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Abstract 
Transposable elements (TEs) are mobile genetic elements that contribute to genome 

evolution but pose potential threats to genomic stability. Their activity is tightly regulated by 

host defense mechanisms, including DNA methylation, histone modifications, and 

transcription factor (TF)-mediated control. This thesis investigates the regulation of TEs in 

two model systems: mouse embryonic stem cells (mESCs) and the mouse male germline.  

In the first part of this thesis, we aimed to establish a CRISPR/Cas9-based screening 

using an innovative endogenous readout to identify TE regulators in mESCs. By generating 

KAP1-degron and Suv39h-dKO cell lines we aimed to monitor transcriptional and 

translational activation of endogenous ERV and LINE-1 elements. Despite significant efforts, 

technical challenges prevented the successful implementation of the screening approach. 

However, this work highlights the complexities of studying endogenous TE regulation and 

provides a foundation for future optimization.  

The second part of this thesis investigates TE reactivation during DNA methylation 

loss in mouse spermatogenesis. Using Dnmt3CKO/KO mice, we found that young ERVs 

remain active throughout postnatal germ cell stages in the absence of DNA methylation, and 

in contrast to other studies, we observed LINE-1 reactivation before meiosis, which further 

increased during meiosis. DNA pulldown assays identified NRF1, a DNA 

methylation-sensitive TF, as a potential regulator of unmethylated TEs in the male germline 

and chromatin profiling analysis confirmed NRF1 binding to unmethylated TEs. Conditional 

knockout of Nrf1 in Dnmt3CKO/KO mice resulted in significant downregulation of IAP protein 

expression prior to meiosis, demonstrating NRF1 as a trans-activator of these elements. 

Additionally, H3K27me3 was identified as a potential barrier to NRF1 binding, suggesting a 

complex interplay between histone modifications and TF-mediated regulation.  

Together, these studies enhance our understanding of the multilayered regulatory 

networks controlling TE activity in the mouse genome. While challenges remain in 

developing high-throughput approaches for studying TE regulation, our findings emphasize 

the importance of both epigenetic modifications and TFs in balancing TE repression and 

activation during development.
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Zusammenfassung 
 

Transposable Elemente (TEs) sind weit verbreitete genetische Elemente, die zur 

Evolution des Genoms beitragen, aber auch potenzielle Gefahren für die genomische 

Stabilität darstellen. Ihre Aktivität wird durch Abwehrmechanismen des Wirts streng reguliert, 

darunter DNA-Methylierung, Histon-Modifikationen und Transkriptionsfaktor(TF)-vermittelte 

Kontrolle. Diese Dissertation untersucht die Regulation von TEs in zwei Modellsystemen: 

Maus-embryonalen Stammzellen (mESCs) und der männlichen Keimbahn der Maus. 

Im ersten Teil dieser Arbeit versuchten wir, ein CRISPR/Cas9-basiertes Screening 

mit einem innovativen endogenen Readout zu etablieren, um TE-Regulatoren in mESCs zu 

identifizieren. Durch die Generierung von KAP1-Degron und Suv39h-dKO Zelllinien wollten 

wir die transkriptionelle und translationale Aktivierung endogener ERV- und 

LINE-1-Elemente überwachen. Trotz erheblicher Bemühungen verhinderten technische 

Herausforderungen die Umsetzung des Screening-Ansatzes. Dennoch hebt diese Arbeit die 

Komplexität der Untersuchung der Regulation endogener TEs hervor und bietet eine 

Grundlage für zukünftige Optimierungen. 

Der zweite Teil dieser Dissertation untersucht die Reaktivierung von TEs beiVerlust 

von DNA-Methylierung in der Maus-Spermatogenese. Mithilfe von Dnmt3CKO/KO Mäusen 

stellten wir fest, dass junge ERVs während der postnatalen Keimzell-Stadien aktiv bleiben, 

wenn sie unmethyliert bleiben. Im Gegensatz zu anderen Studien beobachteten wir zudem 

eine Reaktivierung von LINE-1 vor der Meiose, die sich während der Meiose weiter 

verstärkte. DNA-Pulldown-Assays identifizierten NRF1, einen DNA-Methylierungs-sensitiven 

TF, als potenziellen Regulator unmethylierter TEs in der männlichen Keimbahn, und weitere 

Chromatin-Profilierung Analysen bestätigten die Bindung von NRF1 an unmethylierte TEs. 

Der konditionelle Knockout von Nrf1 in Dnmt3CKO/KO Mäusen führte zu einer signifikanten 

Herunterregulierung der IAP-Proteinexpression vor der Meiose und belegte, NRF1 als 

Transaktivator dieser Elemente. Darüber hinaus wurde H3K27me3 als potenzielle Barriere 

für die NRF1-Bindung identifiziert, was auf ein komplexes Zusammenspiel zwischen 

Histon-Modifikationen und TF-vermittelter Regulation hinweist. 

Insgesamt liefern diese Studien neue Einblicke in die vielschichtigen regulatorischen 

Netzwerke, die die Aktivität von TEs im Mausgenom steuern. Obwohl weiterhin 

Herausforderungen bei der Entwicklung hochdurchsatz-fähiger Ansätze zur Untersuchung 

der TE-Regulation bestehen, betonen unsere Ergebnisse die Bedeutung sowohl 

epigenetischer Modifikationen als auch TFs beim Ausgleich von TE-Repression und 

-Aktivierung während der Entwicklung.  
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1.​ Introduction 

1.1 Transposable elements 

1.1.1 Discovery of transposable elements 
 

Transposable elements (TEs), also known as “jumping genes”, are highly abundant 

and repetitive genetic sequences capable of changing their location within the genome. 

During 1940 to 1950, Barbara McClintock first discovered genetic mobility in maize 

chromosomes correlating TEs to gene expression and phenotypic variation (McCLINTOCK 

1950). Her revolutionary findings predated the DNA’s double-helix structure discovery, and 

challenged the prevailing concept of genetic stability in a male-dominated scientific 

community at the time (Wu 2024; Watson and Crick 1953; Maddox 2003). Despite facing 

gender discrimination, when TEs were found across different species, her work was 

validated with the Nobel Prize in Physiology or Medicine in 1983. Today, TEs are known to 

pervade all kingdoms of life, comprising nearly half of the genome in humans and mice 

(Wells and Feschotte 2020); (Kidwell 2002). TEs are now recognized as significant 

contributors in genome regulation and evolution while also serving as valuable research 

tools for genetic modification. 

