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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 Mov10l1 golden hamster mutants, arguing that female fertility 
of piRNA pathway mutants is not a common mammalian feature. We showed that Mov10l1-/- 
golden hamster oocytes can be fertilized and undergo meiosis, but do not support development 
beyond the 2-cell stage. Male hamster Mov10l1 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. 
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Abstrakt 
piRNA dráha je vysoce konzervovaný mechanismus, který reguluje expresi genů a 

retrotranspozonů na transkripční a post-transkripční úrovni. Defekty v piRNA dráze narušují 

normální vývoj zárodečných buněk u zvířat od bezobratlých po savce. Současná znalost piRNA 

dráhy u savců je založena na studiích myšího modelu. Ten navrhuje, že piRNA dráha je 

postradatelná pro savčí samičí zárodečnou linii. Myš se však od ostatních savců liší v několika 

důležitých aspektech. Myši nemají PIWIL3, jeden ze čtyř PIWI proteinů nalezených u jiných 

savců, a mají vysoce aktivní RNA interferenci ve svých oocytech, což poukazuje na jedinečnou 

kombinaci drah malých RNA v samičí zárodečné linii myší. Tyto specifické modifikace drah 

malých RNA u myší mohou zakrývat biologický význam piRNA dráhy u savců.  
Můj PhD projekt je zaměřený na zkoumání významu piRNA dráhy u savců a analýzu 

konzervovaných a odvozených aspektů této dráhy. Jelikož křeček zlatý kóduje všechny savčí 

PIWI proteiny a pravděpodobně postrádá vysoce aktivní RNA interferenci v oocytech, jsou 
jeho dráhy malých RNA podobnější jiným savcům než ta myší. Proto jsme u křečka zlatého 

vytvořili knock-out helikázy MOV10L1, což je základní faktor piRNA biogeneze. Obě pohlaví 

Mov10l1 mutantů křečka zlatého vykazovala sterilitu, což naznačuje, že samičí fertilita mutantů 

piRNA dráhy není běžným znakem savců. Ukázali jsme, že Mov10l1-/- oocyty křečka zlatého 

mohou být oplodněny a dokončit meiózu, ale nepodporují vývoj dále než do 2-buněčného 

stádia. Samčí Mov10l1 mutanti křečků jsou sterilní kvůli ztrátě zárodečných buněk během 

tvorby spermatogonií. V obou případech je sterilita spojena s narušeným transkriptomem a 
derepresí retrotranspozonů. V případě samců se zdá, že sterilita souvisí s derepresí MYSERV, 

mladé rodiny retrotranspozonů, a kompletních neporušených IAP a LINE1 elementů schopných 

retrotranspozice. Navíc zde ukazujeme adaptivní povahu piRNA dráhy, která, jak se zdá, rychle 

reaguje na vznikající genomové hrozby v různých stádiích vývoje.  
Dohromady vzato má práce ukazuje, že piRNA dráha je u savců nezbytná pro zárodečné 

linie samců i samic. Vyvrací proto dlouho zažitý předpoklad, že piRNA jsou nezbytné pouze 

pro samčí zárodečnou linii u savců, jak původně navrhoval myší model. Neméně důležité je 
také rozpoznání MYSERV elementu, jehož exprese se zdá být specifická pro křečky, a popsání 
nezávislé evoluce ancestrálních retrotranspozonů.  
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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 (RNAi), 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 
RNaseIII 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 piRNA 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. 2006). 
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 RNAi 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 
AGO2 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 
PRMT5 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 II 
(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 DGCR8 (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). 

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

The RNAi 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. RNAi is thus a potential antiviral mechanism; 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).  

 
Figure 2: Molecular mechanism of the RNAi pathway. RdRP, 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, RNAi 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 RNAi pathway stems from an oocyte-specific isoform of Dicer termed 
DicerO that emerged during mouse evolution (Fig. 3) along with its substrates (Flemr, Malik et 
al. 2013). DicerO 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 
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(DExD), HEL2i and HEL2 (HELICc) subdomains), a DUF283 (a domain of the unknown 
function), a PAZ domain, two RNase III domains, and a dsRNA-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 RNaseIII 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). DicerO 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).  

