp mutant testes. Also, no signal was detected when IAP and LINEI proteins
were stained in newborn mutant testes, even though IAP RNA analysis showed similar results
as in 9 dpp mutant testes. It suggests a different post-transcriptional regulation of
retrotransposons in newborn and 9 dpp testes and emerging activity of [AP and LINEI
retrotransposons in testes of 9 days old hamsters. Moreover, the MMERVK family of
retrotransposons appears to be massively upregulated in newborn mutant testes, whereas its
expression decreases on day 9. These results suggest that different retrotransposon families
have adapted their activity to different stages of germ cell development. Consequently, different
sets of differentially expressed genes in newborn and 9 dpp mutant testes may be the result of
activity of different retrotransposon groups affecting transcriptome in various ways. Thus, the
massive loss of germ cells would be associated with detrimental activity of retrotransposons,

which have adapted their expression to the stage preceding the phenotype.

The example of MMERVK elements upregulated in newborn Mov/0/l mutant hamster
testes shows that not all transposable elements have a destructive effect when derepressed. We
cannot say whether these elements were translated into protein and therefore capable of
retrotransposition. However, a somewhat similar observation was made in mice. The

101



derepressed IAP activity in mouse spermatogonia does not cause a defect in spermatogenesis
until LINE1 elements are massively upregulated during meiosis in mouse piRNA pathway
mutants (Kuramochi-Miyagawa, Kimura et al. 2004, Carmell, Girard et al. 2007). When LINEI
elements are elevated in spermatogonia in Mili and G9a double mutants, massive loss of pre-
meiotic cells occurs in early stages of spermatogenesis (Di Giacomo, Comazzetto et al. 2014).
This raises an interesting question of whether the mutual activity of IAP and LINEI1
retrotransposons or LINE1 activity itself causes fatal cell damage in mice. Likewise, it remains
to be determined whether the combined activity of TEs or a specific family of retrotransposons
causes germ cell death in hamster spermatogenesis. Possibly, MYSERYV activity alone, which
peaks on day 9, may damage cells during spermatogonia formation. On the other hand, the
absence of IAP and LINEI] proteins in newborn mutant testes suggests that TEs become
transpositionally active later, and therefore cells may die at day 9 and later due to the mutual
activity of different TE families capable of retrotransposition. Not only mobile activity, but also
transcriptional activity of derepressed retrotransposons can affect neighboring genes and lead
to transcriptomic changes resulting in germ cell loss. Finally, we cannot exclude the possibility
that TEs are only “bystanders” of more general transcriptional changes underlying the observed
phenotype. Therefore, finding the primary cause of germ cell loss in Movi0/l mutant golden

hamsters still needs further investigation.
Adaptability of retrotransposons

Our study reports an important regulatory role of the piIRNA pathway in pre-meiotic,
meiotic and post-meiotic stages of germline development. Interestingly, while the phenotype
manifests in pre-meiotic and meiotic stages of spermatogenesis, females exhibit post-meiotic
and post-zygotic arrest at the 2-cell stage. Golden hamster testicular and oocytic piRNAs have
been shown to differ and rarely overlap (Ishino, Hasuwa et al. 2021), which suggests that
different targets and thus different biological functions may exist in the two cell types.
Accordingly, we did not observe derepression of MYSERV elements in MovI(0// mutant
oocytes, whereas it was massively upregulated in spermatogenic cells. MYSERYV thus seems to
have adapted its expression exclusively to the male germline of the Cricetidae family and
perhaps stages of female germline development we did not analyze. Also, piIRNAs remaining
in MovI0lI”~ oocytes could protect the genome from MYSERV derepression. However,
because the evolutionarily conserved role of the piRNA pathway is retrotransposon silencing,
we can assume that the biological role of the piRNA pathway is the same in both sexes. In this

case, differences in phenotypes of males and females can be explained by adaptation of the
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pathway to the stage where active retrotransposons have adjusted their expression. Adaptation
of retrotransposon expression to specific cell types is likely random and depends on selective
pressure and recruitment of host cell transcription factors. The stage to which active
retrotransposons have adapted their expression is most likely to be the same where loss of the
piRNA pathway causes a defect, as suggested by MYSERV, LINEI and IAP expression in 9
dpp hamster testes.

In this respect, the group of golden hamster MaLLR elements appears to be an interesting
case. Since no recent expansion of the MalLR group of elements was found in the golden
hamster genome, it is surprising that abundant piRNA populations targeting MaLR elements
exist in golden hamster testes. MaLR-derived piRNAs appear mainly on day 21 post-partum,
suggesting that these elements may be transcriptionally active during meiosis. Although they
appear to be transpositionally inactive, as indicated by nucleotide substitution rate analysis,
their expression could negatively affect germ cell development. Unfortunately, the absence of
meiotic cells in male MovI0/] mutants precludes examining the transcriptional potential of
these elements in golden hamsters. Anyway, combined analysis of piRNAs and potentially
active retrotransposons appears to have considerable predictive value for the biological function

of the piRNA pathway in a given animal species.

Different adaptation of retrotransposons to host germ cell development can be
exemplified by mouse and golden hamster spermatogenesis. Hamster IAP and LINE1 elements
apparently adapted their expression during spermatogenesis differently than in mice. Whereas
the LINE1 family can be observed throughout the whole spermatogenesis in mice (D1 Giacomo,
Comazzetto et al. 2013, Di Giacomo, Comazzetto et al. 2014), it adjusted its activity to the early
stages of hamster spermatogenesis. This is demonstrated by the abundant population of LINE1-
targeting piRNAs found mainly in 9 dpp testes. It also corresponds with positive staining of
LINE1 ORF1 protein observed in juvenile, but not adult Mov/0/l/ mutants. In contrast, [AP
protein was observed in juvenile germ cells, as well as in meiotic spermatocytes in adult
MovI10ll mutant hamster testes, corresponding to the presence of piRNAs targeting IAP
elements at all stages tested. This suggests that IAP is active during a large part of hamster
spermatogenesis. Adaptation of retrotransposon activity to a particular developmental stage
appears to correspond to the subsequent biological function of the piRNA pathway, as shown
by the loss of hamster germ cells associated with MYSERV, IAP, and LINE1 activity in 9 dpp
mutant testes and the loss of mouse pre-meiotic/meiotic germ cells associated with elevated

activity of LINE1. These data show that adaptation of TE activity to different stages of germ
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cell development in animals is stochastic and may vary between species. Accordingly, these
data provide an evolutionary perspective of the endless fight between the piRNA pathway and
parasitic transposable elements, demonstrating the adaptive nature of the pathway, which

allows for an active response to emerging threats to the genome.
Evolutionary aspects of the piRNA pathway

The piRNA pathway is well conserved from invertebrates to mammals, but many
differences can be found, such as sources and targets of piRNAs or specific adaptations of
piRNA biogenesis (reviewed in (Ozata, Gainetdinov et al. 2019)). For example, piRNA-
generating loci in flies lack hallmarks of typical transcription, such as active promoter histone
marks or splicing signals (Moshkovich and Lei 2010, Ozata, Gainetdinov et al. 2019), while
they are indistinguishable from canonical transcription in mammals. Also, while Drosophila
and zebrafish piRNA pathway mutants show defects in pre-meiotic cells during germ cell
establishment (Lin and Spradling 1997, Cox, Chao et al. 1998, Houwing, Kamminga et al. 2007,
Houwing, Berezikov et al. 2008), defects in mouse male piRNA pathway mutants manifest in
specified meiotic and post-meiotic cells (Deng and Lin 2002, Kuramochi-Miyagawa, Kimura
et al. 2004, Carmell, Girard et al. 2007, Frost, Hamra et al. 2010). This implies differences in
the regulation of germ cell development between Drosophila, zebrafish and mice. Also, as
noted at the beginning, disruption of the piRNA pathway leads to male and female sterility in
Drosophila or zebrafish (reviewed in (Ketting 2011)), while the piRNA pathway is only
essential for male fertility in mice (Deng and Lin 2002, Kuramochi-Miyagawa, Kimura et al.
2004, Carmell, Girard et al. 2007, Frost, Hamra et al. 2010). Despite unimpaired female fertility
in mouse piRNA pathway mutants, the importance of the piRNA pathway in female germline

of non-Muridae mammals has been anticipated (Roovers, Rosenkranz et al. 2015).

Accordingly, my thesis research showed that the piRNA pathway is essential for fertility
of both sexes in golden hamsters, reminiscent of phenotype of piRNA pathway mutants in
Drosophila and zebrafish (Lin and Spradling 1997, Cox, Chao et al. 1998, Houwing, Kamminga
et al. 2007, Houwing, Berezikov et al. 2008). For example, the piRNA pathway is necessary
for germ stem cell maintenance in Drosophila (Lin and Spradling 1997, Cox, Chao et al. 1998)
and we did not observe other than rarely surviving meiotic cells in adult MovI0/I”~ golden
hamster males. This suggests that, similarly to Drosophila, the piRNA pathway is important for
germ stem cell maintenance in golden hamsters. Zebrafish is a special case, where all piRNA
pathway mutants are phenotypically sterile males due to the loss of PGCs necessary for
development of female gonads (Houwing, Kamminga et al. 2007, Houwing, Berezikov et al.
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2008). However, a specific missense mutation in Zili allowed the development of females,
which were sterile (Houwing, Berezikov et al. 2008). Similar to golden hamster mutant females,
missense Zili zebrafish mutant females formed oocytes, which could be fertilized, but showed
defects in meiosis (Houwing, Berezikov et al. 2008). This is in contrast with our observation,
that golden hamster oocytes lacking Mov10/1 do not have any apparent defects in meiosis. Also,
complete loss of ZILI showed that, unlike golden hamster piRNA pathway mutants, Zili
mutants in zebrafish do not form oocytes due to the inability of germ cells to differentiate

(Houwing, Berezikov et al. 2008).

To characterize differences and similarities between Drosophila, zebrafish and golden
hamster piRNA pathway mutants, we must consider that the biology of germ cell development
differs profoundly among these species. Despite such differences, the common requirement for
the piRNA pathway in germ cell development of different species is remarkable, given almost
800 million years of independent evolution of Drosophila and golden hamsters (Kumar, Stecher
et al. 2017) and evolutionary modifications in the piRNA pathway, such as the presence of only
two PIWI proteins in zebrafish (Houwing, Kamminga et al. 2007), while four are encoded in
the golden hamster genome (Ishino, Hasuwa et al. 2021). This shows that the biological role of
the piRNA pathway is evolutionary conserved and that sexual dimorphism of mouse piRNA
pathway mutants is presumably caused by specific modifications in small RNA pathways that

differentiate mice from other mammals.

One of the specific aspects in mouse oocytes is highly active RN A1, which is driven by
an oocyte-specific shorter isoform of Dicer (Dicer®) (Flemr, Malik et al. 2013). Dicer® is
generated from an alternative promoter provided by retrotransposon LTR which was inserted
in the common ancestor of mouse, rat, and hamster, but preferentially adapted its promoter
activity to the Muridae family (Flemr, Malik et al. 2013, Franke, Ganesh et al. 2017). Although
the promoter in rat oocytes is not as active as in mouse oocytes, rat oocytes express more Dicer®
isoform transcript than the full-length Dicer mRNA (Franke, Ganesh et al. 2017). Thus, it would
be interesting to see whether RNAI is also active in rat oocytes. In hamster oocytes, the full-
length Dicer expression dominates while Dicer® expression is negligible (Franke, Ganesh et al.

2017).

Another modification to small RNA pathways in mice is loss of Piwil3, which is present
in other mammals, including hamster, cow and human (Roovers, Rosenkranz et al. 2015, Tan,
Tol et al. 2020, Ishino, Hasuwa et al. 2021). Piwil3 was lost due to recombination of the locus
carrying the gene in the common ancestor of mice and rats. Loss of oocyte-specific PIWIL3 in
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golden hamster females leads to a milder phenotype than the loss of MOV10L1 or PIWILI.
Piwil3-deficient oocytes can support development, although Piwil3”" females are subfertile. It
is associated with altered methylation which was observed in Piwil3 mutant oocytes (Hasuwa,
Iwasaki et al. 2021). In contrast, whole-genome bisulfite sequencing of MovI0ll-deficient
oocytes did not report such changes, which could have several reasons: (1) our analysis of
Mov10l1 mutants may have omitted these changes due to low genome coverage, (2) remaining
piRNAs in MovI10/1”~ oocytes could prevent these changes or (3) PIWIL3 has a piRNA-
independent role in DNA methylation. Accordingly, Piwil3-deficient oocytes did not show
significant TE derepression like MovI0ll or Piwill mutants (Hasuwa, Iwasaki et al. 2021,
Zhang, Zhang et al. 2021). This would again point towards an alternative piRNA-independent
role of PIWIL3 in hamster oocytes.

This also suggests that lack of Piwil3 in the mouse genome is not a major reason for
nonessential function of the piRNA pathway in mouse oocytes. While we cannot rule out that
insignificance of the piRNA pathway in mouse oocytes may be based on changing requirements
for the piRNA pathway during evolution, highly active RNAi should be considered as the key
difference between biology of small RNA pathways in mice and other mammals. Notably, a
study showing the redundant function of piRNA and RNAi pathways in suppression of
retrotransposons (Taborska, Pasulka et al. 2019) suggests evolution of redundant targeting of
specific transcripts. Recent work also shows an interesting cross-talk between these two
pathways in Drosophila, where maternally inherited siRNAs initiate the formation of piRNA
clusters (Luo, He et al. 2022). We can thus speculate to what extent siRNAs in mouse oocytes
take over the function of piRNAs. Unfortunately, the meiotic defect in mouse oocytes lacking
RNAIi (Murchison, Stein et al. 2007) prevents a study of overlapping and independent roles of

the two pathways after fertilization.

Therefore, it would be very interesting to see how would loss of the piRNA pathway
affect rats, given the presence of Dicer® and lack of PIWIL3 in their oocytes. In this case, the
RNAI pathway in rat oocytes does control different genes than in mice (unpublished data) and
it is unclear whether it is important at all. Thus, the piRNA pathway might be presumably
important for rat female germline. At the same time, rat RNAi and piRNA pathways could
eventually evolve targeting redundancy, which could lead to the same situation as observed in
mice. In any case, rat appears to be an interesting model for further study of RNAi and piRNA
pathways.
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Taken together, our study along with those of Zhang et al. and Hasuwa et al. (Hasuwa,
Iwasaki et al. 2021, Zhang, Zhang et al. 2021) demonstrate that, unlike the mouse model
suggested, PIWI proteins together with piRNAs are not dispensable in mammalian oocytes and
are important for female fertility. Although the exact molecular mechanism has not been
uncovered, these studies show requirements for the piRNA pathway at various stages of
mammalian development. Although we have pushed the boundaries of our knowledge little
further, many questions remain to be answered. For example, how does the system recognize
which transcript is to be processed by the piIRNA pathway, or how is the biogenesis of piRNAs
initiated in mammals? Is there an initiator piIRNA or is the process initiated de novo? What is
the function of abundant pachytene piRNAs, and do somatic piRNAs exist in mammals?
Furthermore, the pioneering studies of the piIRNA pathway in golden hamsters bring other
questions to the field of small RNA pathways. For example, how are MovI0l]-independent
piRNAs remaining in oocytes of female MovI0l1”- mutant hamsters produced, and what is their
function? What is the primary cause of sterility in hamster piRNA pathway mutants? What
would be the phenotype in other mammals where the piRNA pathway would be disrupted? It
would be very interesting to determine conserved and derived features of the piRNA pathway
among golden hamsters and other mammals. With the invention of the CRISPR/Cas9 technique,
we may not have to wait long to see functional genomic piRNA studies in other mammalian
models. To all this, our study together with those of Hasuwa et al. (Hasuwa, Iwasaki et al. 2021)
and Zhang et al. (Zhang, Zhang et al. 2021) provide valuable insight into the evolution of
transposable elements in rodents and open a new window of opportunity to study properties of
retrotransposons along with adaptations to the host genome. The demonstrated requirement of
the piRNA pathway for germ cell development in golden hamsters may also bring a valuable

contribution to fertility-related studies in the future.
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6 Conclusions

My PhD project brings a new perspective on the physiological relevance of the piRNA pathway
in mammals and addresses the evolution and adaptation of retrotransposons in golden hamsters.

The main conclusions are:

= The piRNA pathway is essential for male and female fertility in golden hamsters.