1.1.2 Classes of transposable elements 
 

TEs are classified in two major groups based on their transposition mechanism: 

Class I or retrotransposons, and class II or DNA transposons (Wicker et al. 2007). 

Class I or retrotransposons move via a “copy-and-paste” mechanism that involves an 

RNA intermediate. The integration process requires the transcription of the TE sequence into 

mRNA, which in turn is reverse transcribed into DNA. The resulting cDNA complement is 

then inserted into a new position in the genome (Boeke et al. 1985). Retrotransposons are 

broadly categorised into two main subclasses: the long terminal repeats (LTRs) and the 

non-LTRs. The non-LTR retrotransposons include the superfamilies of long and short 

interspersed nuclear elements (LINEs and SINEs), while the endogenous retrovirus (ERV) 

superfamily belongs to the LTR subclass (Bourque et al. 2018). 

Class II or DNA transposons move via a “cut-and-paste” mechanism without an RNA 

intermediate. DNA transposons are flanked by terminal inverted repeats (TIRs), recognized 

by their transposase, an enzyme encoded by autonomous DNA transposons, to enable 

13 

https://paperpile.com/c/8Q4Lo0/1zU9
https://paperpile.com/c/8Q4Lo0/1zU9
https://paperpile.com/c/8Q4Lo0/0dDe+e00f+qdbD
https://paperpile.com/c/8Q4Lo0/bRHM
https://paperpile.com/c/8Q4Lo0/f00D
https://paperpile.com/c/8Q4Lo0/9IcI
https://paperpile.com/c/8Q4Lo0/gb4i
https://paperpile.com/c/8Q4Lo0/Bkys


 

mobilization into a new location in the genome (Muñoz-López and García-Pérez 2010) 

(Figure 1.1A). During the transposition short Target Site Duplications (TSDs) are created 

flanking the insert. DNA transposons represent a small portion (~3%) of the mice and human 

genomes and have been inactive in both genomes (Lander et al. 2001; Mouse Genome 

Sequencing Consortium et al. 2002). In humans, DNA transposons have been inactive for 

over 40 million years (Myrs) (Pace and Feschotte 2007). Although inactive, DNA 

transposons have been engineered into valuable molecular biology tools (e.g PiggyBac 

system) having significant applications on genetic manipulation and genome engineering 

regulation (Wilson, Coates, and George 2007). 

Since Class I or retrotransposons represent the only active elements in humans and 

mice, the following chapter will focus on their biology and impact on genome regulation and 

evolution (Figure 1.1B). 

 

1.1.2.1  Long Terminal Repeat (LTR) retrotransposons 
 

Long Terminal Repeat (LTR) retrotransposons are mobile genetic elements 

occupying approximately 8-10% of the human and mouse genome (Cordaux and Batzer 

2009; Mouse Genome Sequencing Consortium et al. 2002). While LTR elements exhibit 

substantial transcriptional activity in mice, they remain predominantly inactive in humans 

(Mills et al. 2007; Cordaux and Batzer 2009; Crichton et al. 2014). LTR elements possess 

specific structural features important for mobilization. A typical autonomous LTR element 

contains two identical LTR sequences around 300 to 1,000 bp long flanking a coding region 

ranging in size from 6,000 to 9,000 bp (Sandmeyer and Craig 2015). This internal coding 

region harbors at least two essential genes: group-specific antigen (Gag), polymerase (Pol). 

Gag encodes proteins assembling virus-like particles (VLPs) in the cytoplasm, while Pol 

encodes four proteins: a protease (PR), a reverse-transcriptase (RT), RNase H (RNH) and 

an integrase (IN) (Wicker et al. 2007) (Figure 1.1C). 

The retrotransposition cycle of LTRs starts with the mRNA transcription initiated from 

the 5’ LTR promoter by host RNA polymerase II. The primary transcript undergoes standard 

cellular processing including 5’ capping and 3’ polyadenylation, prior to nuclear export 

(Hughes 2015). Once exported to the cytoplasm, the Gag-Pol bicistronic transcript functions 

both as a template for protein translation and as genomic RNA for novel insertions. The 

GAG and POL proteins are produced through two different mechanisms: either by the 

cleavage of a single ORF fusion or by a ribosomal frameshift between the two ORFs (Gao et 

al. 2003). The reverse transcription occurs within the VLPs, where host tRNAs bind to the 
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primer binding site (PBS). PBSs serve as primers and the RT domain of POL synthesizes 

complementary DNA using the packaged RNA as a template (Lin and Levin 1998). This 

process yields a double-stranded DNA copy of the element and the resulting cDNA forms a 

complex with integrase proteins for nuclear transport  (Hughes 2015). Once in the nucleus, 

the integrase mediates the insertion of the DNA into a new genomic location (Curcio, Lutz, 

and Lesage 2015). 

​ LTR retrotransposons can be classified into three main subfamilies based on their 

structure and evolutionary origin: Endogenous retroviruses (ERVs), Gypsy and Copia 

(Wicker et al. 2007). While ERVs are just one superfamily of LTR retrotransposons, they 

represent the predominant type found in the mouse genome. Thus, the terms “ERVs” and 

“LTRs” are often used interchangeably. ERVs originated from ancient exogenous retroviral 

infections of germline cells (X. Lu 2024; Johnson 2019; Vogt 1997). The primary distinction 

between ERVs and bona fide retroviruses resides in their transmission pattern. While 

exogenous retroviruses (XRVs) can form infectious particles and transmit horizontally within 

organisms and cells, ERVs are (with a few exceptions (Tarlinton, Meers, and Young 2006)) 

primarily non-infectious: they restrict their mobility to intracellular transposition and are 

inherited vertically (Magiorkinis et al. 2012). This difference stems from the presence or 

absence of a functional envelope (env) gene (Magiorkinis et al. 2012). Most ERVs either lack 

the env gene entirely or they retain an env-like gene, which carries mutations that result in a 

typically dysfunctional and non-infectious gene (Magiorkinis et al. 2012).  