 

 
Figure 3: DicerO production in mice. DicerO 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 et al. 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 RNAi pathways using dsRNA precursors, the piRNA 
pathway utilizes long single-stranded RNAs, which in mice are transcribed by RNA polymerase 
II (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).   



18 
 

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 PNLDC1 (Ding, Liu et al. 2017). Mature piRNAs are 2–

O–methylated at the 3´ end by methyltransferase HENMT1 (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 SPOCD1 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, piRNA 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 DicerO 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 (LINE1), 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 LINE1 retrotransposons have expanded and is 
currently active (Goodier, Ostertag et al. 2001). LINE1 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 LINE1 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).  

 
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 3 000 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 DGCR8 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, Wojtas, 
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 piRNA 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 piRNA 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. 2006). 
Accordingly, somatic piRNAs 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 LINE1 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 MOV10L1 are expressed 
(Aravin, Sachidanandam et al. 2008). Defects in DNA methylation of LINE1 and LTR 
retrotransposons were observed in Mili and Miwi2 knock-out mouse testes with loss of MIWI2 
impacting methylation of LINE1 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 H3K9me2 histone marks deposited by histone methyltransferase G9a (Di 
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 LINE1 
elements in spermatogonia, leading to massive loss of all germ cell types in the tubule (Di 
Giacomo, Comazzetto et al. 2014).  
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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 
MIWI 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 piRNA biogenesis is functional. Although 
mutants of the piRNA pathway did not show any sterile phenotype in females, a decrease in 
TE-derived piRNA population associated with upregulation of IAP and LINE1 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 LINE1 expression can 
reduce ovarian follicle reserves and increase the oocyte aneuploidy and embryonic lethality 
(Malki, van der Heijden et al. 2014) 

 
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 RNAi pathway, for example in silencing of LINE1 
retrotransposons (Taborska, Pasulka et al. 2019). The mutant of both pathways showed an 
increased number of LINE1 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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RNAi 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 RNAi 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 Mov10l1 hamster mutants and its analysis 
5. Analysis of the male germline in golden hamster Mov10l1 mutant: Determination of 
potential defect in male Mov10l1 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 Mov10l-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:  
1st round P1 fwd CTAAGCTACCAGGTGGTTCTCAG 
 P2 rev AGATGATAATCCACACCACTGTCC 2nd round_deletion P3 fwd CAGAATACCAGCTGCTGATAGGG 
 P2 rev AGATGATAATCCACACCACTGTCC 2nd round_ex20 P5 fwd CATGTATTTGTGGACGAGGCAGG 
 P6 rev GACACTCAGAATTGGAGGAGCTG  
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The PCR product of the deletion region was used for Sanger sequencing to define the 
exact deletion. The Mov10l1 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 15IU to 25IU 
(based on the bodyweight) pregnant mare´s serum gonadotropin (ProSpec Bio) on the first day 

of the estrous cycle. They were subsequently injected with 25IU 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 µM 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% 
CO2, 5% O2, 90% N2) M199TE medium kept under paraffin oil.  
Western blotting 

Tissues were lysed in RIPA buffer containing a 1x protease inhibitor cocktail set 
(Millipore). 60 µg 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 MOV10L1 was detected using an anti-MOV10L1 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 µl 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 µl 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 ExTaqHS (TaKaRa) with the 