= Movli0lI-deficient golden hamster oocytes lack developmental competence and do not
support development beyond the 2-cell stage.

*  Movl0ll-deficient golden hamster oocytes show small transcriptome changes and mild
retrotransposon derepression. IAP elements do not show changes in DNA methylation
in Mov10l1”" golden hamster oocytes.

»  Specific population of piRNAs remains present in MovI0l1”- golden hamster oocytes.

= Male MovI0/l mutant golden hamsters are sterile due to massive germ cell loss during
spermatogonia formation.

» Secondary phenotype of male Mov/0// mutant golden hamsters shows the meiotic
failure of rarely surviving germ cells.

= The golden hamster genome encodes full-length intact IAP and LINE1 elements capable
of retrotransposition.

= Loss of germ cells in Mov0! mutant golden hamster males is associated with elevated
levels of MYSERV element and derepressed full-length intact IAP and LINEI1
elements.

* Young families of retrotransposons in golden hamsters are represented by Lx5 (LINEI),
MuLV, IAP LTR3/4, MERVK and MYSERYV elements.

= Independent evolution of ancestral LINE1 and IAP occurred in mice and hamsters.

MYSERYV expression adapted to the Cricetidae family.
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Supplementary files

Supplementary Data 1: Golden hamster MYSERY and IAP consensus sequences

>MYSERV6-int.consensus

TAGACATCCTAAGGTGGTTTTTCCAGTATCTGTATCAGAAAAACCAGCAACAAAAAAACAACCAAATGGTCCCAT
TGCTTATCACTGGGAGCCTATACAGATGAAGGATCTAAAAAATATTAAGGAGGCCATTGTCATGTATGGTCTTCA
TTCTACCTTTGTCAGAGAGCTCCTAACCTCATGGGCTACTATAAATAAAGTAACCCCAAAAGACTGGGCCCAATT
AGCCTCTGCAGTGCTCGAAAATTCTTGCCAAATTCAATGGAGAGCTTTGTGGAGGCAAGAAGCAAAAGCAATTGA
AATTCAGGAATTGCAGAACGGTCATGAAGTACCCCAAGACAAGATTCTTGGGGAGGGTCCTTATGCTGACACGCA
GGTTCAATCTGCATATGATGAGCACATGTTGTCTTTGTGCCGTACAGCTGCTTTAAATGCCTTGGATAAGGTTTG
TGAAACAGGAGAGATAATGCAACCCTACACCAAGGTATTACAGGGCCCAAGGGAAAGGTTCACTGAATTTTTAGA
GAGATTATCCAGAGCAGTAGATGTACAGGTAGCGAACCCAGAATCCAGGCGTCTTCTTATAGAATCTTTGGCGTA
TGAGAACGCGAATCCTCAATGCAGGCAGGTAATTTGGCCATTAAAAATAAGATCAGCACCATTGGAGGAATGGGT
CCTACATACAGCGAACCTGGAATGTAAAAGTCAGGATACAGGAGCTTGGGTAGGTGAAGCTATTTCTACAGGATT
GAGGAGGCACCAGGATGCCAAATACCCTACCTGTGATGATATAGAGGCATGGGTAGGGAAGGCAATCTCAAAGAA
TTTAAATAGGCATAAAGATGCAAAATGCTTTAACTGTGGTAGAATAGGACATCTTAGTAGGAACTGTAGACAACG
CATTCCTAGAAATAATGCTTTTACCAGGAATGTATCAAACAGAAGGCCTAAGCCTCCTGGTCTATGCAGGAGGTG
TGGGAAGGGGCGCCATTGGACTGATGAATGCTTTTCCACAATAGACAGACAAGGTAGATCTTTACAGCAGGGAAA
CGGGCTTCCGGGGCTCAATGGAGCCCCAAAAAGAAAGATTATCCGGTCATTCCCAGTGACAATGGAGGACAGCCT
CTCCCAGGACAATTAGAAAAGGAAGATTATCCGGTCATTCCCAGTGACAGTGGAGGACAGCCTCTCCCAGGACAA
TTAGAAGATCCACTGCCCATTGTAAATAATACGGCACTGGATAATACATTAGCTCCAGAGGATGAATCAATTACA
TCAGGAGGAGATACAAAACATATATTTTGGCAAACTTCTATACAATATCATAGACCCAAACTTCCAGTTAAGGTA
AATAATAAGGGTGATTTACGGATTACTGGACACCGGAAGTGACGTCACTATCCTTAATCAGCAGTCCTGGCCACA
AAACTGGGCTTTAAAAGAGGTTAATGTTCAATTCTTAGGGATCGGAACCCTATCTGAAGTTAAACAGAGCGTTAG
ATGGATTGACTTTATTGGGCCAGAAGGACAGAGAGGAAGGTTAAAGCCATACGTTGCAGATATTGCTATAAACCT
CTGGGGTCGTGATCTACTCCAGCAATGGAATACGCAGATTAAAATTCCTCCTGTATCAGCTAGGAATTATAGACA
AGCTCTTAGTGGTAGTAAGAATATAGTAAGACAGTACAGAAAACAGATGCCAAATGTACAGGCTGTACAGAAAGC
AAGATGCTAGTGCCAAACCTACAGAGCAACCAAAAGCTCTACCATTAAAATGGCTGACAGATGAACCCGTCTGGG
TGGGTCAATGGCCTATGACATCTGAGAAGTTAGAGGCTTTGGAGAAGTTAGTTCAGGAACAGCTAGATGCTGGAC
ATATTGAGGAATCAACTAGTGCATGGAATTCGCCTGTTTTTGTTGTCAAGAAGAAGTCTGGTAAGTGGAGAATGG
TTACTGATCTTAGAGCCATCAACAAGGTAATTCAGCCTATGGGGTCTCTACAACCTGGGATGCCGTTACCTTCTC
TAATTCCTAAGGATTGGCCAATTATAGTTATAGACTTAAAAGATTGTTTCTTCACCATACCGTTACAAGAAAACG
ACAGAGAAAAGTTCGCCTTCACAGTACCTACCTATAATAATTCCCGTCCGGTACAGAGATTCCAGTGGAAGGTAC
TACCTCAAGGTATGTTAAACAGTCCAACTTTGTGTCAATATTTTGTGAATAAACCTCTAGAAATAATTCGTAAAA
AATTTCCACATTCGTTAATATATCATTATATGGATGACATATTATTGTCTGATTCAAATAAGGATACTTTGGAAA
AGATGTTTGAGGCAGTAAAGGAAATTTTGCCTCGCTGGGGATTACAAATTGCCCCAGAAAAAATACAAAGAGGAG
ATTCTATTAACTATTTAGGTTATAAAATAGATGCTCAGAAAATTAGACCACAGAAAGTACAGATCAGAAGAGATC
GTTACCGGACTCTTAATGATCTTCAAAAACTATTAGGAGAAATCTCTCAATTACAGACGATTATTGGTGTAGAAG
GGCATGATTTAAAACACCTGAAAATGGCTTTAAAAGGAGATAAAGACCTAAACAGCCCACGAGTACTATCAGCTG
AGGCTGAAAAAGAATTAGAATGGGTAGAAAAGAGAATATTAGAAGCACATGTGGACCGTGTGGATCCAAATCTGG
ACTGTATTCTGGTTATTTTACCATCTAGAGAATACCCCTCAGGAATATTAATGCAGAGGGAAGACATCATTCTAG
AATGGGTATTTCTGCCACATAAACAGAATAAAAAATTGAAAACATATATAGAAAAGATCTCTGATTTGATATTAA
AAGGTAAATTAAGGCTTCGTCAACTGACTGGGAAAGACCCAGCTGAAATTATTGTACCTTTAACGAATGAGGAAA
TTTCCTCCTTATGGAAGGATAATGAGTATTGGCAAATAGCTTGCAGTGACTTTTTGGGAAGTATTAGTAATAACT
ATCCCAAAACAGAGAGAATCAAATTCATAAAGAAAACAATTTGGATTCTTCCACGTATCGTGAGGCAAACACCTA
TTTCTGGAGTTCTTACCTTCTACACGGATGCAAACAAATCAGGTAAAGCAGGGTATAAATCAGGAAATATAAGTA
AAGTAGTTCAAAGCCCTTACAACTCCGTACAAAAGGCAGAGTTATATGCCATTCTCATGGTACTTAAAGACTTTA
CAGAGCCTCTCAATATAGTCACGGATTCTCAGTATGCAGAAAGAGTTGTCCTGCACATTGAGACTGCAGAATTTG
TTCCTGATAATACAGAATTAACCTCATTGTTTTTACAATTGCAGGAAATCATCAGAAACAGGACTCATCCTATAT
ATATAACACACATCAGATCCCATACAGGTCTGCCAGGTCCTCTGGCACAAGGCAATGATGAAATTGATCGTTTAT
TAGTAGGTAATGTGTTGGAAGCTTCAGAATTTCATAAGAAACACCATGTTAACAGCAAAGGTTTAAAGAAGGATT
TTTCTATCACCTGGCAACAAGCCAAAGAAATAGTAAGAAATTGTCCCAGTTGCTCATTGTACAATCAAACTCCAT
TACCAGCAGGTTGTAATCCTAAAGGTGTTCACAGAAATGAACTTTTGCAAATGGATGTATTTCACTTCCCAGAAT
TTGGCAGTTTGAAATATGTACACCATACTATAGACACGTTCTCAGGCTTCCAATGGGCTACTGCCCTCAGCTCTG
AAAAAGCTGACTCTGTTATTACACACCTCTTAGAGGTAATGGCTGTTATGGGTATACCTAAAACAATAAAAACTG
ACAATGGTCCAGCATATGTCTCCAGTAAATTGGAACAATTCTTCAAATATTATAATATAAAACATGTAACTGGTA
TACCTTACAATCCCACAGGACAAGCAATAATTGAAAGGTCTAACCGAACCTTAAAAGAGATGCTTCATAAACAGC
CAGGGAAAACAAAGACACCTAAACACAGGTTACACAATGCTTTACTAACGTTGAATTTTCTTAATGCTGATGAAA
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AAGGACAAACTGCAGCAGAAAGACACTGGACTACAGAGAAGACTTCTGAACTGAACCAACCGGTGTATTTTAAGG
ATGTTATGACCTCAGTCTGGAAACCAGGATATGTGTTACGTTGGGGAAGGGGTTATGCTTTTGTTTCCACAGGAG
AAGAAAAGATTTGGGTTCCATCAAAATTAATTAAAATTCGATCAGAACAGAAAACATCTCAGGAGGAGGAAGGAT
GACAGCTCATC