In mammalian genomes, the majority of ERVs exist as solo-LTRs, which have formed 

via homologous recombination between the 5' and 3' LTRs of full-length elements (M. Chen 

et al. 2024). Besides solo-LTRs, ERVs are further categorized into three classes (Figure 

1.1D): class I or ERV-1, class II or ERV-K, and class III or ERV-L, based on the family of 

XRVs they are related to (Magiorkinis, Belshaw, and Katzourakis 2013; Stocking and Kozak 

2008). ERV-1 elements comprise the smallest fraction (~1%) of ERVs in the mouse genome 

and a characteristic example includes Murine Leukemia Virus (MuLV). ERV-K elements 

constitute 5% of the mouse genome and includes the Intracisternal A Particles (IAPs), 

RLTR10, MMERVK10C. IAPs are young, highly mobile and mutagenic elements, comprising 

1,000 to 2,000 copies in the mouse genome, hundreds of which remain active for 

retrotransposition (Magiorkinis et al. 2012; C. Lu, Contreras, and Peterlin 2011). Class III 

elements represent the most abundant ERVs in mice (5-6%) and include the Murine 

Endogenous Retrovirus-L (MERVL) and the non-autonomous MalRs (Smit 1993; Stocking 

and Kozak 2008). Active ERVs, such as IAPs, exemplify the persistent activity of ERVs to 

continue to generate new insertions and influence genome stability. 
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1.1.2.2 non-LTR retrotransposons 

1.1.2.2.1 Long Interspersed Nuclear Element 1 (LINE-1) 
 

Long interspersed nuclear elements (LINEs) are autonomous non-LTR 

retrotransposons and can be classified into five main subfamilies in eukaryotes: RTE, R2, I, 

Jockey and LINE-1 (L1) elements (Wicker et al. 2007). Among all LINEs, LINE-1 elements 

are particularly abundant occupying 20% and 17% of the mice and human genome, 

respectively (Mouse Genome Sequencing Consortium et al. 2002) (Lander et al. 2001). 

Although LINEs exist in ~500,000 to 600,000 copies in both genomes, their activity differs 

significantly: only 3,000 copies are considered potentially active for retrotransposition in mice 

and just ~80 to 100 copies remain active in humans (DeBerardinis et al. 1998) (Brouha et al. 

2003).  

Typical full-length mammalian LINE-1 elements span 6,000 to 7,000bp long and 

contain distinct structural components essential for mobilization: a 5’ untranslated region 

(UTR) region, two open reading frames (ORFs) and a 3’ UTR (Bodak, Yu, and Ciaudo 2014) 

(Figure 1.1E). The 5’ UTR functions as an internal RNA polymerase II promoter,  exhibiting 

species-specific characteristics: mouse elements contain GC-rich tandemly repeated 

monomers, whereas human elements comprise approximately 900 base pairs without 

repeated motifs (DeBerardinis and Kazazian 1999) (Khan, Smit, and Boissinot 2006) 

(Becker et al. 1993; Alexandrova et al. 2012). In both humans and mice the 5’ UTRs harbor 

transcription factor binding motifs (e.g YY1) important for their retrotransposition (Becker et 

al. 1993; Athanikar, Badge, and Moran 2004). In mice, active LINE-1 subfamilies (e.g 

L1MdF, L1MdA, L1MdTf, and L1MdGf) are mainly classified based on their unique monomer 

sequences and arrangements within these promoter regions. This diversity of LINE-1 

promoters in mice, can contribute to faster adaptation compared to humans by enabling 

frequent retrotransposition events and driving genomic and evolutionary innovation (Kong et 

al. 2022; Sookdeo et al. 2013) (Figure 1.1F). 

LINE-1s encode two proteins crucial for retrotransposition: ORF1p and ORF2p. 

ORF1p, a 40kDa protein, forms homotrimeric complexes with high-affinity RNA-binding and 

nucleic acid chaperone activities (Martin and Garfinkel 2003). ORF2p, a 150kDa protein, 

contains both reverse transcriptase (RT) and endonuclease (EN) domains. The 3’ UTR 

region consists of a polyadenylation signal and a poly(A) tail, which contribute to LINE-1 

mRNA stability and facilitate retrotransposition (Belancio, Whelton, and Deininger 2007; 

Beck et al. 2011; Doucet et al. 2015) (Figure 1.1E).  
LINE-1 retrotransposition occurs through a mechanism called Target-Primed Reverse 

Transcription (TPRT) (Luan et al. 1993; Cost et al. 2002). The process initiates with RNA 
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polymerase II-mediated transcription of LINE-1 mRNA, followed by nuclear export and the 

translation of ORF1p and ORF2p. These proteins preferentially bind in cis to their L1 

encoding mRNA, and not to other cellular RNAs (Kulpa and Moran 2006) forming 

ribonucleoprotein (RNP) complexes located in cytoplasmic stress granules (Kazazian 2004; 

Goodier et al. 2007; Sil et al. 2023) (Figure 1.1E). Once the RNPs are imported back into the 

nucleus, nicks in the genomic DNA are generated by the endonuclease activity of ORF2p at 

the target site consensus sequence (5’-TTTT/AA-3’) (Mita et al. 2018; Feng et al. 1996; X. 

Zhang et al. 2024). Subsequently, RNA-DNA hybrids are formed at the target site cleavage 

enabling reverse transcription via the RT activity of ORF2p (Mathias et al. 1991). The 

synthesized cDNA is subsequently integrated at the insertion site (Cost et al. 2002). 

Understanding these molecular mechanisms has revealed how LINE-1 elements contribute 

to both genome instability and evolution, contributing to both physiological and pathological 

processes.  