following primers:  
maActb_RT_F GTCGTACCACTGGCATTGTGATG maActb_RT_R CTTCATGAGGTAGTCTGTCAGGTCC maHprt_RT_F2 (oocyte/embryo RT) GGAGACGATCTCTCAACTTTAACTG maHprt_RT_R TCCAACACTTCGAGAGGTCC maMov10l1_RT_F2 GGAGCACTCTTACTGATAAACAAAGG maMov10l1_RT_R2 AATTGTTGTGCTTTATCCCAGCC maPiwil1_RT_F1 AGAACCTTGACCATGTCAAAGAGTC maPiwil1_RT_R1 GGTCTTCATGCTGGAAGAGCAG mmPiwil2_RT_F1 TATCGCTGTTACCACTGGGAAG mmPiwil2_RT_R1 TGTTCCTTTTGATCCTTGCTTGAC maPiwil3_RT_F2 TGTCAGTAAGACTGAAGGTGATGAC maPiwil3_RT_R2 TGAGTTTTCTGAGACTGGAATCGC maPiwil4_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 µl cDNA aliquot, the Maxima SYBR Green qPCR master mix (Thermo 
Fisher Scientific) and the following primers:  
maDmrtb1_F1 CGTCTCCTGTAGCCCCTACCATG maDmrtb1_R1 CTTTTCACCAGCAAGCTTGCAAC maDdx4_F1 GTGCTCAAACAGGGTCTGGGAAGA maDdx4_R1 GACAACAGCTCTTACACAAGTCCC maKif5c_F1 CCTATGTAAAGGGGTGCACCGAGA maKif5c_R1 GATACTGTGACTCCTCGAGCTGTG 
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maIAP3_gag-123F GTCCATCTGGTGCTGTCAGTCTG maIAP4_gag-70F CTGTCAGTCTGGTGCTCGTCAGTC maIAP3/4_gag+13_R CTGTAGGGCAGTAACCACTGACTG maL1_ORF1+1222_F TCCAGGACCTTCTGGCTTTCAGAG maL1_ORF1+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 ΔΔCt method (Pfaffl, Horgan et al. 2002). 
 Fluorescence-activated cell sorting 

Testes were isolated from WT animals and tunica 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 (Hank´s 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 µl of 

DNAse I stock (only if the solution looked overly viscous) were added and the digestion 
reaction was quenched using 400 µl 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 µl 
HBSS with 1% FBS and 20 µl 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 µl 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, MA51686, 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 µg/ml Hoechst dye. The suspension was then kept on ice until sorting. 

Immediately before sorting, cells were passed through a 40 µm 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 µm 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-ɣH2AX 
(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- γH2AX (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 µl drop of 0,2% Polyvinylpyrrolidone in PBS, mixed with 50 µl 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 II 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 µl 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 
Illumina 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 
Illumina 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 

1 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 (mesAur1) 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):  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE164658
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJDB10770
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STAR --readFilesIn $ {FILE}.fastq.gz --genomeDir $ {GENOME_INDEX} --

runThreadN 12 --genomeLoad 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 --

outFilterMismatchNoverLmax 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 mesAur1 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 -O –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 PRJNA471564 (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}.fastq.gz out=$ {FILE}.atrim.fastq.gz 

literal= TGGAATTCTCGGGTGCCAAGG stats=$ {FILE}.atrim.stats overwrite=t 

ktrim=r k=21 rcomp=f mink=10 hdist=1 minoverlap=8 

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.fastq.gz out=$ 

{FILE}.trimmed.fastq.gz stats=$ {FILE}.ftrim.stats overwrite=t 

forcetrimright2=4 forcetrimleft=4 minlength=18 

https://www.r-project.org/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52415
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA471564
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE72379
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74896
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116771
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49417
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137563
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53960
https://jgi.doe.gov/data-and-tools/bbtools/
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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/fhorvat) and then removed 
from the read sequence with Cutadapt v.2.10 (Martin 2011). 
cutadapt -u 4 -o ${FILE}.trim_1.fastq -j 6 ${FILE}.umi.fastqcutadapt -m 18 -

u -4 -o ${FILE}.trim_2.fastq -j 6 ${FILE}.trim_1.fastqTrimmed reads were then 

mapped to the new golden hamster genome using STAR 2.7.3a:STAR --readFilesIn 

$ {FILE}.dedup.fastq.gz --genomeDir $ {GENOME_INDEX} --runThreadN 12 --

genomeLoad LoadAndRemove --limitBAMsortRAM 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 

${FILE}.trim_1.fastq --output-stats=${FILE}.dedup_stats --

log=${FILE}.dedup_log.txt -S ${FILE}.dedup.bam. 