>IAPLTR3/4.consensus

GAAAGCGTTGTGAGGAGCCGCCCTCGCTATCGCTATTGCCGTTAGAAGATGGCGCTGACATCCACTGTCAGTTGG
AGTTAACTGTCGCTGTCAGTTGGAGTTAACTGTTGCTGTCAGTTGGAGTTAACTGTCGTTAGAAGATGGCGCTGA
CATCTGCTGTCAGTTGGAGTTAACCGTTTAAGCTGTGCCTCTCCCGTGGCGTCATCTGGGGTGATGTGCAAACCA
CCAATCCCGGCTCTACACGTCTCACTCGGAGCTCCTAGGCTTATATATAAGGGGCTGGGTTTCTTAGCTTGGGGT
CTCCCTCTAAGAAGCTGATCATCTATCTCTCAAGATGCATTAAAGCTTTACTGCAGAAGGATCCGAGTGTTCCTG
CGTCGTTCTTGCTGGCGAGACGGTAGCGCGGGACATCTAGTGCCGAGGTGCCGAAACCCGGGAACTCTTCAACAT
CGCCGGCGCCGCCGCGGGAGACCCCTCGGAAGACGGGGCGGATTCAGAACTGCAGGGACGTAAGTTCAGAGAGGT
ATGCTTTATCCTGAACACCCCTTTTTCTCGACTTTGGCCTTAGTTTGTCATCACCGTGGGACGGGTCAGTGGAGG
CTTTGGTGCTAGTCCTGTTTGTCCTTCTCCTTCATCGTGGCTGGTGCTGTAACAGAACGGTGCTGTCAGTCTGGT
GCTGTCAGTCTGGCGCTGTCCGTCTGGCGCTGTCCGTCTGGCGCTGTCCGTCTGGCGCTGTCCGTCTGGCGCTGT
CCATCTGGCGCTGTCCATCTGGCGCTGTCCATCTGGTGCTGTCAGTCTGGCGCTGTCAGTCTGGTGCTGTCAGTC
TGGTGCTGTCAGTCTGGTGCTCGTCAGTCTGGTAACGGAGTTGAGCGCCTGTTTTTTAGATAAGCCGCCTAGCGC
GATGGGGTTGTCACAGTCAGTGGTTACTGCCCTACAGACTGTGCTAAAACAAAGAGATCTTAAAATTGCACCACG
AACACTTCAAAATTTTGTGAAGGAGGTAGATAGAGTGGCACCATGGTATGCTTGTTCCGGGTCCCTCACTGTGGC
CTCATGGAACAAGCTAGGTAAAGAACTAGACAGGAAGCATGCAGAAGGAGATCTCCACTTAGGTACCAAGCATGC
AGAAGGAGATCTCCACTTAGGTACCAAAGCCATTTGGAAGCTAGTTAAAAACTGCTTGGAGGATGAGGCCTGTCA
CCCTGCTATAATAGAAAGTCAGGGAACCTTAGAGGAAGTTCAGGATAGCATGTCAGAAACTGAACGGAGTGAGAG
AATGGGAGCTCGCAAAAGGAAAGACATGTCTAAGAAAAAAGGCCCTCCCCAAGAAGTTAAGAAAGGGGGAGAGAA
AGAAGGGAGTGATCATTCACCCCCTAACAAATCTAAGAAAAAGAAAAAGCCAGAATCTAGTCTATACCCTACAGT
AGAGCTAGAAGCCTTGGAGCTAGATAATTCTGATTCTGACACTCTGGATTCTAGCGAAGAAGGTGGTCTAGAGGA
GGAGGTGGCACGGTATGAGGAAGAAAGATATCACCCTGATAGACACCGGCCACTGAAAACAAAAATGAATGTGAG
GCCACCGCCTATAAATCCGGCGGGCTCACGCCCCTCAGCGCCTCCGCAGTATGAGCTTCGGCTGAATACTGGTAC
TGACTCCTTTTTACCTTTAGAGGAACTGGAGAAAAATACAAATGGCTTTTCCAGTATTCGAGAATGTGGAAGGCG
GAAGAGTACATACCCCCGTAGATTACAATCAAATCAAAGAATTGGCCGAATCCGTTCGTAATTATGGGGTCAATG
CTAACTTTACCACATTACAGGTGGAAAGGCTTGCTAATTTTGCCATGACTCCCACTGACTGGCAGACGACAGTGA
AAGCAGTGCTTCCCAACATGGGACAATACATGGAATGGAAGGCTCTCTGGTATGATGCAGCCCAGGCACAAGCTA
GAGTTAATGCCACGGCTGAAGATGAGAATCAGAGGCAGTGGACATTTGAAATGCTGACAGGTCAGGGTCAACATG
CCCTTAATCAAACCAACTACATCTGGGGCGTCTATGGTCAGGTGTCGGCCGCCGCTATTAAAGCATGGAAGGCCC
TCACAAAAAGGGGAGAGTCCAGTGGACACCTTACAAAGATTGTCCAAGGACCCCAAGAGCCATTTTCAGACTTTG
TGGCCAGAATGACAGAGGCCGCCAGTCGCATCTTTGGTGATTCAGAACAAGCTATGCCCCTGATTGAGCAACTTG
TCTATGAACAAGCAACCCAGGAATGTCGAGCGGCTATCGCCCCTCGCAAAAGCAAAGGTTTACAAGATTGGCTCA
GAGTGTGCAGGGAGCTGGGGGGACCCCTAACCAATGCAGGACTAGCTGCCGCCATTTTACAAACGCACAGGTATA
GAGATTTATCTAAGTCGAAAAGCTTGTTTTAATTGTGGGAGAATGGGGACACCTTAAGAAAGATTGTCAAGCCCC
TGAAAGAACAAGAGAATCGAAGCTTTGCCATCGTTGTGGTAAAGGTTATCATAGGGCTAGCGAATGCAGGTCAGT
CCTGGGATGTAAAAGGGAGGCTTCTGCCCCCTATTGAAGAACCCAAGGTACCCCAATCAAAAAACGGGTCACGGG
GCCCAGTGGTCCCAGGGCCCTCAGAAATATGGGAACCAATTTCAGAAAAGCAATCAAGAGGAAGTAGAGGTTTCC
GAGGAACCCCCGGAATGGACTTTGCGTGCCGCCTCCGACTTCTTACTCATGCCCCAAATGAATGTTCAACCGGTC
CCAGTCCATTCCCCTGGACCTTTGCCCCCTGCCACCATTGGGCTTATTCTGGGCCGTGGCTCCTTAACTTTACAG
GGACTCATTATATATCCTGGGATTGTTGACCCGTATCATAAAGAGGAGATTCAAGTTCTCTGTTCTAGCCCTCGG
GGTGTATTTTCTATAAAGCAGGGAGATAGAATTGCACAACTGGTGTTGCTGCCCTCCCTCGGGGATGGAGAAACC
TACACTTTACAAAAAAAGGGCTATGGGATCTTCTGGAAGTGATTCAGCCTATCTGGCTATACCCCTAAATGAGAG
ACCTACAATAAAATTGTTAATTAATGGAAAAGAATTTGAAGGGATAATGGATACGGGAGCAGACAAAAGCATTAT
TTCACTCCATTGGTGGCCGAAGTCTTGGCCCACTGTTGTTTCATCTCATTCTCTACAAGGTCTTGGATACCAGTC
CTCTCCTGCCATCAGTGCCTCAGCCTTAACCTGGCGGAATGCTGAGGGCAAACAGGGATGTTTTACCCCCTATGT
GTTGCCACTCCCTGTAAATTTATGGGGACGGGATGTGTTACAAGCCATGGGCATGACCCTAACTAATGAATACTC
CCCCCCAGGCATCAGCCATTATGGCAAAGATGGGGTATACAAAGGGTAGAGGCTTGGGTAGGCAAGAACAAGGCA
GAATAAAACCCATTACACAACACGGAAATCGGGGTAGAAAAGGACTGGGTTTTATTTAGGGGCCGTTGAGGCTTC
ACGACCCATACCATGGAAAACAGAGGAGCCGTTATGGGTCTCTCAATGGCCTCTATCCTCTGAAAAATTAGAGGC
TGTCACAAGATTAGTGCAAGAAGAACAGGAACGGCTGGGGCATCTAGAGCCTTCTACCTCCCCATGGAATACACC
AATTTTTGTTATTAAGAAGAAATCTGGGAAGTGGAGATTACTCCATGACCTGCGGGCCATTAACAATCAGATGCA
TCTTTTTGGCCCTGTTCAAAGAGGCCTTCCTTTGCTTTCTGCACTTCCTCAAGATTGGAAGCTTATTATTATAGA
TATTAAGGATTGTTTCTTCTCTATTCCACTTTACCCACGGGATAGACCAATGGTTTGCCTTCACTATCCCTTCTC
TTAATCATATGGAACCAGACAAGAGATTTCAGTGGAAGGTACTGCCGCAAGGCATGGCCAATAGCCCAACAATAT
GTCAGCTGTATGTGCAGGAGGCTTTGGAGCCAATTAGGAAGCAATTTACATCTTTAATCGTTATCCATTATATGG
ACGATATTCTTATTTGTCACAAAGAGTTAGATGTTTTACAAAAGGCTTTTCCCATGCTGGTGGCTGAATTAAAAC
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AAGTGGGGATTAGAGATTGCCTCAGAAAAGGTTCAAATTGCAGATACAGGCCTCTTTTTGGGCTCAATGATTACT
CCCAAAAATATAGTTCCTCAGAAAATAGAAATTCGCAAAGACCACTTACAAACATTAAATGATTTTCAGAAACTT
CTGGGAGATATAAATTGGTTGAGGCCCTTTTTAAAAATTCCATCTGCTGATCTAAAACCCCTCTTCGATCTCCTG
GAGGGTGAGCCTCATATCTCCTCACCCAGAAAATTTACCCCTGCCGCCCACCGAGCCTTACAGATGGTGGAAGAG
GCCTTACAGGAAGCACAATTACAACGTATTGAGGAGTCACTACCTTTTAATCTGTGTGTTTTTAAGACAGCTCAA
TTGCCAACTGCAGTCCTGTGGCAACATGGACCATTACTTTGGATTCATCCAAATGCTTCCCCTGCTAAGATTATT
GACTGGTACCCTGATGCTGTTGCACAGCTCGCGCTTCGCGGAATAAAAGCAGCTGTTACACATTTTGGCAGGGAT
CCTGATTCCTTGATTGTGCCTTATACTGCTGCACAAGTTCAGACCTTGGCAGCCACATCTAGTGATTGGGCAGTT
TTAGTTACTTCCTTTTCAGGACAAATTGATAATCATTTTCCAAAGCATCCAATTTTACAGTTTGCCCTAAACCAG
GCTATAGTGTTTCCACAAGTGACAGCTAAAGACCCACTCCCAGATGGGACTGTGGTGTACACTGATGGATCAAAA
ACTGGTATGGGAGCTTATGTGGTCAAGGATAGGGTTATATCTAAACAATATAATGAAACTTCACCTCAAGTTGTA
GAATGTCTGATAGTACTGGAGGTTCTTGAGGCTTTTCCAGGACCCCTCAATATTGTATCAGATTCCTCTTATGTG
GTTAATGCAGTTAATCTCCTTGAGATAGCTGGAATAATAAGATCCTCCAGCAGAGTTGCTAACATCTTTCAGAAG
ATACAAGCTGCCTTGTTAAATAGGAGATTTCCTGTTTTCATTACCCATGTCCGAGCACATTCTGGACTCCCAGGT
CCCATGTCCTTAGGGAATGACTTAGCGGACAAGGCTACAAAGCTGGTGGCCGCTGCCTTGTCTACCCATGCACAA
GCAGCAAAAGAATTCCATAAGCGCTTTCATGTGACGGCTGAGACCTTGCGCCAGTCGTTTTGCTCTATCCAGGAA
AGAGGCTAGGGAAATTGTTACTCAATGCCAGAATTGCTGCGAATTCTTACCTACTCCCCACATGGGAATAAACCC
ACGTGGCATTAGACCATTGCAGATGTGGCAGATGGATGTTACTCATATTCCCTCTTTTGGAAGGCTTCAATATGT
TCATGTTTCTGTTGACACCTGTTCTGGCGTAATGTTTGCCACACCCCTAACAGGGGAAAAGGCCTCATATGTGAT
TCAACATTGCCTTGAGGCCTGGAGTGCTTGGGGAAAACCCAGAATTTTAAAAACAGACAATGGACCAGCATATAC
CTCTCAAAAATTCCGACAGTTTTGTCGGCAAATGGATGTTACCCATCTAACTGGCCTACCTTATAACCCTCAAGG
ACAGGGCATTGTGGAACGTGCCCATCGTACACTCAAATCATATCTGATTAAACAAAAGGGGAGTATTGAGATTGA
GGATGTTCTACCCTCGGTACCAAGAGTTGCTGTATCCATGGCACTTTTTACCCTTAATTTCTTGAACTCTGATGC
CCAAGGCCACACTGCGGCCGATCGCCACAGTTTAGAGCCTGATAGGCCAAAAGAAATGGTAAAATGGAAAGATGT
CTTGACTGATCTCTGGAAAGGCCCGGATCCTATTCTTATAAGATCCAGGGGAGCTGTGTGTGTGTTTTTCCACAG
GAGGAAGAAAACCCCCTGTGGATCCCTGAAAGACTCACTCGAAGAGCTCCTTCACAACTCCAGAATAAGAAGGAT
GGAGGCCAAGTGGGTGATGAAGACTCTCCTCAACTCGGGATGATGGTTCCTAGTATGATGGGAGAGTTACGGTGG
GCCATCATGTCTACCTTTCCCCCTACCGATGCCAGTGATGCAGAATGCCCAGGTGTTCCCTAGATTTTTCACAAC
TAATAGAGAGTTGGGGACTTGCCTTTTTGCCTTTAGATCCTCAGATACAGAGTTTTCAGGATGAGAGAACCTTGT
CATTAGTAGGAAGCTTGTGCTTTACTGTGATTTCTTCATTAAAGGATAATTTTATTCATATGGATCCAGAAAGAT
CTAATGCTAATCCTTTTGAATTAATGGAAGCTGTACTGATCTTTCTCCTATGGCAATGATTGCTGGAGGATATAG
TGAGAAGGGACAGATTACTTTTGATTGGAAAGGGGCATTAGGCAACAGTCTGAGTGAGGGACAGAGCTCTGGATC
ATCTGATTGGTCCTCCTCCAATGTTAAGTATACCCCTTTTAAGAGAACTAATTATTCAGCTGCTCCAATTTGTGT
TTGGCTGCCCTTTATTTGGGTTGTGAGTAATGATACCTTAGGTAAGAATCAGAAAGAAATAAATTGCTCTGCTTA
GAATTGTTTTTATGCATTATGCTGGGATGCTATTAAGCACCCTTTTGCTTTGGTAATGCGCATGCCTCGATTTGT
TCCAGTTCCTGTTGAGGCGCCAAGTAATTTGAGTTTGTTTAGGGAAAAGCGAGATTTTTGGGATCTCTGCTATTA
TTGTGGGCCTGATAGCCACCGCCAGCGGTTACTGCTTCGGTTACCGCCTCGGCCCTTGCACTTTCCTGCCACTGT
GCAGACAACTCAAACCATTAATGAACTATAGGCCACTGTGACCATGGTCCTAGGATAAACAGGCCACTGCCAATT
CTCAGATACAAGGAGGCCTGATGTTGGTAAACCAACAGATTAATTTGGTTCAGGAACAATTGGATATATTGTGGC
AGATGGCCCAATTGGGATGTGAACAAAAGTTGCCTGGCCTTTGTGTTCACTTCAGTACAATATGAGAATTTTACA
AGAGCAGCTAACCTGTCAAAAGCTCTGTCTCAACATTTATTACAGAATTGGACTTTTGAGTTTGAGCAGACACTC
CGTGAGTTGAGAATGGCGATCCTGCAAGTGAATTCGACGCATCTGGATCTTTCTCTGATGGAAGGCCTCTCCTCC
TGGATTTCATCTGCATTTTCTTATTTTAAGGAATGGGTGGGGGTAGGATCATTTAGCCTAGTTCTCTGCTGTGGA
ATAGTGTTGATGCTTTGGATGGTGTGTAAGCTACAGAGCCCAAACAAAAGAGACGAAAGTGGTGGTGGCACAAGC
ACCTTGCTGCCTTAGAACACGGAGCCTCCCCTGACATTTGGTTAACCATGTTAAAGCAATAGGTCGCTGGCCTCC
CAGCTCTTGCACCCCACGAGGCTAGTCTCATTGCACGGGATAGAGTGGGTAGGCTTCAGCAGCCCAAGGAGTTGC
AAGGCTAAGCACTGCACAGGAGAGGTCTGCGGTAATAACGACTTTCTCCTGGGAGATAAGTCATCTTGCATGAAG
GTTCTATGTCATGATCTCCTTCCCCCAGAAAAAACGACATCGGGACTGGTCAGGGCTCCCTCTGGGGATAAAGAC
CCTGGAGAGGAGCTTTGTACATGTTCCGAATTTGCACATGGGGATTTGACCTCTATCTCCACTCCAAAGTTGTGG
GTGTCCTATTGCTTCAAAAATAAATGAATAGGGGGAGATAGTGAGGAGCCGCCCTCGCTATCGCTATTGCCGTTA
GAAGATGGCAGCTGACATCTGCTGTCAGTTGGAGTTAACTGTCGTTAGAAGATGGCGCTGACATCTGCTGTCAGT
TGGAGTTAACTGTCGCTGTCAGTTAGAGTTAACTGTCGCTGTCAGTTGGAGTTAACCGTTTAAGCTGTGCCTCTC
CCGTGGCGTCATCTGGGGTGATGTGGCAAACCACCAATCCCGGCTCTACACGTCTCACTCGGAGCTCCTAGGCTT
ATATATAAGGGGCTGGGTTTCTTAGCTTGGGGGTCTCCCTCTAAGAAGCTGATCATCTATCTCTCAAGATGCATT
AAAGCTTTACTGCAGAAGGATCCGAGTGTTCTGCGTCGTTCTTGCTGGCGAGACGGGACGTTAGCGCGGGACA
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Formation of spermatogonia and fertile oocytes in

golden hamsters requires piRNAs

Zuzana Loubalova'®, Helena Fulka%, Filip Horvat'?, Josef Pasulka', Radek Malik @', Michiko Hirose?®,
Atsuo Ogura®34= and Petr Svoboda('=

PIWI-interacting RMAs (piRNAs) support the germline by suppressing retrotransposons. Studies of the pathway in mice have
strongly shaped the view that mammalian piRMNAs are essential for male but not for female fertility. Here, we report that the role
of the pIRNA pathway substantially differs in golden hamsters (Mesocricetus auratus), the pIRNA pathway setup of which more
closely resembles that of other mammals, including humans. The loss of the Mov10/1 RNA helicase—an essential piRNA bio-
genesis factor—leads to striking phenotypes in both sexes. In contrast to mice, female Mov10IT~- hamsters are sterile because
their oocytes do not sustain zygotic development. Furthermore, Mov10I7-- male hamsters have impaired establishment of sper-
matogonia accompanied by transcriptome dysregulation and an expression surge of a young retrotransposon subfamily. Qur
results show that the mammalian pIRMA pathway has essential roles in both sexes and its adaptive nature allows It to manage

emerging genomic threats and acquire new critical roles in the germline.

mechanism that 18 cructal for defending the integrity of the

penome against transposable elements (reviewed previ-
ously'”). Mammalian primary piIRNAs originate from specific loct
(PIRMA clusters) as long precursor transcripts that interact with the
essential and conserved helicase MOV 1011, which feeds precursor
transcripts into the pIENA blogenests mechanism®™*. Mammalian
PIRNAS fall into the following four categories: (1) 26-28-nucleotide
retrotransposon-derved pIRMAs prodiuced mainly in fetal testes; (2)
26-17-nucleotide postnatal pPIRNAS from non-repetitive sequences
including the 3" ends of mENAs; (3) 29-30-nucleotide mostly
non-repetitive highly abundant pachytene pIRNAs produced from
~100 locl 1n spermatocytes and spermatids; and (4) oocyte-speciilc
19-20-muicleotide pIRMAS that are enriched In antisense sequences
of recently evolved transposable elements='. Mature pIRNASs
assoclate with the PIWI subfamily of Argonaute proteins™. Mice
(Mus muscuius), the leading mammalian model for the pIRNA
pathway, use three PIW] proteins—PIWIL1, PIWIL2 and PIWIL4
(also known as MIWI, MIL] and MIWIZ, respectively). Loss of
MOV I10L1 or PIWI proteins in mice revealed specific essential rolas
of pIRNAS (n spermatogenesis but not in oogenesis*+3-'s. However,
it 15 unclear whether the dispensability of pIRNAs In females 1s
COMMmON among mammals. pIRNAs target retrotransposons dur-
Ing mouse oogenesis'™3, but the maternal piIRNA pathway s par-
tlally redundant with RNA interference (RNAL). High endogenous
HMA1 activity specifically evolved In mouse oocytes™ and seems to
be absent tn bovine and human oocytes'™. Furthermaore, mice lack
PIWIL3, which binds to 19-20-muicleotide pIRNAS In human and
golden hamster oocytes and exists In many mammals, suggesting
that there Is a major difference between oocyte pIRNA blology In
mice versus other mammals'™"*. However, It Is unclear whether
differences In the pIRNA pathway set-up are assoclated with blo-
logically important roles.

| he pIRNA pathway 15 a key germling-specific sllencing

To delingate the conserved and dertved aspects of the mamma-
lian pIRNA pathway, we selected the golden hamster (Mesocricetus
auratus) as an optimal experimentally tractable comparative model
that 15 amenable to genetic manipulations™. Despite 24 million
years of independent evolution™, hamsters share many anatomical
and phystological features with mice, Including fast zypotic genome
activation, short gestatton and a large ltter stze™®. At the same
time, the hamster outclassed the mouse model for specific aspects
of hiuman blology™™. Cructally, In contrast to mice and stmilar to
humans, golden hamster retained four PIWI paralogues expressed
in the germline and its oocytes probably lack highly active RNAI™.