1.1.2.2.2 Short Interspersed Nuclear Elements (SINEs) 

Short interspersed nuclear elements (SINEs) are non-autonomous retrotransposons 

spanning 100 to 700bp that occupy approximately 13% of the human genome and 8% of the 

mouse genome (Schmitz 2012; Mandal and Kazazian 2008).  In humans, Alu elements 

represent the most abundant SINE family (over 1 million copies), while a smaller number of 

SVA elements (~2,700 copies) are among the youngest and most active in primates (Häsler 

and Strub 2006; H. Wang et al. 2005). In mice, B1 and B2 are the most abundant elements 

of the SINE family (Kass and Jamison 2007). SINEs lack protein-coding regions (Figure 

1.1G) and hijack LINE-1 retrotransposition machinery to mobilize, representing an example 

of molecular nested parasitism. Specifically, SINE transcripts form complexes with LINE 

ORF2 proteins and integrate into the genome through target-primed reverse transcription 

(TPRT), creating short target site duplications upon insertion (Dewannieux, Esnault, and 

Heidmann 2003). SINEs possess an internal RNA polymerase III promoter, and a 3' region 

essential for mobility, mimicking the L1 mRNA (Schmitz 2012; Kramerov and Vassetzky 

2011). The promoter region determines their evolutionary origins: Alu and B1 elements 

harbor a 7SL promoter, while B2 elements are tRNA-related (Vassetzky and Kramerov 

2013). Recent research has revealed that SINEs, although considered purely parasitic, have 

evolved to serve various regulatory functions in mammalian genomes, including roles in 

gene regulation as they can act as promoters, enhancer or insulator elements (X.-O. Zhang, 

Pratt, and Weng 2021) and could regulate pluripotency by hijacking transcription factors and 

act as enhancers (Ge 2017; Kravchenko and Tachibana 2025). 
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Figure 1.1. Classes of Transposable Elements (TEs). This classification is focused mostly on ERVs 
and LINE-1s, as they are the most abundant and active elements in mice (Dewannieux et al. 2004) 
and the focus of this thesis (therefore the other subfamilies of LTRs and LINEs are not depicted). A. 
Structure of DNA transposon. Terminal Inverted Repeats (TIRs) are flanking the transposase gene. 
Two target site duplications (TSD) are flanking the insert. B. Class I or retrotransposons: the only 
active TEs in mice. C. Structure of LTR elements. Two LTRs are flanking the polyprotein-coding genes 
(gag, pol); Protease (Pr), Integrase (IN), Reverse transcriptase (RT), RNAse H (RNH) domains. 
Virus-like particles formed in the cytoplasm; Adapted from the PhD thesis of Marius Walter. D. 
Subgroups of ERVs: ERV1, ERVK, ERVL. E. non-LTRs subdivided in LINEs and SINEs. Structure of 
LINEs; Promoter with tandem repeats (5’ UTR); Endonuclease (EN) and Reverse transcriptase (RT) 
domains, poly-A tail (3’ UTR); structure of LINE-1 RNP complex. F. Subfamilies of LINE-1. G. 
Structure of SINEs; lack of coding sequence.  
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1.1.3 TEs: From “junk DNA” to key contributors in evolution and 
development 
 

Transposable elements have exhibited a positive role in evolutionary innovation, 

gene regulation and development, exhibiting both deleterious and beneficial effects on their 

host organisms (Platt, Vandewege, and Ray 2018).  

A striking example of evolutionary innovation is the insertion of a SINE Alu element in 

the TBXT gene, resulting in tail-loss in humans and hominoid ancestors (Xia et al. 2024) 

(Figure 1.2A). When inserted into the genome, the hominoid-specific Alu element paired with 

the neighboring ancestral Alu element encoded in the reverse genomic orientation, leading 

to the formation of a secondary RNA structure and subsequently to an alternative splicing 

event (Xia et al. 2024). Another iconic example of a phenotypic change in response to 

adaptation, is the industrial melanism in the peppered moth caused by a DNA transposon 

insertion into the first intron of the cortex gene (Van’t Hof et al. 2016) (Figure 1.2A). This 

TE-mediated adaptive change enhanced moth survival through effective camouflage in 

industrial environments and reducing predator detection. TEs have also been evolutionarily 

co-opted to be involved in post-transcriptional regulatory networks. For instance, LINE-2 

elements have given rise to microRNAs (miRNAs) that regulate gene expression by 

targeting L2-derived transcripts in their 3’ UTR. These miRNAs positively contribute to the 

maintenance of housekeeping genes and their dysregulation could lead to brain disease 

(Petri et al. 2019)  
While TEs have contributed to evolutionary adaptation, they also have a profound 

impact in normal developmental processes. Their developmental importance initiates during 

Zygotic Genome Activation (ZGA), the process in which embryonic gene expression and 

maternal-to-zygotic transition begins. In mice, ZGA occurs at the two-cell stage, where 

MERVLs are among the first transcripts to be expressed and demonstrate a remarkable 

upregulation in two-cell embryos compared to oocytes (Peaston et al. 2004; Svoboda et al. 

2004; Macfarlan et al. 2012). MERVLs can act as alternative promoters for ZGA genes 

(Macfarlan et al. 2012; Peaston et al. 2004) and are crucial for preimplantation, since the 

absence of MERVL transcripts results in embryonic lethality (Sakashita et al. 2023). 

Alongside MERVLs, LINE1s have crucial roles in early development. During ZGA, LINE-1 

elements are also active and regulate chromatin accessibility and influence global chromatin 

organization (Jachowicz et al. 2017) and have been reported to act as enhancers (Xiufeng Li 

et al. 2024) (Figure 1.2B). In mESCs, LINE-1 transcripts were found to be important for 

self-renewal (Percharde et al. 2018).  The developmental significance of TEs extends 
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beyond early embryogenesis, as co-opted retroviral genes (syncytins) have been shown to 

be essential for placental formation in both humans and mice (Keighley et al. 2023; 

Dupressoir et al. 2009). 