And final files were then generated using samtools v.1.10 (Li, Handsaker et al. 2009): 
samtools fastq -@ 12 ${FILE}.dedup.bam > ${FILE}.dedup.fastq 

Mapping of reads to genomes was performed as follows:  
STAR --readFilesIn $ {FILE}.fastq.gz --genomeDir $ {GENOME_INDEX} --

runThreadN 12 --genomeLoad LoadAndRemove --limitBAMsortRAM 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 

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 

https://github.com/fhorvat
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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 in1=$ {FILE}_1.txt.gz in2=$ {FILE}_2.txt.gz 

out1=$ {BASE}_1.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 $ {BISMARK_INDEX } -1 $ {FILE}_1.trim.txt.gz -2 $ 

{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 piRNA pathway were also expressed 
in golden hamster GV oocytes, except Spocd1 and Tdrd6 (Fig. 8a). SPOCD1 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 SPOCD1 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 Mov10l1 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. 
8c). 

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 piRNAs. 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 piRNA 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 piRNA 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 piRNA 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). 

 
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). 
 

 
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.  
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4.2 Retrotransposons in the golden hamster genome 
The available golden hamster genome assembly was of poor quality (the MesAur 1.0 

genome: https://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 IAP and LINE1 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 
LINE1 elements.  

https://www.ncbi.nlm.nih.gov/assembly/GCF_000349665.1/
https://www.ncbi.nlm.nih.gov/assembly/%20GCF_000349665.1/
https://www.ncbi.nlm.nih.gov/assembly/%20GCF_000349665.1/
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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 ERV1 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. IAPs 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 MYSERV family of 
retrotransposons. MYSERV 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 MYSERV 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 MYSERV 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 LINE1 retrotransposons revealed independent LINE1 
expansions in mouse and hamster genomes (Fig. 16). While murine young potentially active 
LINE1 elements with low mutation rates belong to the L1Md subgroup, relatively high mutation 
rates can be observed in most L1M 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 14: Nucleotide substitution rate analysis of LTR retrotransposons. a) Nucleotide substitution rates in selected LTR retrotransposons divided into ERV1, ERVK, ERVL and MaLR groups. b) Nucleotide substitution rates in IAP subfamilies in mouse and golden hamster divided into LTR and internal sequences. c) Nucleotide substitution rates in subgroups of MaLR retrotransposons. 
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Figure 15: MYSERV sequence analysis. a) Analysis of open reading frames (ORFs) in the MYSERV 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).   
 

 
Figure 16: Nucleotide substitution rates in LINE1 subfamilies in golden hamsters and mice.  



60 
 

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 piRNA pathway 
suppresses these elements in the early stages of spermatogenesis. This implies the potential 
activity of IAP, MYSERV 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, c). However, 
abundant pachytene piRNA populations suggest that MaLRs 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 LINE1 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 LINE1 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 Mov10l1 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 piRNA 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 
et al. 2019). In collaboration with Helena Fulka and Atsuo Ogura, we used iGONAD to generate 
the hamster Mov10l1 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. 

 
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 Mov10l1 RNA levels in mutant testes (Fig. 22).  
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Figure 21: Validation of the Mov10l1 deletion by Sanger sequencing.  

 
Figure 22: Snapshot from the UCSC browser showing RNA coverage of the Mov10l1 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 Mov10l1 
mutant (as described in Chapter 4.5 Sterile phenotype of male Mov10l1 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 MOV10L1 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 Mov10l1 RNA in 9 dpp KO testes (Fig. 22), where 
germ cells are still present, and loss of the reading frame imply the absence of MOV10L1 
protein.  