Results

Hamster piRNAs and retrotransposons. To develop the golden
hamster into a model for the piRNA pathway, we first mapped the
expression of the pIRNA pathway components and the propertles of
polden hamster pIRNAs (Fig. 1a-g). We focusad on testicular pR-
MAs as there was plenty of comparative data from other mammals,
particularly from extensively studied mice. Ovarian hamster piR-
NAs have recently been investigated'!.

We examined testicular pIRNAs at 9days postpartum (d.p.p.)
when spermatogonia form; at 13dpp. when testes contain
spermatogonia but not melotic spermatocytes; and at 21d.pp.
when melosls In primary spermatocytes reaches the pachytene
stage’® (Extended Data Fig. 1a-c and Supplementary Tables 1-3).
Pre-pachytene piIRMNAs were broadly dispersed at a relatively low
density In intergenic and genic reglons, while most pachytene
PIRMNAS mapped to ~100 locl, many of which were syntenic with
mouse, cow and human testicular plRNA locl. Unlque and repetl-
tive 27-29-nucleotide pre-pachytene piENAs and highly abundant
non-repetitive 29-30-nucleotide pachytene pIRNAs had typical
mammalian pIRNA features, Induding the presence of urldine at
the 3" end (Flg. 1b and Extended Data Fig. 1d,e). Notably, sequence
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Fig. 1| Golden hamster piRNA pathway and the Mov10iT knockout. a. The expression of piRNA pathway factors in the testes and cocytes of five
mammals. Mouse and rat lack Piwil3. RPEM, reads per kilobase of transcript per millicn mapped reads. b, The distribution of 19-32-nuclectide-long

RMAs from testes at 9,13 and 21d.p.p. nt, nucleotide. e, Testicular 24-32-nuclectide small RMAs mapping to LTR retrotransposon groups selected for low
nucleatide exchange rate and high abundance of putative piRNAs (Extended Data Fig. 2a). The y axis displays reads per million (RPM) of 19-32-nuclectide
RMAs. d e, The distribution of 24-32-nuclectide antisanse RM A= from testes at 9, 13 and 21d.p.p. that perfectly map to FLI AP (d) or L1 {e) insertions,
respectivaly. The y axis displays the RPM of 19-32-nuclectide sequence reads. For b-e, values were calculated as the mean values of two biological
replicates of wild-type testis samples (Supplementary Table 100. £, MOV10L protein organization and the knockout strategy. The CRISPR-Cas? cleavage
positions {scissors) flanking exon 20 (red rectangle; E20) are shown. g, Westemn blot analysis showing the absence of MOV10LT in mutant adult testes.
Liver and mouse testes were used as nagative and positive controls, respectively, for antibody specificity. This experiment was performed once; the impact
of the mutation on AMav]0IT expression in the testes was confirmed using RMA-seq analysis (Extended Data Fig. 3c).

analysis of 2%-nucleotlde pre-pachytene pIRNAs revealed an
increased frequency of adenosine at nucleotide 10 (Extended Data
Fig. 1e). which 1s a signature of the ‘ping pong’” mechanism that gen-
erates secondary pIRNAs® Together, hamster postnatal testicular
PRMAs shared features with those of other mammals.

As plENAs provide an adaptive defence against transposable
elements, we Investigated which golden hamster retrotransposons
are the main targets of the piIRNA pathway. Using an improved
golden hamster genome assembly', we determined the entire
complement of hamster retrotransposons. ldentified potentially
active retrotransposon subfamilies and estimated the abundances
of retrotransposon-derived pIENAs. An analysis of mutation
rates of long terminal repeat (LTR) retrotransposons in ham-
ster and mouse genomes revealed divergent evolutionary paths of
specific subfamilies (Supplementary Text, Extended Data Fig. 2

NATURE CELL BIOLOGY | VOL 23 | SEPTEMBER 3021 | 992-1001 | www nature.comynaturecelbiclogy

and Supplementary Data 1-3). We observed that the ERVEK class,
exemplified by rodent-specific Intracisternal A particle (IAP) and
MYSERV retrotransposons, expanded during the evolution of
the hamster (Supplementary Data 1 and Extended Data Fig. 2a).
Notably, MYSERV and IAP-derived pIRNAs were also the most
abundant piRNAs targeting autonomous transposable elements
(Fig. 1c and Extended Drata Fig. 2a). In contrast to MYSERV ret-
rotransposons, [APs are well characterized transposable elements
that evolved from a retrovirus in the common ancestor of hamsters
and mice™™. Thousands IAP insertions can be 1dentified tn mouse
and hamster genomes, but only a small fraction are full-length Intact
(FLI, hereafter denoted as Intact) Insertlons, possibly supporting
retrotransposition. In the golden hamster genome, we identified
110 intact [AP Insertions, classified as the IAPLTR3/4 subgroup
(Supplementary Data 4), whereas a different subgroup (IAPE) 18
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Fig. 2 | Female Movi0it- phenotype. a, Haematoxylin and ecsin {H&E) staining of ovarian sections. Aniral follicles (AF) and early antral follicles (EA)
indicate normal follicular development. The ovaries of four MoviOIT- and two MovIDiT++ female hamsters were anaby=ed and representative images are

shown. Scale bars, 200 pm. bue, Mutant cocytes mature to the Ml stage with a normal spindle 17 h after injection of human charionic gonadotropin (hCG)
{red, tubufin; blue, DMNA (4 6-diamidino-2-phenylindole {DAPI})). Images of spindles are shown (b} and quantitatively analysed (€). €, Quantitative analfysis
of Mil spindle traits. Tha spindle length, spindle volume (tubufin staining signal) and metaphase plate volume (DAP signal) of Mil eggs (isolated 17 h after
hCG injection) were quantified using three-dimensional spindle reconstruction from confocal optical sections. Data are mean +=.d. from 33 MowlQfT++

and 10 MowlQIH- eges. d, Mol eggs can be fertilized and form one-cell zyaotes. Bright-field confocal images are overlaid with DNA staining by DAPL
Larger male (M) and a smaller fermale {F} pronuclei are shown. e, MovIOI-- eggs give rise to two-cell zygotes 40 h after mating. Bright-field confocal
images are overlaid with H3K®me3 staining {green) showing that two-cell zygotes from Maov] - eggs have no major heterochromatin defect. £, Fertilized

Mow QI eggs do not develop beyond two-cell rygotes. Zygotes were isolated 61h after mating. Representative bright-field confocal images overlaid
with DMA staining by DAP! are shown Mating and zygote isolation at 40h or &1 h after mating was performed twice with the same results. For band
d-f, scale bars, 20pm. g RT-PCR analysis of transcripts of piRMNA pathway genes in oocytes and zygotes. This analysis was replicated four times for
germinal vesicle-intact (GW) oocytes, bwice for Ml and three times for two-cell {2C) stages. Analysis of the eight-cell stage was performed once

mobile in mice” (Extended Data Fig. 2¢). Interestingly, piRNAs
antisense to Intact LA Ps were abundant at all three of the tested time
points (Fig. 1d). In contrast to the ERVE class. there was no notahle
recent expanston among hamsters autonomous elements from the
ERYL class {Supplementary Diata 2 and Extended Data Fig. 2a); this
class underwent substantial expansion In méce with a major impact
on gene expression In cocytes and zygotes™.

The most relevant non-LTR retrotransposon 1s the long inter-
spersed mueclear element L1, the most successful awtonomous
transposable element Invading mammallan genomes™. L1 amaly-
sis revealed 110 Intact L1 elements from the Lx5/6 subfamily
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(Supplementary Data 5). which 1s comparable to the 146 intact L1
elements (n the human genome but much smaller than the 2,811
intact L1 elements in the mouse genome™, which come from a dif-
ferent L1 subfamily (Extended Data Fig. 2d). Analysis of piRNA
sequences suggested that hamster intact L1s are most targeted by
pre-pachyiene antisense pIRMAS (Fig. 1e).

Sterile phenotype of MovION -~ females. To examine how the bio-
logical significance of the hamster pIRNA pathway compares with
that of the mouse, we knocked-out MovIQll by deleting exon 20,
which encodes the hellcase domain (Fig. 1 fand Extended Data Fig. 3,
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Fig. 3 | Transcriptome changes in Movl0i- cocytes. a, MA plot of differentially expressed protein-coding genes (DESeq2, P<= 0.01). The red and blue
points depict genes of which the transcripts were present at significantly higher or lower lavels in fully-grown Mov W1~ cocytes, respectively. The full
DEG list is provided in Supplementary Table 5. b, Compaosition of an 13-32-nuclectide segment of RMA-zeq libraries from fully grown Mov10IT++ and
MovIQIT-- pocytes. The abundance of small RMA= in the wild-type control corresponds to the RPM of 18-32-nuclectide reads {average value from two
libraries). The Mov?0!!~" library was normalized to the amount of maternal miRMAs. €, Reduced levels of different classes of piRMAs in MoviOi-" cocytes.
The abundance of reads of different sizes mapping to annotated oocyte piRNA clusters (Supplementary Table &) is shown. Movi0I1™" values were scaled
by miRNA abundance. Read sizes were divided into categories to separate putative PIWIL3-bound piRMA=s (18-20 nucleotides), Dicer products (21-23
nucleotides), and smaller and longer piRMAs {24-27 nucleotides and 28-31 nucleotides). d, Reduction of LTR retrotransposon-derived piRMAs in Movii"
oocytes. & Changes in RMAs from L1 and IAP families and subfamilies. The RPMs of RMAs mapping to L1 ar IAP elements {all}, active subfamilies and

FLI anly are shown. Data are the mean values of two (MovIH*'*) and three (MovIN") biolegical replicates. f, LTR retrotransposen groups ranked by

the highest transcript upregulation in MovION™~ oocytes. Data are the mean values from two (Mow] I and three (MovIOIT™) replicates. g, DNA
metirylation of intact |1APs. The vertical bars represent methylation (black portion) observed for the indicated 5 CpG dinuclectides covered by at least ten
sequence reads; the analysed region corresponds to the central and 3" part of the 5 LTR, as indicated in the IAP scheme and by CpG position. Data are
from a single genome-wide bisulfite sequencing experiment.

generating a deletion analogous to one studled In mice®. Western  stertlity could be expected, but female MovIOl-- sterility was sur-
blot analysls showed the lack of MOVIOLL In MovIOII- testes  prising glven the normal fertility of female MovlO/1-- mice,

(Flg. 1g). Heterozygotes were fertile and segregatlon of genotypes did We first determined the basis of Mov!0l1-" female sterility.
not deviate significantly from the Mendelian ratto but homogygotes  MovI0I~ ovarles appeared to be histologlcally normal, suggest-
of both sexes were sterile (Supplementary Table 4). Male MovIOlI*~  Ing that mutant oocytes enter the first melotic block and develop to

MNATURE CELL BIDLOSGY | WiOL 23 | SEFTEMBER 3021 | 992-1001 | wwwenature.comy/naturscelibiclogy 005

132



TICLES NATURE CELL BIOLOGY
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Movion™
e

Fig. 4 | Male Mov1OT phenotype. a, MovOIT malas have atrophic testes. Scale bar, Smm. b, H&E staining of epididymal ducts shows a fack of sperm
production in adult Mo testes. Sperms in MovION™* epididymal ducts are indicated (asterisks). Scale bars, 50 pm. €, HEE staining of testas from
MovIDIT (aged 102 weeks) and MovIOIT (aged 63 weeks) male hamsters. The white arrowheads indicate Sertoli cells and the black arrowheads
indicate degenerated celis (a large field of view is provided in Extended Data Fig. 6). Scale bars, 50 pm. d, Analysis of residual clusters of spermatogenic

cells in seminiferous tububes in MowiOit

adult testes {asterizk). Left, somatic Sertofi cells {WT1, red) and a cluster of germ celis LDDk-i,green}"' %

Middle, 53CP3" clusters exhibit |AP expression (green). Right, cells expressing IAP (green) have DNA damage (yH2AX, red). Two animals with each
genotype were used for histological analyses, three sections from each animal were stained and representative images are shown. Scale bars, S0 pm.

preovulatory oocytes in the antral follicles (Fig. Za). Mowl0il-
oocytes ovulated and matured In vivo into apparently normal
metaphase 11 (MII) oocytes (Fig. 2b.c). However, rygotes from
Movi0ll-= females did not develop beyond the two-cell stage
(F1g. 2d-1), a stage during which the major zygotic activation
occurs™, As the breeding of heterozygotes yielded a Mendellan fre-
quency of MovI(M I progeny (Supplementary Table 4), this implied
amaternal effect phenotype whereby MovI({I-" oocytes retain mel-
otlc competence but lack the ability to support development lrre-
spective of the genotype of the zygote.

As Movi0l] and Prwil penes are expressed maternally (Fig. 2g),
we hypothesized that transcriptomes of fully grown oocytes, the
final stage of ovarian oogenesls, might exhibit early signs of the
loss of developmental competence. We Identified 57 differentially
expressed genes (DEGs) In Mo oocytes (Fig. 3a, Extended
Data Fig. 4ab and Supplementary Table 5). By contrast, 1.612
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DEGs were reported in Piwfll-- ovulated MII hamster oocytes,
which also fafl to support zygotic development™. However, mater-
nal transcriptome remodelling may differ because pIRNA popu-
lations in MovI0U~ and Piwill”~ oocytes are affected differently.
Mov!0i1+ oocytes have a massive but Incomplete loss of pIRNAs
(Flg. 3b-d) whereby the production of specific abundant mater-
nal pIRNAs remains even In the absence of MOVIOL] (Extended
Data Flg. 4c). Furthermore, we analysed pre-ovulatory oocyles
while Piwill~ analysis concerned a later MII stape® at which
metotic transcriptome remodelling™ could enhance transcrip-
tome changes that are considered to be statistically nol significant
in fully grown oocytes. A direct comparison of Movl0[-- and
Piwii1~- data filtered with the same stringency Implies a common
trend for upregulated genes (Extended Data Fig. 4d). DEGs that
are commonly upregulated in Movl0il™ and Piwi!l™ oocytes
did not exhibil common features, suggesting diverse control by
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Fig. 5] Analysis of the timing of the spermatogenesis defect in MovI0IT-" males. a. Immunofluorescence staining of MovIONM+= and MovIQUT testes at
Odpp, %dpp, 13dpp and 21d p.p to examine the presence of germ cells {marked by DDX4), undifferentiated spermatogonia {marked by ZBETB16)7
and sparmatocytes (marked by SCP3)°" DMNA was stained with DAPL. Several histological sections from two different animals were analysed at all
stages. Aberrant DOX4 staining observed at 9 d.p.p. is indicated (asterisk]) (a magnified image is shown in €). The arrowhead indicates a single ZBTB1G
spermatogonium in a MowlQI--13d.p.p. sample Scale bars, 50 pm. b, Quantitative analysis of germ cell distribution in sections of 9 d.p.p. seminiferous
tubules. For each genotype, the indicated ni er of seminiferous tubules on several sections was examined for the presence of DDX4+ germ calls. There
was no statistically significant association between genotype and tubules being empty or non-empty {3 test, P=0138). ¢, Higher magnification of the

seminifercus tubule cross-sections shown in a. Mov10IT germ cells are indicated (asterisk), which show deviation from the normal DDX4 staining pattern
in which strong cytoplasmic staining would surround a nucleus with a minimal signal. Scale bars, S0pm

pIRMNAs. For example, KIf2a was unique In employing an LTR-
derived promater to control its expression In cocytes (Extended
Data Fig. 4e), suggesting that Kif2a expression control could occur
through retrotransposon-targeting pIRNAs.