Although TEs have proven to be beneficial, their selfish activity can be highly 

deleterious. TEs, by virtue of their mobility, can be mutagenic when disrupting coding regions 

causing transcriptional interference, genome instability and double-strand breaks (Hancks 

and Kazazian 2016). Subsequently, TEs have been associated with a repertoire of multiple 

cancer tissues and diseases. For instance, oncogenic Alu insertions in BRCA1/2 genes have 

been reported to increase the probability of breast cancer development (Teugels et al. 2005; 

Bouras et al. 2021; Qian et al. 2017) (Figure 1.2C). Additionally, LINE-1 ORF1p expression 

has emerged as a biomarker in many epithelial cancers, including ovarian carcinoma 

(Ardeljan et al. 2020). Beyond cancer, TEs have been implicated in various age-related 

conditions and neurodegenerative disorders. Their expression increases with age and their 

dysregulation has been linked to Alzeiheimer’s disease via the activation of inflammatory 

pathways (Guo et al. 2018; Pabis et al. 2024). TE dysregulation can also have severe 

consequences during development. During early development, at specific developmental 

windows, TEs escape repression and threaten genome integrity. In the mouse germline, 

aberrant TE activity can cause meiotic failure leading to male infertility (Barau et al. 2016) 

(Figure 1.2D). 

Throughout evolution, although TEs have been co-opted for both beneficial functions, 

their uncontrolled mobilization has been proven detrimental for the genome. However, this 

raises a fundamental question: How does the genome regulate TE expression to maintain 

beneficial functions while preventing uncontrolled mobilization? This dual nature of TEs has 

developed a complicated interplay between TEs and their host genomes, necessitating 

regulatory mechanisms. 
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Figure 1.2 TEs: Two sides of the same coin. A. Two illustrations exemplifying TE contribution to 
evolutionary adaptation. An Alu insertion disrupted the TBXT gene expression resulting in tail-loss in 
hominids (left). A DNA transposon disruption into the cortex gene of the peppered moth led to a 
darker phenotype (right). B. Illustration of TEs as enhancers of neighbouring genes. C. TEs are a 
source of genome instability and diseases. Example of an Alu insertions into BRCA1/2 genes, 
resulting in breast cancer. Image adapted from (Bourque et al. 2018; Ecco, Imbeault, and Trono 
2017). D. Illustration of the impact of TEs in developmental processes. High TE expression can cause 
infertility in the mouse male germline (small grey testis). Illustrations were created by Dr. Dimitra 
Kanta. 
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1.2 Regulation of Transposable elements 
 

The intricate relationship between TEs and their host genomes as well as their 

harmful effects when uncontrolled, has generated a selective pressure for the genome to 

evolve control mechanisms acting upon TEs at all levels of their life cycle. TE regulation 

operates in an interconnected regulatory network through DNA methylation, the piRNA 

pathway, histone modifications as well as sequence-specific protein-mediated regulators, 

which I will discuss in the following chapters. This balance between repressing harmful TE 

activity and permitting beneficial TE expression at specific developmental stages may reflect 

a dynamic interplay: host regulatory mechanisms adapt to constrain TE threats, while TEs 

themselves evolve strategies to evade silencing during permissive time windows. Such 

equilibrium especially during early embryonic and germline development, when regulatory 

controls are relaxed and TEs seize the opportunity to propagate to the next generation 

through the germline. Like TEs themselves, such regulatory mechanisms have often been 

co-opted for the physiological genome regulation. Thus, understanding how TEs are 

regulated is a powerful proxy to uncover novel ways of regulating the genome itself. 

1.2.1 DNA methylation 
​ DNA methylation is a chemical modification where a methyl group is covalently 

deposited to the 5’ carbon of cytosine residues forming a 5-methylcytosine (5mC). In 

mammals, DNA methylation primarily occurs at CG, also known as CpG sites. CpGs-rich 

genomic regions are found in gene bodies, transposable elements and CpG islands (CGIs) 

(Ehrlich et al. 1982; Lister et al. 2009). CGIs are genomic regions consisting of more than 

50% CG content and typically located near transcription sites, thus often having a regulatory 

function (Saxonov, Berg, and Brutlag 2006). While 70-80% of CpGs  are methylated, 

non-CpG methylation exists in some cell types like embryonic stem cells (ESC) (Lister et al. 

2009; En Li and Zhang 2014). DNA methylation plays crucial genome regulatory roles, 

predominantly associated with transcriptional repression (Ben-Hattar and Jiricny 1988). 

Promoters of transcriptionally active genes are typically unmethylated, whereas their bodies 

remain methylated (Lister et al. 2009) (Figure 1.3A). DNA methylation is essential for normal 

development and is associated with several key processes including genomic imprinting (E. 

Li, Beard, and Jaenisch 1993) X-chromosome inactivation (XCI) (Mohandas, Sparkes, and 

Shapiro 1981), and repression of TEs ((E. Li, Beard, and Jaenisch 1993; Mohandas, 

Sparkes, and Shapiro 1981; Walsh, Chaillet, and Bestor 1998). 
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1.2.1.1 DNA methyltransferases (DNMTs) 

​ Mammalian DNA methylation is maintained and established by DNA 

methyltransferases (DNMTs): DNMT1 and DNMT3 enzymes, respectively. During DNA 

replication, DNMT1 is responsible for the maintenance of DNA methylation  (T. Bestor et al. 

1988), in coordination with UHRF1, by binding to the hemimethylated CpGs and copying 

from parent to daughter strands, ensuring epigenetic inheritance (Bostick et al. 2007). 

DNMT1 is essential in development and its depletion leads to embryonic lethality (E. Li, 

Bestor, and Jaenisch 1992). Historically, DNMT1 maintains existing patterns, but studies 

have challenged this idea by revealing de novo activity of DNMT1 targeting IAPs (Haggerty 

et al. 2021). While DNMT1 is mostly responsible for 5mC maintenance, DNMT3 enzymes 

establish novel 5mC sites, with each enzyme having specialized roles. DNMT3A and 

DNMT3B have similar structures. They both share a C’ terminal catalytic methyltransferase 

(MTase) domain, an ATRX-DNMT3-DNMT3L (ADD) domain and a Pro-Trp-Trp-Trp-Pro 

PWWP domain (Okano et al. 1999) (Figure 1.3B).  