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

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

Interestingly, compared to the mouse protein, hamster MOV10L1 was detected as two 
bands of different lengths (Fig. 23), indicating the presence of two MOV10L1 isoforms. This 
result is consistent with the hamster Mov10l1 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).  
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Figure 25: Annotation of the golden hamster Mov10l1 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 Mov10l1 mutation were examined for fertility. Heterozygotes for 
the Mov10l1 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 
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4.4 Sterile phenotype of female Mov10l1 mutants 
The sterile phenotype of female Mov10l1 mutant hamsters was interesting, considering 

that female Mov10l1 mutant mice do not show any fertility defects (Frost, Hamra et al. 2010). 
Hence, we inspected ovaries and early development of Mov10l1 mutants to find the stage at 
which the defect occurs. Histological sections of Mov10l1-/- 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).  

 
Figure 26: Hematoxylin and eosin staining of ovaries isolated from adult WT (top) and Mov10l1 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 Mov10l-/- 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 
Mov10l1-/- oocytes can be fertilized and develop further. The mating produced normally looking 
1-cell and 2-cell zygotes, showing that Mov10l1-/- MII oocytes can be fertilized and undergo 
cleavage. However, Mov10l1-/- 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, I examined active 
chromatin and heterochromatin status of Mov10l1 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 Mov10l1 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 Mov10l1-/- 2-cell 
zygotes, I decided to examine changes in gene expression that could be affected by disruption 
of the piRNA pathway. Breeding of heterozygotes for Mov10l1 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 Mov10l1-deficient zygotes 
could develop into a normal individual, while fertilized oocytes produced by Mov10l1-/- females 
could not support development beyond the 2-cell stage (Fig. 28). This implies a maternal defect 
caused by the loss of MOV10L1. 

 
Figure 27: Spindle analysis in MII oocytes. a) MII oocytes isolated from WT (top) and Mov10l1 mutant (bottom) females 17h after hCG injection and stained with Tubulin (red) and DAPI (blue) antibodies. Asterisks indicate polar bodies. Scale bars, 10 µm. b) Quantitative analysis of MII 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 µm. 
 

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 Mov10l1 and Piwi genes appear to be well 
expressed in fully grown and MII oocytes and are absent at other stages tested, except Piwil1 
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 Mov10l1 mutants may have 
origin in GV oocytes. These data supported the decision to analyze oocytes in their fully-grown 
stage, where the piRNA 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 Mov10l1 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 Mov10l1 mutant females. b) Detailed pictures of 2-cell zygotes isolated 40h post-mating from superovulated WT and Mov10l1 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; MII, 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 Mov10l1 gene, I performed RNA sequencing of WT and Mov10l1-/- fully-grown GV 
oocytes. 57 differentially expressed genes were identified between WT and Mov10l1 KO 
oocytes (Fig. 31a), with only 13 genes upregulated and none downregulated when sequencing 
from heterozygotes was included in the analysis (Fig. 31b).  

 
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 Mov10l1 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 Piwil1 knock-out. This allowed 
for comparing Mov10l1 and Piwil1 sequencing datasets. We hypothesized that the real piRNA 
pathway targets should be dysregulated in both, Mov10l1-/- and Piwil1-/- datasets, despite 
Mov10l1 sequencing used fully-grown oocytes, while Piwil1 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 Mov10l1 differential expression analysis with the 
Piwil1 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 Mov10l1 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 
Mov10l1 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 Mov10l-/- 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 
Mov10l1-/- oocytes.  
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Figure 32: Analysis of piRNA targets in golden hamster GV oocytes. a) Comparison of Mov10l1 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 Mov10l1 heterozygous (top) and homozygous (middle) GV oocytes and in 13 dpp Mov10l1 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 18-31nt 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 Mov10l1-/- oocytes 
(Fig. 34b), suggesting that the derepression of retrotransposons in Mov10l1 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 MOV10L1-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 MOV10L1-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 Mov10l1 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 piRNA-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 Mov10l1-/- 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.  