Developmental competence could also be affected by dere-
pression of TEs. A small Increase (~25%) in reads mapping to
Intact L1 transcripts was observed In Movi0i1-- oocytes (Flg. 3e).
RMNA-sequencing (RNA-seq) analysis also revealed a limited
Increase in LTR retrotransposon transcripts in Mov 011 oocytes—
a 2-fold Increase for all IAP sequence reads (Fig. 37) and a 3.5-fold
Increase for reads perfectly matching Intact elements (Flg. 3e).
This suggests Impalred represslon of Intact 1APs In Moevi0i-
oocytes, without global IAP derepresston. This notion was sup-
ported by whole-genome bisulfite sequencing (Fig. 3g). The lmited
amount of matertal yielded Information about ~10% of the hamster
genome (Extended Data Fig. 5). While the loss of DNA methyla-
tion at unique locd would have escaped detection (Including those
Identified In Piwil3~- hamster oocytes™), bisulfite sequencing of
Mov10I1-~ pocytes ylelded enough unique sequencing reads to
examine global methylation levels of retrotranspeson subfami-
lies (Extended Data Fig. 5d). Overall DNA methylation of intact
IAP elements was preserved, although several CpG positions In
LTRs could have reduced methylatton frequency (Fig. 3¢ and

NATURE CELL BROLOGY | VOL 23 | SEPTEMBER 202

Extended Data Fig. 5e). Furthermore, retrotransposon subfamilies
that recently expanded in the hamster genome and were assoclated
with high amounts of piIRNAs In hamster testes (Extended Data
Fig. Za) did not show reduced DNA methylation either (Extended
Drata Fig. 5d).

Sterile phenotype of Moyl 01-- males. Adult Mov1011-- males were
sterfle and had atrophic testes (Fig. 4a) as well as epididymal ducts
devold of sperm (Flg. 4b). Although the sterility of MovI0i1-- male
hamsters was consistent with the mouse MovI1071-- model pheno-
type®", we sought to determine whether there Is the same sper-
matogenests defect. Histological analysis of old MovI0i~ males
{50 weeks) revealed aspermatogenic seminiferous tubales (Fig. 4c
and Extended Data Fig. 6a). Approximately 3% of adult seminifer-
ous fubules contained small clusters of cells positive for the germ
cell marker DDX4 (VASA)Y and the marker of metotic cells syn-
aptonemal complex protein 3 (SCP3)™ (Flg. 4d and Extended Data
Fig. 6b). These clusters were also positive for the IAP GAG protein
and yH2AX, a common marker of DNA damage suggesting com-
promised genome Integrity (Fig. 4d). Derepression of L1 retrotrans-
posons was absent or the antl-ORF] antibody did not cross-react
with the hamster protein. The clusters of rare survivors of germ cell
‘atresta’ therefore seem to develop a secondary phenotype that Is

| 992-1001 | www.nature.comy/natureceShic
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Fig. & | Spermatogenesis defects in MovINT-- testes. a, M A plots showing differentially expressed protein-coding genes at O0d p.p. and 9d.pp. (two
sequencng ibraries per genotype and per time point; DESeq2, P« 0.01). The red and blue points depict genes of which the transcripts were present

at significantly higher or lower levels, respectively, in MovI I testes (DEG lists are provided in Supplementary Tables 7 and 8). b, Loss of piRMAs in
Mov]QIT- 9d.p.p. testes. The abundance of reads of different sizes mapping to annotated 9d.pp. piRMA clusters (Supplementary Table 1) is shown.

Data are the mean values of three (Mowl0IT++) and two (MovlOf--) RMA-seq libraries. €, A snapshot from the UCSC genome browser revealing a loss of
piRMAs in the top 9d.pop. cluster d, The number of DEGs and a minimal overlap between significantly upregulated (red Venn diagram) and downregulated
{blue Venn diggram) DEGs in Mov!W1-- 0d.pp. and 9d pp. testes. e, A UC5C browser snapshot showing small RNAs and longer transcripts in Movidii="
and MowIi-" testes at the KifSc-lypdéh loous. The red arrow indicates a cluster of unigue piRMNAs derived from the Kifsc 3 UTR. Three retrotransposon
insertions inintron 1 of Lypdéh with increased density of mapped reads are also shown. Cnly perfectly mapping RNA-seq reads were used to construct

the image.

similar to the main phenotype of MovI0I1-~ mice, whereby sper-
matogenesis falls after entry Into melosis™®. By contrast, the pri-
mary spermatogenesis defect in MovI 01~ hamsters appears before
the entry into melosis.

To understand the loss of germ cells In Movl1001-~ hamster tes-
tes, we examined new-born (0d.p.p.), 5d.p.p., 13dpp. and 21 d.pp.
animals (Flg. 5a). Previous research has shown that new-born tes-
tes contaln mitotically quiescent gonocytes that relnitlate mitosls
and move to the seminiferous tubule periphery by 9d.p.p. and
glve rise to spermatogonla by 13d.p.p. (ref. ). In 21d.p.p. testes,

spermatogenesls proceeds as far as the pachytene stage of melo-
sis 1 (ref. *). We detected DI¥4* cells In new-born and 9d.pp.
Movi0ll testes (Fig. 5a). Although 9d.pp. Movi®i-" testes
appeared normal (Fig. 5b), some seminiferous tubules exhibited
aberrant locallzation of DDX4 (Fig. 5c), suggesting that the main
spermatogenesls defect precedes the formation of spermatogonia.
Accordingly, 13d.pp. seminiferous tubules were almost devold
of ZBTB16* cells, the marker of undifferentiated spermatogonta®™
(Fig. 5a). At 21 d.p.p., we observed smaller testes, altered seminifer-
ous tubule architecture and a complete absence of SCP3* melotic

MNATURE CELL BIOLOGY | WOL 23 | SEPTEMBER 2021 | 922-1001 | wwwe.nature.com,/naturecellbiclagy
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Fig. 7 | Retrotransposon mobilization in MovlVT testes at 9 d.p.p. a, Changes in RNAS from L1 and LAF families and subfamilies. RPM values of

RMAs mapping to L1 or IAP elements (all}, active subfamilies and FLI elements only are shown. Data are the mean values of two biclogical replicates.

b, Immunofluorescence staining of 1AP GAG (green) and yH2AX (red) in MovIQIT+* and MoviOi)~" testes at 9 d.p.p. suggests 1AP expression and

DMA damage in germ cells in seminiferous tubules. Scale bars, S0pm. €, 0d.p.p. MovlON- testes show a normal presence of the germ cefl marker

DDA (VASA) and no mobilization of AP expression. Four (b} and three (€} sections from one testis with a given genotype were individually stained.
Representative images are shown. d, Changes in retretransposon expression. The graphs rank the most upregulated LTR retrotransposon groups in
MowlQIT testes at 0 d.pp. and 9 dup.p. Values were calculated as RPM mean values from two RMA-seq libraries {Supplementary Table 10) from each time

point and genotype. e, MYSERVY and related RLTR31B2 LTR-derived transcripts are upregulated in Movi il

testes at %d.p.p. A UCSC browser snapshot

shows a 3Mb genomic region with upregulated retrotransposon loci (asterisks). Only perfectly mapping RMA-seq reads were used to construct the image.

cells (Fig. 5a). This implied that the surviving Movil-"- spermato-
gonla were probably compromised as they did not enter the frst
wave of melosis on time.

The cause of the germ cell loss was further investigated by
transcriptome profiling of 9d.p.p. testes, which ldentifled a com-
plete loss of plRNAs and =200 DEGs (Fig. 6, Extended Data Fig. 7
and Supplementary Table 7). Many downregulated genes were fac-
tors expressed In spermatogenic cells (Extended Data Fig. 7d.e),
Including germline factors Soklkl (ref. *) Ddx25 (ref. *'), Didxd
(ref. ), Dazl (ref. *) and many pIRNA pathway components
{Supplementary Table 7). By contrast, new-born MoyI0I17 tes-
tes exhibited ~300 DEGs (Supplementary Table 8 and Fig. 6a)
but there was minimal overlap with @d.p.p. testes (Flg. 6d) and
no significant enrichment of any blological process according
to a Gene Ontology analysis. This shows that the loss of pIRNAS
affects gene expression already In new-born testes, bul germ
cell development fatls later and the fatlure involves a different
set of DEGs. Thus, the prespermatogonial germiine fatlure may
have twio causes.

HATURE CELL BIOLOGY | VDL 23 | SEPTEMBER 2021 992-1001 | www nat

First, the loss of 26-27-nucleotide postnatal pIRNAs onginating
from non-repetitive sequences, Including mRMA 3° untranslated
reglons (UTRs)®, may Increase gene expression that 1s otherwise
restricted by the pIRNA pathway. However, we observed that only
a small fractlon of upregulated genes was assoclated with higher
amounts of non-repetitive pIRNAs from the same lodl (Extended
Data Fig. 7f). Most of the observed Increases In gene expres-
slon appeared small (Flg. 6a), but expression changes could be
under-represented when genes are also expressed n cells other than
spermatogentc cells (Extended Data Fig. 7d). Notably, Lypdab and
Kij5c, two of the three most upregulated genes are genomic nelgh-
bours, suggesting a common regulation of the locus, which might
Involve Kif5c 3-UTR-dertved pIRNAs andfor derepression of ret-
rotransposons in the first Lypdab intron (Fig. ée).

Second, formation of spermatogonia in 9d.p.p. MovI0lI-- testes
could also be perturbed by derepression of specific retrotranspo-
s0ns. An analysis of intact L1 and IAP transcripts sugpested respec-
tive approximate Increases of 56% and 48% In thelr abundance
(Fig. 7a). This mild increase contrasted with [AP and yHIAX
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signals in MovI0il* seminiferous tubules that were detected at
Sdp.p. but not at 0d.pp. (Fig. 7b,c). However, a similar situation
concerning IAP transcript levels and immunofluorescent staining
occurred when comparing mouse G9% - and Mili-~ (Piwil2) sper-
matogonia®. Notably, IAP and yH2AX patterns differed among
9dpp. seminiferous tubules. Some contained mostly [AP signal,
some massive YH2ZAX, and some both, probably capturing the
demise of germ cells at 9d.p.p. (Fig. 7b and Extended Data Fig. 8).

An amalysls of MYSERV LTR retrotransposons provides even
stronger support that the mobilization of retrotransposons may
explain the loss of control over spermatogenests. MYSERY elements
give rise to highly abundant 9d.p.p. piRNAs (Flg. 1c and Extended
Data Fig. 2a). In 9d.p.p. Mov10i1~- testes, MYSERV-derived reads
were 3.3-fold more abundant (Fig. 7d). but MYSERV6 subfam-
ly insertlons across the genome exhibited a ~20-fold Increase
(Fg. 7e). which Is consistent with quantitative PCR (gPCR) data
(Extended Data Fig. 7g). Derepression of MYSERV retrotranspo-
sons, which was already apparent at day O (Fig. 7d). Implies that
there was genome-wide fallure to sllence MYSERV Insertion locl,
which could subsequently contribute to the fallure of germ cells to
form spermatogonia.

Discussion

Owur analysts of MovIO!-~ golden hamsters, complemented by anal-
ysls of additional pIRNA pathway mutants by Hasuwa et al*. and
Zhang et al.*, reports critical pre-melotic, melotic and post-melotlc
functions of the mammalian pIRNA pathway. Our results sub-
stantially expand the known roles of the pathway in control of the
mammalian germline cycle. Furthermore, we provide an evolu-
tlonary perspective for the pIRNA pathway roles while refuting the
notton that the mammalian pIRNA pathway 1s important only for
the male germline.

The post-melotic and post-zygotic stertlity observed In female
Mov1011-- hamsters adds to the repertoire of critical roles of the
mammalian pIRNA pathway contribution to formation of develop-
mentally competent oocytes, which can support early development.
This contrasts with mice, in which the females remain fertile even
in the absence of the pIRNA pathway®45-1s,

One of the notable differences between mice and golden ham-
sters 1s that mice lost Fiwil3 while golden hamsters have four differ-
ent PIWT effector proteins like most mammals, Including himans.
Piwii3 seems to represent an oocyte-specificaspect of the mammalian
pIRNA pathway'™2144 However, female subfertility of Piwil3--
golden hamsters 15 a weaker phenotype™ than female sterility
observed In mutants in other components of the pathway In golden
hamsters, which include Mov! 0l reported here and in ref. 4, Piwill
(refs. *+) and Pids (ref. *). This suggests that, although the Piwil3
1s an impaortant factor, the pIRNA pathway has additional important
non-overlapping functions. What these functions are remains to
be clarifled. Although we observed changes in MovI0ll-- oocytes,
which possibly contribute to the sterile phenotype. the mechanism
of the loss of developmental competence of MovI0il-~ oocytes
remalns to be further delineated.

Changing requirements for the pIRMA pathway during evolu-
tlon could lead to the apparent Insignificance of the pIRMA path-
way In mouse oocytes. However, our results provoke the question of
whether the pIRNA pathway In mouse oocytes could have a similar
role In formatlon of developmental competence, which would be
masked In pIRNA-pathway mutants by overlapping functions of
the murine RNAI pathway'*. Unfortunately, massive transcriptome
changes and melotic defects In cocytes lacking RMAIS predude
the examination of the functional significance of the pIRNA path-
Wiy In mouse gygotes in the absence of RNAL

An analysis of Mov10/1~- male hamsters showed that MOV 10L1
15 required for the postnatal formation of pre-metotic spermatogo-
nia. The massive loss of germ cells before the spermatogonia form

1000

differs from the phenotypes in mice with mutations in the piRNA
pathway, which occur after the spermatogonia form. Although
Miwi2"~ mice revealed that pIRNAs regulate DNA methylation
In prospermatogonia, this role 1s not Important for the establish-
ment of spermatogonta, which form In Mwi2”~ mice but are
then lost progressively untll the testes become aspermatogenic
by 9 maonths™*-*,

The fallure of male MovI0/1-~ hamsters to produce spermatogo-
nia appears to be associated with the derepression of the MYSERV,
hamster-specific retrotransposon subfamily expressed 1o juve-
nile testes. First, the absence of the plRNA pathway in the male
germline ylelded a fallure at a stage at which MYSERV expression
peaks. Second, an outstanding abundance of MYSERV-targeting
pIENAs In juvenile testes tmplies that the element 15 2 major tar-
get of the plRNA pathway at that stage. While most retrotranspo-
sons In mouse and hamster genomes probably descended from
the common ancestor, recently expanded subfamilles represent
Independently evolved retrotransposon pools, which would pro-
voke an Independent adaptive response of the pIRNA pathway.
Hamster-specific retrotransposon derepresslon could therefore
explain why spermatogonia form In mice lacking MovI0I (refs. 7).
The model of retrotransposon-induced fallure of spermatogenesis
Is also conslstent with a rapld demise of mouse spermatogonia
whereby retrotransposon derepresston was enhanced by mutating
% In additlon to MilF®,

Taken together, our work does not just demonstrate that the
mammalian pIENA pathway 15 important beyond spermatogen-
esls. Equally important 1s that the divergent hamster and mouse
Muwel011-"- phenotypes lluminate the adaptive nature of the pIRNA
pathway, which leads to new gene regulations and flexibly protects
the germline cycle against retrotransposons whenever they would
pose a new threat.
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Methods

Animals. Golden (Syrian) hamsters M. auratius were purchased from Japan 5LC
(for knockout production and inittz] breeding) and from Janvier Labs (subssquent
breading). Animals were howsed under controlled lighting condittons {datly light
period 7:00 to 21:00 and &00 to 18:00 in Japan and Czechia, respectively) and
provided with water and food ad Hbitum. The animals used for experiments were
euthanized by intraperitoneal injection of a lethal dose of Euthasol {Samohyl).
All of the animal experiments were approved by the Animal Experimentation
Commities af the RIKEN Tsukuba Institute (T2018-J004) and the Instituiions]
Animzl Use and Care Committes at the Institute of Molacular Genstics of

the Czech Academy of Sclences (approval oo, 42/2016 and 700201 B} and were
performed In accardance with the law.

Production of Moviol! mutants. The production of knockout hamsters was
carried out using an in vivo electroporation CRISPR-Cas9 system as described
previousty=*. Pairs of sgANAs were designed to cleave the Mov i genomic
saquence in Intran 19 (sequence of DINA targets: 5'-GGEETATCACATGACTT
GGOGG-3; 5 -GOTGTTGGGATCATAGTGGGG-3') and In intron 20 (sequence
of DMA targets: 5 -TCTOCACTCTTOCATGTGGGG-3'; 5 - TACCATTACATTTG
TCAGGGG-3 ) to delete exon 20 (Fig. 1)

Five animals were bom, of which one did not exhibit any deletion, two were
homozygous for the deletion and were not used for breeding, and ome male and
one female showed modification of one allele (Extended Data Fig. 3a). Male |
was fertile but did not transmit the allele, whereas female 4 transmitted the allele
into progeny (number of progeny, 10; 3 males and 4 females carried the mutant
allele) when bred with 2 wild-type animal. Subssquent breeding of heternzygotes
for two generations with wild-type outbred animals was performed to minimize
possible off-targeting and inbreeding effects when heterozygotes were mated
o produce homozygotes. The allels bearing a 761 bp deletion comprising
exan 20 (KB708134.0: 11,120,580-11,121,340) was confirmed by sequencing
(Extended Data Fig 3b). RNA-seq analysis showed 2 loss of signal over exon
0 and a strongly reduced transcript level of the mutant transcript (Extended
Data Fig. 3c).