DNMT3A and DNMT3B play a crucial role in development. DNMT3A has a pivotal 

role in germline methylation and has been reported to be necessary for spermatogonial stem 

cell (SSC) differentiation (Dura et al. 2022). In synergy with DNMT3L, DNMT3A establishes 

maternal genomic imprints by methylating bodies of oocyte-specific genes (D. Bourc’his et 

al. 2001). DNMT3L, a catalytically inactive cofactor of de novo DNA methyltransferases, has 

crucial roles in global germline methylation. Dnmt3LKO/KO mice have been reported to develop 

dysfunctional gametes and demonstrate TE upregulation resulting in male sterility (D. 

Bourc’his et al. 2001; Déborah Bourc’his and Bestor 2004; Zamudio et al. 2015). DNMT3B is 

important for early embryonic de novo methylation and has been reported to be crucial for 

placental formation (Andrews et al. 2023). The absence of either Dnmt3A or Dnmt3B leads 

to developmental dysregulation and embryonic lethality in mice (Okano et al. 1999).  

The final member of the DNMT3 family, DNMT3C, has evolved from a gene 

duplication event of Dnmt3B and is muroid-specific (Barau et al. 2016; Jain et al. 2017). In 

contrast to DNMT3A/B, DNMT3C only carries a MTase and ADD domain but not a PWWP 

domain and it specifically methylates promoters of evolutionary young TEs in the male 

germline (Barau et al. 2016). Furthermore, Dnmt3CKO/KO mice mutants demonstrate high TE 

expression, resulting in meiotic failure and male mice sterility (Barau et al. 2016). 

23 

https://paperpile.com/c/8Q4Lo0/kq5p
https://paperpile.com/c/8Q4Lo0/kq5p
https://paperpile.com/c/8Q4Lo0/mkJx
https://paperpile.com/c/8Q4Lo0/3Hd5
https://paperpile.com/c/8Q4Lo0/3Hd5
https://paperpile.com/c/8Q4Lo0/yyHN
https://paperpile.com/c/8Q4Lo0/yyHN
https://paperpile.com/c/8Q4Lo0/5bN9
https://paperpile.com/c/8Q4Lo0/vtDZ
https://paperpile.com/c/8Q4Lo0/jtsQ
https://paperpile.com/c/8Q4Lo0/jtsQ
https://paperpile.com/c/8Q4Lo0/jtsQ+4l9i+6c93
https://paperpile.com/c/8Q4Lo0/jtsQ+4l9i+6c93
https://paperpile.com/c/8Q4Lo0/jXC6
https://paperpile.com/c/8Q4Lo0/5bN9
https://paperpile.com/c/8Q4Lo0/33Ol+uueU
https://paperpile.com/c/8Q4Lo0/33Ol
https://paperpile.com/c/8Q4Lo0/33Ol


 

 

Figure 1.3 DNA methylation. A. Schematic depiction of DNA methylation repressing a gene 
target promoter. The presence of 5mC on gene promoters results in repression, whereas the absence 
leads to expression. B. Domains of de novo DNA methyltransferases (DNMTs): DNMT3A, DNMT3B, 
DNMT3C, DNMT3L; Figure adapted from (Barau et al. 2016). 
 

1.2.1.2 DNA methylation Reprogramming 

​ In mouse embryonic development, DNA methylation is very dynamic and undergoes 

reprogramming. Cells exhibit two waves of DNA methylation reprogramming in order to 

facilitate normal development. The first wave, also known as embryonic wave, happens after 

zygote formation, where DNA methylation is erased from normal levels to approximately 

20% at the blastocyst stage at embryonic day (E)3.5, allowing developmental genes to be 

expressed (L. Wang et al. 2014) (Figure 1.4A). During this window, some TEs get expressed 

at the 2-cell (2C) stage, and are beneficial for normal development, as discussed in a 

previous chapter (1.1.3) while others retain DNA methylation levels. DNA methylation levels 

are restored by DNMT3A/B-mediated de novo methylation (Auclair et al. 2014). The second 

wave of DNA methylation reprogramming occurs in primordial germ cells (PGCs) starting at 

E9.5 and continues until E13.5, where DNA methylation levels drop to a lower level than the 

first wave, reaching as low as 5-7% (L. Wang et al. 2014) (Figure 1.4B). This marks the 

initiation of physiological germline gene expression, while some IAP promoters retain 

methylation (Seisenberger et al. 2012). Between E13.5 to E16.5 DNA methylation is restored 

24 

https://paperpile.com/c/8Q4Lo0/33Ol
https://paperpile.com/c/8Q4Lo0/fNvj
https://paperpile.com/c/8Q4Lo0/MfD0
https://paperpile.com/c/8Q4Lo0/fNvj
https://paperpile.com/c/8Q4Lo0/uO5N


 

at the majority of the genome except of the evolutionarily young TEs, which are methylated 

by a second germline wave by DNMT3C/DNMT3L (Barau et al. 2016). Although DNA 

methylation reprogramming is imperative for development, hypomethylation could create an 

opportunity for TE upregulation, posing a germline genomic threat (Seisenberger et al. 

2012). To overcome this vulnerability, the hosts have evolved genome defense mechanisms 

to repress TEs during this critical period. 

 

 

 
Figure 1.4. DNA methylation reprogramming. A. First wave: Embryonic reprogramming; 2-cell 
stage (2C), 4-cell stage (4C). After fertilization the zygote has normal DNA methylation levels, which 
drop gradually until the blastocyst stage. The methylation levels are re-established by DNMT3A and 
DNMT3B until the Epiblast stage (E.5-E8.5). B. Second wave: germline reprogramming; The DNA 
methylation levels get erased until the Primordial Germ Cells (PGCs). De novo methylation is restored 
to the male gametes by DNMT3A, DNMT3C and their cofactor DNMT3L; The image was extracted 
and adapted from (Greenberg and Bourc’his 2019). 