 



79 
 

 
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. c) 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 Mov10l1 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 γH2AX (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 γH2AX 

in 2-cell zygotes isolated from Mov10l1 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 
Mov10l1 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 Mov10l1 mutant hamsters.  

Taken together, I showed that Mov10l1-/- 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 Mov10l1-/- fully-
grown GV oocytes did not show significant changes in DNA methylation, and interestingly, 
specific piRNAs remain present in Mov10l1-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), 
γH2AX (red) and IAP GAG (green) antibodies. b) Immunofluorescence staining of WT and Mov10l1 mutant GV oocytes using DAPI (blue), γH2AX (red) and LINE1 ORF1 (green) antibodies. White arrows depict LINE1 positive staining distinguishable from the background. 
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Figure 37: Immunofluorescence staining of 2-cell zygotes isolated 61h post-mating from WT and Mov10l mutant females using DAPI (blue), γH2AX (red) and IAP GAG (top) or LINE1 ORF1 (bottom) antibodies. Scale bars, 25 µm. 
 
4.5 Sterile phenotype of male Mov10l1 mutants  

Male Mov10l hamster mutants were sterile. It was expected given the sterility observed 
in Mov10l1 mouse mutants. Male Mov10l1-/- 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 piRNA pathway in golden hamsters operates in the 
same way as in mice and whether hamster Mov10l1 mutant males show the same spermatogenic 
defect as mouse Mov10l1 mutants, I first examined the histology of adult male hamsters.  

Adult Mov10l1-/- hamsters had atrophic testes and no sperm present in the epididymis 
(Fig. 38a, b). The hematoxylin and eosin staining of Mov10l1-/- 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 WT1, a 
marker of Sertoli cells (Fig. 39c) (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. 39c). To examine the 
activity of retrotransposons in these rarely surviving germ cells of Mov10l1-/- tubules, I 
performed staining with IAP GAG, LINE1 ORF1 and γH2AX antibodies. A strong signal was 
observed when IAP GAG and γH2AX 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, LINE1 
ORF1 staining showed no positive signal in Mov10l1-/- tubules (Fig. 39c), suggesting that the 
antibody does not recognize hamster LINE1 protein or that LINE1 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 Mov10l1 mutant mice, where LINE1 expression increases 
dramatically during meiosis (Zheng, Xiol et al. 2010). Overall, the rarely surviving clusters of 
germ cells in hamster Mov10l1 mutants exhibit similar manifestation of phenotype as Mov10l1 
mutant mice with germ cells arrested in meiosis.  

Besides meiotic cells observed in several Mov10l1-/- 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 Mov10l1-/- 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 Mov10l1-/- 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).  

 

Figure 38: Sterility of Mov10l1 mutant males. a) Testes isolated from adult WT and Mov10l1 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 µm. 
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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 µm. 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. c) Immunofluorescence staining of Mov10l1 mutant seminiferous tubules analyzing residual cell clusters.  Left: Cells near the basement membrane are somatic Sertoli cells (WT1, red), rarely surviving clusters are germ cells (DDX4, green), which, Middle: undergo meiosis (SCP3, red), express IAP elements (green) and show DNA damage (γH2AX, red). Right: LINE1 elements (green) were not detected in seminiferous tubules of adult Mov10l1 mutants. 
Scale bars, 50 µm. 
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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 µm. b) Number of germ cells per seminiferous tubule in WT and Mov10l1 mutant counted in sections made from 9 dpp hamster testes and stained with DDX4. c) Aberrant localization of DDX4 germ cell marker in Mov101l1 mutant shown in detail. Scale bars, 50 µm. 
 