For genotyping, ear blopsies were lysed in PCR-friendly lysis buffer with
06 U per sampls protetnase K {Therma Fisher Sclentific) at 55°C, with shaking
at 500 rp.m. untll dissolved (approoimately 2 Sh). Samples were heat-inactivated
10min 2t 30°C end lysate was used for nested PCH reaction. Genotyping primers
are provided In Supplemeantary Tabls 9.

Superovalation and rygote collection. Female golden hamsters were Induced to
superovulate by intraperitoneal infection of 1510 or 251U pregnant mares sequm
gonadotroptn (PMSG, ProSpec Bio) at 10:00 on the day of post-oestrous vaginal
discharge {day | of pestrous cyde). hCG (251U; Sigma-Aldrich) was injected 76h
Later {14:00 on day 4 of the oestrows cycle) and females were mated with fertile
mzles at 18:00 on the same day.

Fygotes were oollected 40h after mating and four-call embryos 61h after
mating {without previous superovidation) by fushing oviducts with M153TE
medtum (M 195 medium with HEPES, sodlum blcarbonate and Eagles salts, Giboal,
supplemented with 5% feta] bovine serum {Sigma- Aldrich) Inactivated for 30 min at
56°C, 5mM taurine, 25 pM EDTA and pre-equiltbrated with 5% C0,, 5% O, and 90%
M, at 37°C. Zygotes were Isolated In a dark room with red filters on the micmscope
gt source and were used Immediately for experimentz] analysts as there was no
highly efficlent culture system for hamsier rygotes and prelmplantation embryos.

Ouocyte collection. Preovulatory fully grown GV oocytes were collected from
ovaries by punciuring antral follides with a syringe needle in M2 madium
(Sigma-Aldrich) containtng 0.2 mM 3-1sobutyl-1-methyl-zanthine (Sgma-Aldrich)
to prevent resumption of melosts. [n the absence of a highly efficlent culture system
for medotic maturation of hamster (3Y oocytes in vitro, ovidated unfertilized

eggs arrested at M1 were collected from the oviducts of superovulated females
approximately 17 h after hOG mjection. MII oocytes wers released from cumidis
cells after incubation with 0.1% bovine testes hyaluronsdase (Sigma-Aldrich)

in M195TE medium at 37°C for 1 min and washed three Hmes in equilibrated

M 189TE medium kept under paraffin od.

‘Western blotting. Hamster and mouse tssuss were homogenized mechanlcally in
RIPA Lysis buffer supplemented with 13 protease Inhibitor cocttal set (Millipore)
and loaded with 515 dye. Protetn concentration was measured using the Bradford
assay and 60pg of protein was used per lane. Proteins were separated on 6%
pobyacrylamide gel and transferred onto 2 polyvioylidene difluoride membrane
(Millipore) using semi-dry blotting. The membrane wes blocked In 5% skim milk
tn TTBS, MOV10L1 was detected wsing anti-MOWV10LL primary antibodies! (gt
from |. Wang]) diluted 1:250 and incubated overnight at 4°C. Anti-rabbit-HRP
sacpndary antibodles (Thermo Fisher Scientific) were difuted 1-50,000 and the
signal was detected using SuperSignal West Famto Substrate (Thermo Fisher
Sclentific). For TUBA4A detection, samples were run on 10% polyacrylamide

gel and Incubated with anti-tubulin (31gma- Aldrich, Té074) mouss primary
anttbodles diluted to 1:00.000 2nd antl-mouse- HRP secondary antfbodies (Thermo
Fisher Sclentific) dihted to 1:50,000.

RT-PCR analyses. For oocyte and embryo expression analysts, five to ten
oocytes or embryos were collected per sample in 3 pl of PBS and snap-frozen In
Niguid nitrogen; the number of oocytes/embryos was kept constant in Indtvidis]
sample s=ts. Mext, the samples were lysed by mixing 2n equal volume of the
Iysts buffer=. Crede lysate was used for reverse transcription with SuperScript
I {Therm Fisher Scientific). An equal fracton of total RMNA per aocyte/zygote
wis reverss transcribed using SuperScript 1 BT (Thermo Fisher Scientific) with
random hexamers aocording to the manufacturer’s recommendations. To avosd
genomic DA amplification, primers were designed to span multiple exons.
cDNA was amplified by ExTagHS (TaKaRa) using the following
24 °C for 2min; 35 cycles of 84 °C for 105, 60°C for 305 and 72°C for 305 aud
2 final extenslon &t 72°C for 3min. The PCR products were resolved on 1.5%
agarose gels and visualized using ethidium bromide. All PCR products were
saquenced after cloning Into pCR4 TOPO vector (TOPO-TA doning kit for
saquencing; Thermo Fisher Scientific). & list of the primers is provided In
Supplementary Table 2.

For gPCR analyses, 2 1 pg 2llquot of tota]l RNA wsed for WGS library
preparation was reverse transcribed tn a 30 pl volume wstng LunaSaript BT
Superhix Kit (New England Blolsbs) according to the manufacturers instructions.
A 0.5 cDMA allquot and the Maxima SYBR Green gPCH master mix (Thermo
Flsher Solentific) wers used for the gPCR reaction. gPCR was performed on
LightCycler 480 (Roche) In technical triplicates for each blobogical sample Average
(, values of the tachnical replicates were normalized to the housskeeping genes
MaHPRT and MaB2M(7 using the AAC method™. A lst of the primers wed for
gPCR 15 provided in Supplementary Table 5.

Histedogy and immunoflsorescence analysis of hi sections. (varles
and testes were fixed in Hartmans fixattve (Sigma-Aldrich, Ho290) or 4%
paraformaldehyde In PBS for 1.5h or overnight at 4°C. Tissues were defrydrated in
ethanol, embedded In paraffin, sectioned to 2 thickness of 2.5-6 pm and stained
with HEE or used for immunofluorescence stalning,

For immunofleorescence staining of testes, sectlons were zed
and then bodled for 18 min in 10mM pH 6 sodium cltrate solution for antigen
retrieval. After 45min blocking with 5% normal donkey serum and 5%
bovine serum albumin (B3A) in PBS, sections were incubated for 1h at room
temperaturs or overnlght at 4*C with the following primary antibodles used
at 1:200 dilutions: antt-LINEL ORF1p (provided by DU O'Carroll, Untversity of
Edinburgh), ant1-5CP3 (Abcam, ab576672), anti-ZBTHLS (Atlas antthodies,
HPADD1499) and anti-yH2ZAX (Millpore, 05-6346); and at 1:400 dilutlons:
anti-DIX4 {Abcam, ab27581 and zb13840) and anti-WT1 (Novus Biologicals,
NB110-60011). Antl-IAP GAG antibodtes (gift from B. . Cullen) were used
gt a 1:500 dilution. Antl-mouse or anti-rabbit secondary antibodies conjugated
with Alexa 488 or Alexa 504 (1:500; Therma Fisher Scientific) were incubated
for 1 b at room temperature, Nucles were stained with 1| pgml—' DAPI for
10 min, slides were mounted in Prolong Diamond Antifade Mountant
[ Therma Fisher Sclentific) and images were acquired using the DMe000 or
Leica 5PE confocal microsoope.

| il g of eocyles and rygotes. Oocyies and rygotes were
ﬂmduﬂmmhﬂmdm 0.2% Triton X-100 In 4% paraformaldehyde for

30 min at room temperature fllowed by blocking tn 2% BSA in PRS for 1 or kept
In bloding buffer overnight To visualize the metotic spindle, MII oocytes wera
stained with mowse antl-Tubulin {Abcam, ab7750) diluted 1-100 for 1h at room
temperzture. To visualize H3K%me3 histione modification, rabbit ant-H3K9me3
(Upstate, 07-442) was used &t 1:1,000 diition overnight at 4 °C_ MII oocytes and
rygotes were Incubated with secondary antthody conjugated with Alexa 488 or
Alexa 584 (Therma Pisher Scientific) diluted at 1:500 for 1h at room temperature.
DA was staltned with 1 pgml' DAPI for 10min. The Leica DM 6000 microscope
and 58 confincal microscope were used for data collecton, LAS AFLITE 3.3
software (Lelca) was used for Image processing, and Imaris v9.6 (Biiplane) was
usad to determine the length and volume of the spindle and metgphase plate by
three-dimenslonal reconstruction.

RMA sequencing: sequencing library preparation. For oocyle transcriptome
analysts, todz] RNA was extracted from 6-12 fully-grown oocytes using the
Arctizrus Ploopure BMA tsolation kit (Thermo Fisher Sclentific) according to the
manufacturers protocol. RNA-seg lbraries were generated wsing the Orvatlon
RMA-Seq system V2 (NuGEN) followed by the Ovatson Ultralow Library system
(DR Multiplex System, MuGEN) according to the mamsfacturer’s protocol. cMNA
fragmentatlon was performed on the Bloruptor sonlcation device (DMagenods)
with 18 cycles of 305 on and 305 off 2t low Intensity. Libraries were amplified by
& cycles of PCR and seguenced by 100-nucleotide single-end reading wsing the
[Numina MovaSeqeono platform.

For small- RMA-seq analysts of nocyies, 2t least five oocytes were collectad
from each animal and were incubated at 75°C for 3 min to relezse small RNAs.
Smill-RNA Ihraries were preparad using the NextFlex Small-RNA-seq v3 ki
{Amplicon) according to the manufacturers protocol; 3 adspter Bgation was
performed overnight at 16°C, 25 cydes were wsed for PCR amplification and gel
pierification was performed for size selaction. For gel purtficatson, lbrartes were
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separated on 3 2.5% agamse gel using 1x lthium borate buffer and visualized with
ethidium bromide The 140-170bg fraction was cut off the gal and DA was isolated
using the MinElute Gel Extraction Kit (Qiagen). Final lsbraries were sequenced by
75-nucleotide single-end reading wsing the [lumina NextSeq500/550 platform.

For analysss of testicular transcriptomes, total BMA was extracted from
adult, 21d.pep, 13d.pp. 9dpp. and new-bom (0 d.p.p) hamster testes using
the Sigma-Aldrich mirPremier microBNA tsolation kit according to the
manigfacturer’s protocol. Bibosomal RNA (rRINA) was depleted from RNA used for
transcriplome analysis wsing the Ribo-Zaro rANA Removal Kit (Human/Mousa/
Rat) (Fpscentre) or the Ql4sq FastSelact-rANA HMR Ent (Quagen) according
o the manufacturar's THMNA depletion was confirmed wsing the 2100
Bioanalyzer (Agllent Technologies). ENA-saq libraries were generated using the
WEBNext Ultra 11 directional RNA Ibrary Prep kit for Ilsmina (BioLabs, EF7655)
according to the manufacturer's protocol. RNA-seq Iibrartes from adult, 21 dpp.
and 13 d.pp. testes wers sequenced by 150-nucleotide patred-end reading and
RN A-seq Hbraries from d pop. and new-born hamster testes wers sequenced by
75-nucleotide single-end rezding using the Mumina NextSegqs0/550 platform.

For small- BN A-seq analysis of testes, total RNA 1solated as described ahove was
used with the MextFlex Small-RNA-seq v3 kit (Amphicon). Libraries were prepared
according to the manufacturer’s protoos with 3 adzpter ligation overnight at
16"C, 15 cycles of PCR amplification and MextFlex beads or gel purlfication
(described above) was used for size sslaction. RMA-seq librares were sequenced
by 75-nucleotide single-end reading using the llumina NextSeq500/550 platform
or 100-nudestide single-end reading using NovaSeqa000 platform. A 1ist of the
analysad sequencing Hbraries is provided In Supplementary Table 10. Raw data
were depasited at the Gene Expression Omntbus (GEC: GEE164658).

Bisulfite sequencing: library preparation. For bisulfile sequencing, ten

fully grown GV oocytes {an equivalent of 40 haploid genomes and 80
single-siranded DN As after bisulfite conversion) were direcily subjected to EX
DA Methylatton-Direct kit (Zymo Reszarch) for bisulfite conversion with the
following madifications: samples wera digested with proteinase K at 50°C for
35min and bsulfite conversion was performed 2s follows: 98 °C for 6 min, 64°C
for 30 min, 95°C for 1 min, 64°C for @0min, 95°C for | min and 64 °C for S0min.
T4 libraries were prepared using the EpiNext Post-Bisulfite DNA lshrary
Praparation kit according to the manwfacturer’s protocol, with 22 PCR cydes
usad for amplification. The final DA Hbraries were saquenced by 250-nudeotide

patred-end saquencing on the Nlumina NovaSeqs000 platform.

Bininformatics analyses. ENA-seq and differential gene expression analysis. Raw
RBMA-seq reads were mapped to mouse (mm 10}, human (hg38), cow (bogTzwd), rat
(rn&), golden hamster {mesAurl} and the newest golden hamster (FRIDE10770)"
genomes using STAR v.2.7.33 with following parameters:

STAR —-readFilesIn § [FILE}.fastg.gz ——genomelir

5 [-SENCHB_IHDEH} ——runThreadd 12 --genomeload
LosdAndRenove --limitBMMsortRAM 20000000000

--readFi lesComand unpigz -c —--outFileHamePrefix

% [{FILENAME} --outSAMcype BEMAM SortedByCoordinate
——putReadslnmapped Fastx —--outFilterMultimapimax

5000 —-winhnchorMultimapimax 5000
--seedSearchStartlmax 30 --alignTranscriptsPerReadioax
30000 ——alignWindowsPerReadimax 30000
--alignTranscriptsPerfWindowlnax 300 --seedPerReadimax
3000 --seedPerWindowlnax 300 --seedHonelociPerWindow
1000 ——putFilterMultinapScoreRange 0
——putFilterMimatchloverlmaax 0.05 --sjdbScore 2

These parameters were chosen to optimize mapplng for quantification of
transposable elemants®.

For analysis of expression of proteln coding genes, reads were mapped with
maximum of 20 multmapping alignments allowed. Reads mapped to mesAurl
were counted over exon features annotzted by Ensembl (relezse 59) using
featumeCounts v.2.0.0 {raf. =)

featureCounts -a § [(FILE}.gtf -0 § [FILE}.counts_txt §
{FILE} .bam -T 12 -F GTF -M -0 --fraction

For the patrad-end lshraries -p flag was added For the stranded Hbraries, -2
flag was added. Statistical significance and fold changes In gene expression wera
computed 1o R (https/iwww R-projectorg’) using DESeq2 package”. Genes were
considered to be significantly upregulated or downregulatad If thelr corresponding
adjusted P values were smaller than 0.01. Principal anzlysis was
computed on counts data that were transformed using the regularized logarithm
(rlog) function.

For the heat map showing the expression of ptRNA factors in testes and
oocytes of four mammalian species (Flg. 1a), the following publicly avallable
datasets were ised: bovine aocyte GSES2415 (ref. =), bovine testis PRINA47 1564
(raf. @), human oocyte GSE7F2379 (ref. <), human testts (GSE7489¢6 (rafl <),
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maisse oocyte GEE116771 (ref. <), mouse testls GSE49417 (ref. <7), rat nocyte
G5E137563 (ref. #) and rat testts (G3ES3560 (ref. <). Read mapping wWas
visualized In the UCEC Genome Browser by constructing bigWig tracks using
the UCSE tools=.