 

1.2.2 piRNA pathway 

One such specialized mechanism is the piRNA pathway. PIWI-interacting RNAs 

(piRNAs) are 24-35nt-long small RNAs that protect genome integrity by TE regulation in the 

germline (Vagin et al. 2006). These small RNAs are associated with PIWI proteins, a 

subgroup of Argonaute proteins. Mice express three PIWI proteins: MIWI, MILI and MIWI2 

(Chuma and Nakano 2013). During male mice spermatogenesis, MIWI2 is expressed in 

early embryonic germ cells from E14.5 to postnatal day (P)3, MILI functions in both 

embryonic and postnatal meiotic cells (Figure 1.5A), and MIWI is present only in meiotic 

cells from P14 onwards (Chuma and Nakano 2013). Mutations of PIWI proteins lead to the 

25 

https://paperpile.com/c/8Q4Lo0/33Ol
https://paperpile.com/c/8Q4Lo0/uO5N
https://paperpile.com/c/8Q4Lo0/uO5N
https://paperpile.com/c/8Q4Lo0/aRZQ
https://paperpile.com/c/8Q4Lo0/i8SF
https://paperpile.com/c/8Q4Lo0/xA36
https://paperpile.com/c/8Q4Lo0/xA36


 

loss of DNA methylation from TE promoters and subsequently to TE upregulation and male 

sterility (Aravin et al. 2007; Zamudio et al. 2015; Barau et al. 2016; Vasiliauskaitė et al. 2018) 

(Figure 1.5A). 

piRNAs protect the genome from TE activity through two distinct mechanisms. In the 

cytoplasm, TEs are repressed post-transcriptionally by the “ping-pong” cycle (Figure 1.5B). 

MILI cleaves TE transcripts guided by piRNAs, producing antisense secondary piRNAs, 

which target more TE transcripts for degradation creating an amplification loop (Aravin et al. 

2008, 2007). The piRNAs are then loaded onto MIWI2, which translocates to the nucleus at 

E16.5 and binds to nascent TE transcripts recruiting the DNA methylation machinery and 

several proteins essential to achieve transcriptional silencing (Figure 1.5C) (Aravin et al. 

2008; Zoch et al. 2024; Barau et al. 2016; Déborah Bourc’his and Bestor 2004; Zoch et al. 

2020; Dias Mirandela et al. 2024). Among these proteins, DNMT3C is the most downstream 

enzyme guided by the nuclear piRNA-pathway to methylate evolutionary young TEs 

promoters (Barau et al. 2016; Zoch et al. 2024, 2020). Deficiency of the piRNA pathway 

components (such as  Dnmt3C (Barau et al. 2016), Dnmt3L (Zamudio et al. 2015), Miwi2 

(Carmell et al. 2007) mutants), during the germline reprogramming leads to upregulation of 

TEs,  deregulation of the germline transcriptome (Vasiliauskaitė et al. 2018), and 

subsequently infertility. 

While the piRNA pathway guides DNA methylation to silence TEs, additional layers 

of transcriptional regulation, such as histone modification, are needed to ensure robust TE 

repression. Histone modifications can silence TEs both independently and by a DNA 

methylation interplay that I will discuss in the next chapters. 
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Figure 1.5. Transcriptional and post-transcriptional piRNA pathway. A. Example of a pi-RNA 
deficient mutant testis, Dnmt3CKO/KO. The mutant germ cells undergo L1-ORF1 expression (green) and 
infertility. Image extracted and adapted from (Barau et al. 2016); MILI (lilac) is expressed in embryonic 
and postnatal meiotic stages; MIWI2 (yellow) is expressed from embryonic stages until P3; Image of 
germline reprogramming was adapted from (Greenberg and Bourc’his 2019). B. Illustration of the 
post-transcriptional piRNA pathway (ping-pong cycle) in the cytoplasm; C. Transcriptional piRNA 
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pathway; the secondary piRNAs are loaded onto MIWI2 (yellow) and target TEs in the nucleus. 
DNMT3C (blue), its cofactor DNMT3L (orange) and other enzymes (grey) are guided to repress TEs. 

 

1.2.3 Histone modifications 
 
Histone modifications play a fundamental role not only in chromatin structure regulation but 

also in gene transcriptional regulation (Bannister and Kouzarides 2011). These modifications 

can establish a distinct chromatin state: euchromatin, characterized by active marks and 

chromatin accessibility, and heterochromatin, which can have a constitutive and facultative 

form. Constitutive heterochromatin remains permanently condensed and is often found in 

repetitive sequences, like TEs (Grewal and Jia 2007), whereas facultative heterochromatin is 

transient and often found in developmental genes, allowing their dynamic regulation (Trojer 

and Reinberg 2007). While activating marks, such as tri-methylation at the lysine 4 residue 

of histone H3 (H3K4me3) facilitate an open chromatin configuration and gene activation, 

repressive marks like trimethylation at lysine 9 or 27 on histone H3 (H3K9me3 or 

H3K27me3, respectively) promote chromatin compaction and gene silencing. In the following 

sections, I will focus on two major repressing modifications, H3K27me3 and H3K9me3. 

 

1.2.3.2 H3K27me3 

H3K27me3 is a repressing histone modification that contributes to gene silencing 

through dynamic facultative heterochromatin formation. The Polycomb repressive Complex 

(PRC2) catalyzes H3K27me3 through the SET domain of its catalytic subunit Enhancer of 

Zeste Homolog 1 or 2 (EZH1 or EZH2) (Czermin et al. 2002). PRC2 has another two 

subunits that are important for the function of EZH1/2: Embryonic Ectoderm Development 

(EED) and Suppressor of Zeste 12 (SUZ12). Depletion of EZH2 and EED abolishes global 

H3K27me3 levels, whereas deletion of EZH1 does not affect global H3K27me3 levels, due 

to its lower activity (Raphael Margueron et al. 2008, 2009; Lee et al. 2018).  

H3K27me3 is an abundant modification that marks 15% of H3 tails in mESCs (Peters 

et al. 2003). It is found in both small domains, like promoters of developmental genes that 

are not required in pluripotency (Boyer et al. 2006) and very large domains, such as Hox 

clusters or at the inactive X-chromosome of mammalian females (Pauler et al. 2009; Inoue 

et al. 2017; Boyer et al. 2006; Plath et al. 2003). 