To find the cause of germ cell loss in Mov10l1 mutant male hamsters that occurs before 
spermatogonia are formed, I examined stages preceding the major phenotypic manifestation. 
Because the piRNA 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 Mov10l1-/- 
testes and more than 900 genes dysregulated in Mov10l1-/- 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 MOV10L1 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.  

 
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 Mov10l1 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 Mov10l1 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 Mov10l1 mutants 
without any effect on the miRNA population (Fig. 42a, b). Interestingly, unlike piRNAs in 
oocytes, piRNAs in Mov10l1-/- testes were completely lost (Fig. 42b), suggesting that all 
testicular piRNAs are generated in the MOV10L1-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. 42c). 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 Mov10l1 
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 MMERVKx 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 Mov10l1 mutants (Fig. 45), suggesting a link between 
derepressed MYSERV 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 Mov10l1 mutant 9 dpp testes. The rectangle shows a small fraction of upregulated genes associated with abundant 24-31 nt RNAs (>-5 RPM).  

 

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 Mov10l 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 Mov10l1 mutant 9 dpp hamster testes compared to WT. 

 

 
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. 
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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 intact. 

 
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 LINE1 ORF1 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 LINE1 elements emerging on day 9 post-partum. Accordingly, increased γH2AX 
signal was detected in 9 dpp mutant testes (Fig. 48), suggesting compromised genome integrity 
due to TE mobilization. 

 

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 
γH2AX (red) signal. DDX4 (VASA, red) was used to indicate germ cells and DNA was stained with DAPI (blue). Scale bars, 50 µm. 
 

In conclusion, a more detailed analysis of transcriptome changes in 9 dpp Mov10l1-/- 
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.  

 

 
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 Kif5c 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 Mov10l1-/- mice. Stages preceding the major phenotypic 
manifestation in hamster Mov10l1 mutant testes show substantial transcriptome changes, and 
germ cell loss appears to be associated with elevated levels of MYSERV, a young element 
identified in golden hamsters, and active full-length intact IAP and LINE1 elements.   



94 
 

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 piRNA 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 RNAi 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 LINE1 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. 
MYSERV 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 MYSERV 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 
MYSERV elements. 

A different situation is observed in the case of ERVL elements. MaLR, 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 MOV10L1-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 



97 
 

with the expression of specific piRNA 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 
MOV10L1 plays an important role in the initial steps of piRNA biogenesis (Vourekas, Zheng 
et al. 2015). Given this knowledge, we assumed that loss of MOV10L1 should eliminate piRNA 
production completely and thus lead to complete loss of the piRNA pathway.  