Smail-RNA-seq analysis of festes. Small-ENA-seq reads were trimmed in two
rounds using bbduk sh w38 87 (https=/fjgl.doe gow'datz-and-toolsbbiools?). First,
the WEX Tilex adapter was trimmed from the right end:

bbduk.sh -XaxZ05 threads=6 ir=§ [(FILE}.fastg.gz out=%
{FILE} .atrim. fastqg.gz literal= TGGANTTCTOGGETGCCAMG
stats=5% [{FILE} .atrim.stats owerwrite=t ktrim=r k=21
roomp=f mink=10 hdist=l minoverlap=8

Mext, four random bases from both sldes of the reads were trimmed:

bbduk.sh -¥mx20G threads=6 irn=§ (FILE}.atrim.fastg.
gz out=% [(FILE}.trimmed fastg.gzr stats=5 (FILE}.ftrim._
stats overwrite=t forcetrimright?=4 forcetrimleft=4
minlength=18

Trimmed rezds wers mapped to the genomes using the following paramebers:

STAR --readFilesIn § {FILE}.fastg.gz

-—genomelir 5 [-SEHGHE_IH[:ER} ——runThreadd 12
-—genomeload LoadAndiemowe --limitBAMsortRaM
20000000000 --readFilesCommand unpigz —c
-~—putFileNamePrefix § [FILEMAME|} --outSAMoype

B SortedByCoordinate —-—outReadsUnmapped Fastx
-—outFilterMizsmatchimax 1 ——putFilterMizmatchMove rloax
1 -—putFilterMi=mmatchHoverBeadlosx 1
——putFilterMatchilmin 16 ——outFilterMatchlmindwerLlread 0
-—putFilterScoreMindverlread 0 --outFilterMul timapHoax
5000 --windnchorMul timapbmaoe 5000
--seedSearchStartlnax 30 --alignTranscriptsPerReadioax
F0000 ——alignWindowsPerReadimax 30000
--alignTranscriptsPerdindowmax 300 --seedPerReadbnax
3000 --seedPerWindowlmax 300 —-seedHonelociPerdindow
1000 -—putFilterMultimapScoreRange 0 —--alignIntronMax 1
--slignSJDBoverhangMin 299929999999

Small-RNA-seq mnalysts of oocytes. Small-BNA-seq reads were trimmed using
birdubsh v.38.87:

bbduk . sh -¥mx208 threads=6 in=§ (FILE}.fastg.gz out=35
[FILE} .atrim_fastg.gz literal= TGGAATTCTOGGGTGOCAMGG
stats=5 [{FILE} .atrim.stats overwrite=st kirim=r k=21
roomp=f mink=10 hdist=1l minoverlap=8

Libraries were then deduplicated from PCR duplicates. First, using custom
scripts (avallable at https./Vigithub.com/fhorvat) bath UMI sequences from the
read {four random nuclectides from each end of the trimmed read) were added
to the read header. UMI sequences were then removed from read sequence using
Cutadapt v2.10 (ref <)

cutadapt -u 4 -0 S{FILE} .trim_1.fastq -j & S{FILE}.umi.
fastg

cutadapt -m 1B -u -4 -o H{FILE}.trim 2 _fastg -j &
S[FII..B}-_tri.m_l_fastq

Trimmed reads were then mapped to the new golden
hamster genome using STAR 2.7.3a:

STAR --readFilesIn 5 {(FILE}.dedup.fastg.

gz --genomelir § {GENOME_IHDEX} --runThreadd 12
-—genomeload LoadindRemove --limitBAMsortRasd
20000000000 —readFilesCommand unpigz —C
-—outFilelamePrefix § [FILENAME| --outSAMtype

B SortedByCoordinate —-—outReadsUnmapped Fastx
-—outFilterMismatchimax 1 ——outFilterMisoatchBove rlooax
1 ——putFilterMimatchHoverReadioax 1
-—outFilterMatchlmin 16 ——putFilterMatchiminOwerLread 0
-—putFilterScoreMindverlread 0 --outFilterMul timapHoax
5000 --winAnchorMul timaplmax S000
--seedSearch5tartlmax 30 --alignTranscriptsPerReadima
30000 —-alignWindowsPerReadimax 30000
--alignTranscriptsPerWindowlimax 300 --seedPerBeadbmax
3000 --seedPerWindowdmax 300 -—-seedHonelociPerdindow
1000 -—putFilterMul timapScoreRange 0 -—alignlntromMax 1
--alignSJDBoverhangMin 999999999999
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Mext, UMI tools w111 (ref. “) was used on mapped .bam files to deduplicate
them:

umi_tools dedup --method=directional
—--multimapping-detection-method=HH -I
fastg --output:
dedup log.txt -5

S{FILE}.trim 1.

Final .fastq files were generated from deduplicated mapped reads bam files
using samiools v.1.10 {ref. <)

ools fastg -B 12 S({FILE}.dedup.bam > S{FILE}.dedup.

astg

1

Those deduplicated reads were then mapped to the genomes wsing same STAR
17.3a with same parametess as shove.

Defimition of hamster pANA cluslers in testes and thetr analysis. Small-RNA-seq
analysts of whole testes was used to distinguish pre-pachytene pre-mefotic

plRNAS and malotic pachytene plRMNAs 25 9d pp. and 13 dpp. testes contain only
pre-melotic spermatogoniz, wheress spermatogenesis in pubertal hamsters reachaes
the pachytene stage at 21 d.pp. (ref. ®). pIENA clusters In testes were defined using
custom R scripis s follows:

1. The genome was divided Into | kb windows and, for each window, allgnments
of 24-31-nucleotide reads were counted with fractional counts. Counts
were normelizad to the tota]l number of 19-32-nudeotide reads in millions
nto RPM. BPMs were then normalized to the length of windows withouwt
counting gaps in assembly (N nucleotides) into REEM valuss. Windows with
RPEM = | were remaved.

1 For pre-pachytene clusters, naighbouring tles wers merged into dusters I
thetr log:-transformed fold changes of knockout'wild-type RPEMs at 3dpp.
and 134 pp. wera lower than — 2. For pachytene dusters, nelghbauring tiles
were merged into clusters if their log-transformed fold changes of knockowt!
wild-type RFEMs at 21 dpup. were lower than —2 and log.-transformed fold
changes of knockout'wild-type RP¥Ms at 13d.p.p. were higher than -2,

3. Mext, dusters were merged into superchesters If they were 2t most 2kb apart.

4 Clusters were manually curated and the fingl RPEM valuwes were recalculated.

For further analysis, we selected locl with a plRNA density of greater than
10 RPM per kilobass for 9d.pp. and 134 pp. pre-pachytene piRNAs and 100 RPM
for 21 d.pp. pachytens plRNAs (Extended Datz Fig. 1a).

Defimition of hamster mANA dusters in oogples mnd their amalysts. For defining
oncytlc pIRMA clusters, we took advantage of existing anabysis of PIWIL]- and
PIWIL3-assoctated small BINAs in the oocyte 1dentifled by Ishino et al.". In'brief,
the genome was divided into 1 kb windows and, for sach window, alignments

of PIWILI- and PIWIL3-assoclated reads were counted with fractional counts.
Counts were normalized to the total number of reads in millions into RPM.
Next, RPM:s were normalized to the length of windows without counting gaps

in assembly (N nudestides) into RFEM values. Windows with RPEM - 1 were
removed Finally, clusters were merged into superclusters If they were at most 2k
apart and expression of small-RNA-saq reads in pocyte samples was calculated
uslng fractional counts.

Only clusters with 2 minimum of 10 EPMs in PIWILL or FIWIL3 [P samples
and a minimum of 10 RPMs average for combined 18-20 and 24-32 reads
{exclieding the 21-23-nucleotide mIBNA/SIRN A-rich population} in WT oocyte
samples were used for subseguent analysts.

{rene Omiology amnotation anatysts. Gene Ontology annotation analysis was
performed using the clusterProfiler™ R packags.

JPIRNA sequence logos. The saquence logos (Extended Data Fig. 1e) were caloulated
from the primary alignments only. First, only the reads with aligned first
nucleotide were selacied (all rezds with a clipped 5' end were removed). Reads
mzpped within the ptRMA disters were then sdected. The 25-31-nucleotide-long
rezds were wsed for drawing the saquence logo™.

Annatation of transposmhle elements. Transposable slements in new golden
hamster assembly were annotated wsing Repest®asker (v.4.0.5)™ using the mouss
repeals database 25 the clossst avallable annotated organism. In summarizing the
expression of transposable alement growps, sach read was counted only once wsing
a custom R script.

Bisuifite sequencing. Raw bisulfite sequencing reads were trimmed using the
following parameters:

bbduk. sh -Xmx20G
in2=3 (FIL
out2=% |

threads=12

t.gz out

GGAAGAGC owverwrite=t
t=1l minowerlap—B

stats=5 [BASE} .stats literal=AGA
ktrim=r k=12 rcomp=t mink—E hdits
minlength=25 minlength=50 tho

Trimmed rezds wers mapped to the genome wsing Bsmark™:

bismark --non directional —-parallel 4 --ummapped
-—output emp dir -—genome folder 5 [BISMARE
IHDEX } trim.txt.gz -2 § (FILE}_2.trim.
txt.gz § | rim.txt.gz

Next, to remaove allgnments arising from excesstve PCR amplification,
alignments were deduplicated wsing the deduplicate blsmark script. Methylation
Information for iIndividual cytosines was then extracted using bismark_
methylaton_extractor. For analysts of full-length intact consensus sequences, reads
were first mapped to the genome. MNext, reads mapping to indtvidis] full-length
Intact insertons were extracted and mapped sgain to full-length intact consensus
SSUENCES,

Statistics and reproducibility. All statistical analyses were parformed in B software
environment (https:!'www.R-projectorg/). For transcriptome analyses, the DESeq2
package was used, which Internally uses two-sided Wald test and corrects Fvalues
fior multtple compartsons using the Benjamini-Haochberg method. DESeq2 P 0.01
was conslderad to be significant. The 3 test from basa R was usad for anzlysis

of the Mendellan distrshution of genotypes after crossing heterorygotes and for
comparison of germ cell nembers in semintferous tubules. Pe 0005 was consldered
to b significant in all tests. For the bax plots of the nudestids exchange rate
analyses, the median (box centre) and first and third quartiles (bounds of box)

are shown, and the whiskers extend from the bounds io the valwes no lower
(minimum) or higher {maximum) than 1.5 Interquartile range. RT-qPCR
analysis of expression changes wed the AAC, method In the REST tool™. The error
bars delineate the 55% confidence Interval estimated by REST.

In general, experiments were performed with at lezst duplicate Independent
iological samples. The number of replicates was Influsnced by the limited
availability of the biological material stemming from time-consuming and
lzborious hamster breeding. The sample sizes and numbers of replicates are
provided in the figire captions and, for RNA-saq analyses, in Supplementary
Tahle 10.

Mo statisticz] method was used to predetermine the sample sizes. Two ENA-seg
libraries from hamster which were gutlsers in PCA and had poor guality/
low complexity (clearty because of 2 lmited amount of starting material), were
exchuded from analysls. Furthermore, matings where fertilization did not occur
(evidenced by the sbsence of pronucleus formation and a lack of the presence
of paternal DNA In unfertilized aggs) ware excluded from the preimplantation
development analysts.

The experiments were not strictly randomized 25 they depended on 2 imited
amaunt of avallzble biological material Howewver, this slso precluded any delibarate
salecton of samples. The Investigators were not biinded to zllocation during the
axperiments and outcome assessment because of Integrated animal breeding,
genotyping and phenotype analysts. All replications were successfil.

Reporting Summary. Further iInformation on reszarch design is avallable tn the
Mzture Research Reporting Summary Unked to this artice.

Data availability

All data are avallable in the main text or the Supplementary Information.
High-throughput sequencing data have been deposited in the Gene Expression
Omnibus (GEO) under the accesston code GSE 164658, Previously published
data that were reanalysad here are zvallable undar accesslon codes GSES241556,
PRIMA 471564, GSET237958, GEET489650, GRE1 1677160, GRE4B41761,
(5E137563642 and GSES306063. All other data supporting the Andings of this
study are avallable from the nding authors on rezsonable request.
Inguiries concerning the hamster plRMA pathway analysis should be directed to
P (svobodapgimg. cas o), Inquinies concarning hamster animal modsl and ts
genome manipulztion (KGONAD) should be directed to A O (ogurag@ric riken
gop). Source datz are provided with this paper.

Code availability
The code used for sequence data analysis 1s avalleble at GitHub (https/ github.
com/fhorvat/bininfo_repo/tres’master! papers/plRNA_2021).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Analysis of golden hamster's testicular piRNA clusters. Analysis of golden hamster's testicular piRMA clusters. (a) Rank-sorted
annatated pre-pachytene and pachytene clusters according to the amount of small RMAs per cluster (RPM). (b) Distribution of pifNA clusters according
to average piRMNA density {cluster per RPKMD. (<) Distribution of piRMA cluster sizes. (d} Graphs depict frequencies of 19-32 nuclectides-long RNAs
mapping to annotated pre-pachytene (9 d.p.p.. 13 d pop.) and pachytene (21 d.p.p.) clusters (Supplementary Tables 1-3) at the three studied time points.
Coloring of bars indicates proportions of miRMAs and small RMAs derived from repetitive sequences, mRMA, and other sequences. (e) Sequence logos for
piRMA clusters from 9, 13, and 21 d.pp. testes (Supplementary Tables 1-3). U at position 1is a common piRMNA feature?, preference of A at the position 10
({black arrow) in the sequence logos of 29 nt long piRMA clusters from 9 and 13 d pop. testes is a "ping-pong” signature of secondary piRMAs". 29 nt long
piRMAs from 21 d p.p. and shorter piRMA clusters from all three time points show little if any signs of the “ping-pong” signature. The red arrow points to
apparent U-tailing of pachytene piRMAs. Three biclogical replicates of wild type 9 d.p.p. testes and two biclogical replicates of wild type 12 d.p.p. and 21
dp.p. testes were used for small RMA analysis presented in this figure.
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Extended Data Fig. 2 | Nucleotide substitution rates of retrotransposons sequences. Nuclectide substitution rates of retrotransposons sequences.

{a) Boxplots show nucleotide substitution rates in selected LTR subgroups and abundance of 24-31 nt RMAs carrying depicted retrotransposon saquences.

The lower graph depicts RPMs for 24-31 nt small RN As per million of 19-32 nt reads from wild type 9 d.pp., 13 dp.p. and 21 d.p.p. whole testes small

RMA sequencing. Sequencing was performed in three biclogical replicates from 9 d.p.p. and two biological replicates from 13 d.p.p. and 21 d.p.p. testes.
(b} Nucleotide substitution rates in MalR elements. (c. d) Nucleotide substitution rates in IAP and L1 subfamilies in golden hamster and mouse. Young

I1AP and L1 subfamilies, which supply most FLI elements show minimal nucleotide substitution rates. All boxplots were constructed from 200 randomly
selected insertion sequences {or all insertions if there was less than 200 of them). The internal line in the boxplot represents median and bounds of box

the 1% and the 3= guartile; whiskers extends to values no lower {minima) or higher (maxima) than 1.5 * IQR (interquartile range).
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Extended Data Fig. 3 | Mov10IT" hamster model production. Moy hamster model production. (a) PCR genotyping of five FO animals. The upper
band =1 kb corresponds to the wild-type allele. 4/5 animals carried at least ene mutated allele. Female #4 was heterozygous and transmitted the mutated
allele into F1. {b} Schematic position of CRISPR-Cas9 cleavage sites and validation of the deletion induced in female #4 by Sanger sequencing_ (c) A UCSC
browser snapshot showing absence of Movl(I] sequences mapping to the removed exon 20 in RMA-segquencing data from 9 d.p.p. testes. Dashed lines
depict counts per million (CPM) of normalized (per library size) expression data. Two biological replicates of @ d.p.p. testes with each genotype were
analyzed by RN A-seq, displayed tracks were constructed from merged RMA-seq data from each genotype.
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Extended Data Fig. 4 | Transcriptome changes in Mov10H1-" socytes. Transcriptome changes in Movlil-" cocytes. (a) Princpal Component Analysis
{PCA) depicting distribution of individual RMA sequencing libraries (produced as biclogical replicates) used for transcriptome analysis. {b) Venn diagrams
show overlaps among transcripts with increased or decreased relative abundance when comparing different Mow Q! genotypes. (c) Snapshots from
the UCSC genome browser depicting a female-specific piRNA cluster localized between Wirl and Znf5188b described previously”. While the majority
of piRMAs along the cluster become strongly reduced in Movl - ococytes, some specific piRMAs (red arrows) remain present. This contrasts with
piRMA changes in male piRMA dusters at 9 d p.p. (compare with Fig. &c and Extended Data Fig. 7c). The MoviOf= track is a “merged” track from

two independent RMA-seq libraries, Mov)OIT track is derived from a single RMA-seq library. {d) Comparison of relative changes in MovIOIMT~" fully-
grown oocytes and ovulated Fiwill~ MIl cocytes™. Piwill analysis was done in triplicates, Mow] QT libraries are the same as in the panel a). Colored are
genes differentially expressad in Piwill-~ MIl cocytes (DESeq2 p-value <0.01). Clustering of red points (significantly upregulated genes) in the upper
right gquadrant implies a common pool of upregulated genes. The \enn diagram shows overlap of upregulated DEGs (a single gene was common for
downregulated DEGs). (e} A LCSC genome browser snapshot of RMA-seq data and genomic structure of Kif2a locus with an RLTR31B2 LTR-derived
oocyte-specific promoter. The Mow 1011~ track is a merged track from three independent RMA-seq libraries, the remaining two tracks were constructed
from two independent RMA-seq libraries.
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Extended Data Fig. 5 | Bisulfite sequencing analysis of Mov101~" oocytes. Bisulfite sequencing analysis of Mov!0Il-" oocytes. (a,b) Snapshots from the
UCSC genome browser depicting coverage of the genome by bisulfite-sequenced fragments and CpG methylation frequency. For each genotype, one
sequencing library was constructed from 10 cocytes. (b) A detailed UCSC genome browser snapshot depicis expressad Owcl5 gene with apparent absence
of DMNA methylation in the promoter. {c) Quantification of distribution of Cpia methylation in hamster oocytes in unigue and selected repetitive sequences.
Crnly regions covered by at least four fragments in Movl0f=* and Movi{!=~ libraries were includad in the analysis. Promoters were considered regions