Deletion of MOV10L1 helicase caused impaired fertility in both sexes in golden 
hamsters, even though not all piRNA populations were lost in Mov10l1 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 Piwil1 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 piRNA-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 Mov10l1-/- 
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 Mov10l1 mutants. In contrast, analysis of Piwil1-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 Mov10l1-/- oocytes. The remaining piRNAs could 
be effective to mediate the regulatory function required in GV oocytes. In the Piwil1 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 Mov10l1 
mutants are those that interact with PIWIL1. Second, interaction of other PIWI proteins 
expressed in Piwil1 mutant oocytes with piRNAs normally bound by PIWIL1 could have a 
negative impact on the transcriptome. Third, piRNA-independent role of PIWIL1 (Gou, Kang 
et al. 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 Mov10l1 
and Piwil1 filtered with the same stringency revealed 13 potential piRNA 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 Mov10l1-/- 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 Piwil1-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 Mov10l1 mutant hamsters. Yet, analysis of 
retrotransposons in hamster GV oocytes showed only a small increase in transcripts of LINE1 
and IAP 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 Mov10l1 mutant oocytes may be effective to suppress these elements. 
Moreover, the whole-genome bisulfite sequencing of Mov10l1-deficient GV oocytes did not 
reveal significant changes in DNA methylation status of IAP retrotransposons. This suggests 
that the repression of retrotransposons in Mov10l1-deficient oocytes is still present. Again, it is 
possible that piRNAs remaining in Mov10l1-/- oocytes may still sufficiently contribute to 
maintaining DNA methylation in Mov10l1 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 Mov10l1-
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 IAP 
GAG proteins in 2-cell zygotes lacking Mov10l1. In contrast, a parallel publication reported a 
significant increase of TE transcripts from Piwil1-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 Mov10l1 and Piwil1 could affect 
retrotransposons differentially. Our RT-PCR analysis of piRNA pathway transcripts at various 
time points of development showed persistence of only the Piwil1 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 Mov10l1-/- 
oocytes could lead to milder retrotransposon derepression effects than the loss of PIWIL1. 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 Mov10l1-deficient hamster males are sterile. The phenotype is 
manifested by massive germ cell loss during spermatogonia formation. This is different from 
mice where male Mov10l1 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 IAP 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 Mov10l-/- mouse phenotype (Frost, Hamra et al. 2010). 
Thus, it appears that besides the common meiotic function of the MOV10L1 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 MOV10L1 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 piRNA 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 MYSERV loci was found in 9 dpp testes, a stage 
preceding the germ cell loss. It suggests that MYSERV derepression is involved in the failure 
of spermatogenesis. Also, positive staining of IAP and LINE1 proteins found in Mov10l1 
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 LINE1 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 IAP and LINE1 
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 Mov10l1 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 
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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 LINE1 
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 LINE1 
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, MYSERV activity alone, which 
peaks on day 9, may damage cells during spermatogonia formation. On the other hand, the 
absence of IAP and LINE1 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 Mov10l1 mutant golden 
hamsters still needs further investigation.  
Adaptability of retrotransposons 

Our study reports an important regulatory role of the piRNA 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 Mov10l1 mutant 
oocytes, whereas it was massively upregulated in spermatogenic cells. MYSERV 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, piRNAs remaining 
in Mov10l1-/- 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, LINE1 and IAP expression in 9 
dpp hamster testes.  

In this respect, the group of golden hamster MaLR elements appears to be an interesting 
case. Since no recent expansion of the MaLR 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 Mov10l1 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 (Di 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 Mov10l1 mutants. In contrast, IAP 
protein was observed in juvenile germ cells, as well as in meiotic spermatocytes in adult 
Mov10l1 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 Mov10l1-/- 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 Mov10l1 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 RNAi, which is driven by 
an oocyte-specific shorter isoform of Dicer (DicerO) (Flemr, Malik et al. 2013). DicerO 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 DicerO 
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 DicerO 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 PIWIL1. 
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 Mov10l1-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 Mov10l1-/- 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 Mov10l1 or Piwil1 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 
RNAi (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 DicerO 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 piRNA pathway, or how is the biogenesis of piRNAs 
initiated in mammals? Is there an initiator piRNA 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 piRNA pathway in golden hamsters bring other 
questions to the field of small RNA pathways. For example, how are Mov10l1-independent 
piRNAs remaining in oocytes of female Mov10l1-/- 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.  
▪ Mov10l1-deficient golden hamster oocytes lack developmental competence and do not 

support development beyond the 2-cell stage. 
▪ Mov10l1-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 Mov10l1-/- golden hamster oocytes. 
▪ Male Mov10l1 mutant golden hamsters are sterile due to massive germ cell loss during 

spermatogonia formation. 
▪ Secondary phenotype of male Mov10l1 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 Mov10l mutant golden hamster males is associated with elevated 

levels of MYSERV element and derepressed full-length intact IAP and LINE1 
elements. 

▪ Young families of retrotransposons in golden hamsters are represented by Lx5 (LINE1), 
MuLV,  IAP LTR3/4, MERVK and MYSERV elements. 

▪ Independent evolution of ancestral LINE1 and IAP occurred in mice and hamsters. 
MYSERV expression adapted to the Cricetidae family.  
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Supplementary files 
Supplementary Data 1: Golden hamster MYSERV 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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