1kb upstream of an annotated transcription start sites and were divided into two groups according to their activity using an arbitrary expression threshold
of 0.5 RPEM. (d) CpG methylation of selected retrotransposon subgroups in MovlOfT- and MovIOi-" libraries. (e} CpG methylation in |AP full-length
intact retrotransposons. Panels on the left depict “coverage” of the retrotransposon genome {number of sequencing reads), panels on the right display
methylation frequency at CpGs (vertical lines). Different coverage of 5° and 37 TR sequences {which are identical) comes from the fact that sequencing
was done as “paired-end sequencing”, hence if one read mapped exclusively to an LTR, the second read typically allowed to distinguish between 3" and 5
LTRs. Red lines depict Cps positions shown in Fig. 3g.
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Mov1011-

Extended Data Fig. 6 | Sterility in Mov101T"- males. Sterility in MovIiOlT~ males. {a) Maost of the testicular seminiferous tubules in adult MovIOil-~ testes
{53 weeks) appear aspermatogenic in H&E staining. {b) Immunofiucrescent staining with germ cell marker DOX4 (WASA) raveals rare clusters of
spermatogenic cells (97% of tubules do net contain any germ cells). For both panels, testis sections from two adult males (three sections from each testis)
ware individually stained. Representative examples are shown
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Extended Data Fig. 7 | Transcriptome changes in Mov1011-"- 9 d.p.p. testes. Transcriptome changes in Mov! Q- 9 d p.p. testes. (a) PCA analyses of
individual RMA-seq libraries produced in biological duplicates from newborn and 9 d p.p. testes. (b) Composition of 20-32 nt RNA population in MovI0I+
and Movi0it 9 d pp. testes. Small RMA abundance in wild-type contrals correspands to reads per million of 18-32 nt reads. Mov!¥1~" libraries were
normalized to the amount of testicular miRMAs. (c) Snapshots fram the UCSC genome browser revealing loss of piRMAs in another top 9 d.p.p. cluster
{in addition to the one shown in Fig. c) and the Let-7 miRMA loous demonstrating intact miRNA expression. Three libraries from Mov] QI+ and bwo from
Mov1 01 testes were preduced and used for analysis in b} and ). {d) Germ cell-specific genes are among downregulated DEGs at @ dpp. Red and blue
points depict significantly upregulated and downregulated DEGs in 9 d.p.p. testes (DESeq2 p-value <0.01). Gene expression changes in Movi0i-- 9 dpp.
testes (y-axis) were plotted against gene expression changes in MovI0IT-13 d.p.p. (upper graph) or 21 d.p.p. (lower graph) testes. Since 13 and 2X1d p.p.
Mov] QT testes lack most germ cells, germ cell-specific genes will be among strongly downregulated DEGs on the left side. (e} Gene Ontology analysis
of enriched biological processes among DEGs in 9 d p.p. testes. (f) Weak relationship between upregulated DEGs and piRMAs. Gene expression changes
in MoviVl~- 9 d_p.p. testes (y-axis) were plotted against rank-sorted abundance of 24-31 nt reads mapping to exons of these genes {multimapping reads
wiere weighted). The rectangle frames a small upregulated fraction of DEGs associated with more abundant piRMAs (> ~5 RPM). (g Quantitative RT-
PCR analysis of expression changes of selected genes and retrotransposons in AMov!0l- newborn and 9 dp.p. testes. Mumbers abave each bar represent
fold changes. One biclogical sample from each genotype was analyzed in a technical triplicate. Data are presented as relative fold changes of normalized
median expression values in mutants and wild type controls caloulated with the AACT method in the REST tool. Error bars delineate 95% confidence
interval estimated by REST.

MATURE CELL BIOLOGY | www.nature.com/naturecellbiclogy

153



Mov1Ol1

Extended Data Fig. 8 | Increased expression of IAP GAG protein in Movi0IT¥ 9 d.p.p. testes. Increased expression of |AP GAG protein in MovIQIT~ 9
d.p.p. testes. Flunrescence staining of |1AP GAG and yH2AX in two different stained histological sections show that increased 1AP expression in germ cells
in seminiferous tubules is not necessarily accompanied by immediate formation of yH2ZAX foci in the nucleus. Scale bars = 50 pm. Four sections from one
testis were individually stained, two examples from two different sections are shown.

HATURE CELL BIHLOGY | www' nafure. com,aturecellbiclogy

154



natureresearch st

Last updated by authoris): Jul 25, 2021

Reporting Summary

Mature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see gur Editorial Policies and the Editorial Polioy Checklist.

Statistics

For all statistical znalyses, canfirm that the following items are present in the figure legend, table legand, main text, ar Methods section.
Confirmed

E] The exact sample size (0] for each experimental group/condition, given as a discrete number and unit of measurement

|:| A statement an whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

= The statistical test(s) usad AND whether they are one- or two-sided
Cnly common tests should be described solely by nome: describe more complex technigues in the Methods section.

[ & description of all cavariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

E A full description of the statistical parameters incluging central tendency {e.g. means) or ather basic estimates {e.g. regression coefficient)
AMD variation (e.g. standard deviation) or associated estimates of uncertainty (2.2, confidence intervals)

E For null hypothesis testing, the test statistic [e.g. F, £, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P uniues 05 exect values whenever suitable,

[ Fer Bayesian analysis, information an the choice of priors and Markov chain Mante Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

NEXK 0 OXKKORXRO =

[] Estimates of effect sizes |e.g. Cahen's d, Pearsan's rl, indicating how they wers calculated

Our web coflection on stabisties for Blalogists cantaing arficles on many of the poirts abowe.

Software and code

Policy information about availability of computer cade
Data collection | Microscopy images were obtained using Leica DMBOO00 and 5PB firmwane.

[Data analysis Microscopy images wera visualized and formatted in LAS AF LITE 3.3 {Leical, and guantitatively analyzed using the Imaris 9.6 software
|Bitplane AG)

Detailed descrigtion of software used for sequence data analyses, including original references, is provided in the subsection Bioinfarmatie
analyses in the Methods section, Briefly, the following existing packages, algorithrns, and seripts were used: 5TAR 2.7.3a aligner,
featureCounts v2.0.0, DESeq? package, UCSC tools, bbduk sh 38 87, Cutadapt 2.10, UMI tools 1.1.1, clusterProfiler, Aepeatiasker 4.0.9,
Bismark (daduplicate_bismark, bismark_mathylation_sxtractor), and samtools 1.10.

The code used for bicinformatic data analysis is available here: https://github.com/fhorvat/bicinfo_repo/tree/master/papers/piRNA_2021.

For manuscripss utilizng custam algarithms or saftware that are cantral t2 the rasearch oot not wet desor tos and

bad Inpublisnad liberature, software miust be mace avallable to e

reviewsars, We strongly sncourage eode deposition in 2 community repasitony (eg. GitHub). S=s the hature Besearch aipwms S submitting ol software for furthe: ernation
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Data

Palicy information about availability of data
All manuscripts must include a data avsilability statement. This statement shauld provide the following information, where applicable:
Acoession codes, unigue identifiers, or web links for publicly available datasets
- & list of figures that have associated raw data
- A description of any restrictions on data availability

Al data are available in the main test or the supplementary materials, High-throughput sequencing data aceass to original results in the manuseript: GSE1EIESE,
Previously published data that were re-analyzed: GSES241556, PRINAZTI5G457, GEET2ITI5E, GEET4EDRSE, GSE1167 7160, GSE4941 761, GSE13T36362, and
GEES396053.

Field-specific reporting

Please select the one below that is the best fit for your research, If you are not sure, read the appropriate sections before making your selection.
[ Life sciences [ eehavioural & social sclences [ Ecolegical, evolutionary & environmental sciances

For a reference copy of the document with all sections, see nature comy'documents/rr-reporting summary flat. pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size was caleulated, the number of replicates was determined by availability of the limited material, All results were replicated at
least twice of done in duplicates, except of the bisulfite sequencing of the genome, wiich was done ance on & pool of oocytes because of the
lirmited amount of material. Numbers of replicates in trancriptome analyses are apparent from the Supplementary Tabla 100

Data exclusions | We excluded twe RNA sequencing libraries produced from hamster oocyte transeriptorme analysis, These two librasies were outliers in PCA
and had poor quality/low complexity because of the Bmited amount of the starting material. In addition, we esduded fram the
prelmplantation development znalysis those matings where fertlization did net occur (ewidenced by the absence of prenucleus fermation and
lack of paternal ONA presence in unfertilized eggs).

Replication ey Experiments were independently rephicated using at least two biclogical rephicates, Numbers of replicates are indicated in methods, figure
legends or description of sequencing libraries. All attempts at replication were successiul. Furthermore, post-zygotic sterile phenotype of
WMov1O1 knock-out was independently replicated in a co-submitted manuscript from Haruhiko Siomi's group {Hasuwa et al. Productien of
functional oocytes requires maternzally expressed PIWI genes and piRMAs in golden hamsters, 2021; https:/
doi.orgf10.1101/2021 01,27 428354 ) and in a preprint from Jianmin Li's lab [Zhang H. et al., pikMA pathway is essential for gererating
functional oocytes in golden hamster; hitps:/doi.org/10.1101/2021.03.21.434510).

Randamization Flanned samphing randomization was not implemented in this study because the project relied on genetically modified hamsters where the
specific aspects of their breeding and supply of animals mada limited sample aveilability. Accordingly, animals with required genotypes werae
used for experiments as they were produced, i e. samples were net strictly randomized but were not deliberately chosen either.

Blinding Blinding was not Implemented. First, mutant phenotypes were expected to be of qualitative nature and their enalysis should not be
subconsclously based. Particularly blindng sterile phenotype analyses where mutants have atrophic testes and obvious histological defects
wiould not bring any benafit. Second, limited human resources did not allow separating managemant of the amimal colony, mating &
genotyping, and sample preparation from data acquisition and analysis.

Reporting for specific materials, systems and methods

W require information from authors about some types of materials, experimental systems and methods used in many stwdies. Hare, indicate whether each material,
system or method listed is relevant to your study. If you are mot sure if a list item applies to your research, read the appropriate section before selectng a response.

Materials & experimental systems Methods
Involved in the study nfa | Involved in the study
(] antibodies B[ chie-seq
D Eukaryolic cell lines E |:| Flow cylometry
[ Palzecntology and archasology B| ] wmki-based neurnimaging

E Animals and other organisms
[] Human research participants
[ Clinical data

[ Dual use research of concern

HEEORKROF

156

253l 2injeu

s

=
=
0
w
[=
e
=]




Antibodies

Antibodies used Antibody use induding antibody orgin (western blotting and immunoflsorescence] is deseribed in detail in methods. Here is just the
list of used antibodies:

primary antibodees:

anti-00x¥4 [Abcam, #ab2 7591 and #ab13840)

anti-yH2A% (Milipore, #05-636)

anti-HIKImes (Upstate [Merck-Millipore) $07-442 |

anti-IAP GAG (non-commercial, a gift fram B.R, Cullen, Duke University]

anti-LINEL ORF1p (non-commercial, & gift from Donal O Carrall, University of Edinburgh)
ant-MOVIOLL [non-commercial, a gift from P, Jeremy Wang, University of Pennsylvania)
ant-SCF3 [Abcam, Rab976ET)

ant-Tubulin [Sigma, #TE074)

anti-WT1 [Nowvus Biologicals, #NB110-60011)

anti-7ETR 16 (Atlas antibodies, #HPADDIA9S)

secondary antibodies:

anti-Rebbi--HREP (Therma Fisher Scentific, ¥ G21234)
ant-mouse-HRP [Thermo Fisher Sclentific, # G21040)

ant-mouse conjugated with Alexa 488 (Thermo Fisher, # AZ1202)
anti-mouse conjugated with Alexa 594 (Therma Fisher, # A-21203)
anti-rabbit conjugated with Alews 488 (Thermo Fishar, # A-21206)
anti-rabbit conjugated with &lewa 594 (Therme Fisher, # 821207)

Valldation mouse ant-D0X4 (Abcam, cat# abi?591)
validation reference: https:/fwww.abcam.comy/ddwd--mvh-antibody-mabcam2 7591-ab2 7551 htm|

riabbit anti-D0Y4 (Abcam, cald ab13820)
validation reference; hitpsfwwecabeam comydded--mvh-antibody-ab 13840 im|

mouse ant-ygH2) (Milipore, cath Oh-B36)
validation reference: hitps://www._merckmillipore.com/C2fcs/preduct/ Anti-phospho-Histone-H2A X-Ser133-Antibody-clone-
JBW301, MW _NF-05-636ReferrerURL=httpsR3AK2FRI Fwww google com 2 F

rabbit anti-H3K3-me3 (cat# 07-442]
validation reference; hitps:/fwew. merckmilipore.com/CZfos/preduct /Anti-trimet hyd-Histone-H3-LysS-Antibody, MW _NF-0T7-4477F
RisferrarURL=1psMEAKIFRI Fwwn goog e com®2F bd=1

rzbbit anti-lAP GAG (gift from B.R. Cullen, Duke University Madical Centar)
validation reference: doi: 10.1038/541594-018-0056-0

rabbit anti-LINEL CRF1p (gift from Ddnal O'Carroll, University of Edinburgh)
validation referance: DOkt dol org/ 10,1016/ molee| 201 2.04.026

rabbit anti-MOV1001 {gift fram B lerermy Wang, University of Pennsybvania)
validation reference: httpsyfdolong/10.1073/pnas. 10033953107

mouse ant-5YCRF3 [Abcam, catit ab97672)
validation reference: httpsy/fwww.abcam.comyscp3-antibody-cor-10g117-ab97672 hitm|

mease anti-Tubulin [Sigma cat® TEO74)
validatian reference: hitps:/fweww sigmaaldrich.com/fcatalogioroductfsigma 6074 ang=enfregion=C7

mouse ant-Tubulin [Abcam, cat® ab?750)
validation reference: httpsy/fwwa_abcam_comy/alpha-tubulin-antibody-tu-01-ab7 750 html

mouse anti-WT1 [Novus Biologicals, cat# MB110-60011)
validation reference: https:/fwww. novusbio.comyproducts/wt 1-antibody-6f-h2_nb110-60011

rabbit anti-ZBTE1E (Atlas antibodies, cat® HPADD1423)

validation reference: hitpsy/fweww. atlasantibodies.com/products/antibodies/primary-antibodies triple-a-palyclonals/rhth 16-
antibody-hpa0al4as)

Animals and other organisms

Palicy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Golden |Syrian) hamsters Masocricetus auratus, males O to 102 weeks and fernales 10 to 52 weeks old.

Wild animals The study did net involve wild animals
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Field-collected samples | The study did net invelve samples collected in the field

Ethics oversight Animal experiments were approved by the Animal Experimentation Committee at the RIKEN Tsukuba Institute (T2019-1004] and the
Institutional Animal Use and Care Commitiee at the Institute of Molecular Genatics of the Czech Academy of Sciences [approvals no,
42/2016 and 70/2018)

Mote that full information on the approval of the study protocs! must also be provided in the manuscript
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