The relationship between H3K27me3 and DNA methylation is mostly antagonistic. In 

mESCs, H3K27me3 together with H3K9me3 are essential for repressing TEs in the absence 

28 

https://paperpile.com/c/8Q4Lo0/DbUm
https://paperpile.com/c/8Q4Lo0/vVhH
https://paperpile.com/c/8Q4Lo0/0wOR
https://paperpile.com/c/8Q4Lo0/0wOR
https://paperpile.com/c/8Q4Lo0/WUnn
https://paperpile.com/c/8Q4Lo0/fu0F+JOnT+hZ9p
https://paperpile.com/c/8Q4Lo0/1yDk
https://paperpile.com/c/8Q4Lo0/1yDk
https://paperpile.com/c/8Q4Lo0/IEKw
https://paperpile.com/c/8Q4Lo0/r161+UnNO+IEKw+wasR
https://paperpile.com/c/8Q4Lo0/r161+UnNO+IEKw+wasR


 

of DNA methylation (Walter et al. 2016). Similarly, in PGCs, TEs were detected to be 

enriched with H3K27me3, during decreased levels of DNA methylation (S. Liu et al. 2014). 

During development, non-canonical imprinting genes, which are initially silenced by 

H3K27me3, exhibit a switch to DNA methylation-mediated imprinting during their transition 

from preimplantation to postimplantation development (Z. Chen et al. 2019). H3K27me3 is 

typically found in unmethylated CGIs, as methylated CpGs sequences have been reported to 

counteract H3K27me3 (Jermann et al. 2014). However, a recent study reported that when 

cells exit from naive pluripotency to EpiLCs, H3K27me3 restriction can occur in a DNA 

methylation-independent manner, mediated by Ezhip, a PRC2 antagonist (Richard Albert et 

al. 2024). 

PRC2 is required throughout early embryonic development from ZGA to gastrulation, 

and its disruption can cause embryonic lethality in mice (Raphaël Margueron and Reinberg 

2011; Condemi et al. 2024). During development, H3K27me3 often coexists with the 

transcriptional activation mark H3K4me3, forming bivalent domains (Bernstein et al. 2006). 

This signature called “bivalency” is crucial in development by maintaining developmental 

genes in a poised state for either future activation or repression (Mohn et al. 2008).  For 

example, bivalency has been identified in promoters of lineage-specific or germline genes in 

mESCs (Mohn et al. 2008) or PGCs, respectively, to facilitate activation later in differentiation 

(Sachs et al. 2013).  

 

1.2.3.1 H3K9me3 

​ While H3K27me3 associates with facultative heterochromatin and often antagonizes 

DNA methylation, H3K9me3 establishes  transcriptional silencing through heterochromatin 

formation. This modification is often found at telomeres, centromeres and TEs (Richards and 

Elgin 2002; Karimi et al. 2011; Matsui et al. 2010). Histone methyltransferases (HMTs) are 

responsible for catalyzing H3K9me3 (Figure 1.6). One well characterized HMT is SET 

domain Bifurcated 1  (SETDB1), also known as ERG-associated protein with SET domain 

(ESET). SETDB1 transfers methyl groups via its SET domain to H3K9 using S-adenosyl 

methionine (SAM) as a donor. SETDB1 is often recruited to genomic targets through its 

interaction with KRAB-associated protein 1 (KAP1), also known as TRIM28 (Schultz et al. 

2002). In mESCs, around 40% of SETDB1 binding sites were found in close proximity to 

ERVs, possibly explained by its interaction with KAP1 (Karimi et al. 2011). Additionally, 

depletion of SETDB1 leads to strong upregulation of ERVs and modest LINE-1 reactivation 

(Matsui et al. 2010; N. Liu et al. 2018). SETDB1 is essential for development since its 

absence causes lethality in pre-implantation and in mESCs (Dodge et al. 2004). 
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 Suppressor of Variegation (3-9) homologue (SUV39H1) and its homolog SUV39H2 

were the first HMT to be discovered (Figure 1.6). These enzymes were found to catalyze 

H3K9me3 via their SET domain in vitro (Aagaard et al. 1999; O’Carroll et al. 2000). 

However, in vivo SUV39H1/2 do not directly deposit H3K9me3 but rather primarily bind to 

existing H3K9me3 through their chromodomain and further spread H3K9me3 along the 

chromatin region (Lachner et al. 2001). SUV39H enzymes interact with HP1, which also 

binds H3K9me3, creating a positive feedback loop where HP1 binds to H3K9me3, recruits 

more SUV39H, leading to more heterochromatin spreading. Consequently, Suv39h-double 

knockout (dKO) leads to loss of HP1 in pericentric regions (Lachner et al. 2001), and results 

in LINE-1 upregulation and but not ERV reactivation in mESCs (Bulut-Karslioglu et al. 2014). 

H3K9me3 has been found to typically co-occur with the presence of DNA 

methylation. In mouse E13.5 PGCs, during global hypomethylation, a subset of methylated 

IAPs was found to retain both DNA methylation and H3K9me3 enrichment (S. Liu et al. 

2014). Depletion of Setdb1 in PGCs, results in the loss of both H3K9me3 and DNA 

methylation from the LTR promoters of these IAPs (S. Liu et al. 2014). Similarly, when 

mESCs are cultured in hypomethylating condition, some IAPs and other genomic regions 

that maintain residual DNA methylation are additionally marked by H3K9me3 (Ficz et al. 

2013; Habibi et al. 2013). 

 

1.2.4 KRAB-ZFPs 
 

The establishment of repressive histone modifications often requires targeting 

mechanisms. Krüppel-Associated box domain of zinc finger proteins (KRAB-ZFPs) bring 

another layer of TE control via sequence-specific binding to TEs serving as a molecular 

bridge to recruit both DNA methylation and histone modifications. KRAB-ZFPs recognize 

specific DNA sequences and bind close to the LTR of ERVs or the 5’ UTR of LINEs. The 

silencing role of KRAB-ZFPs stems from the recruitment of KAP1, which in turn recruits HP1, 

SETDB1 and DNMTs creating a repressive chromatin environment established by the 

deposition of H3K9me3 and secondarily DNA methylation, to assure TE repression (Figure 

1.6) (Ryan et al. 1999; Quenneville et al. 2012; Groner et al. 2010).  

In early embryogenesis, during the first wave of reprogramming, some ERVs remain 

silent through a KRAB-ZFP-dependent mechanism. Specifically, depletion of the KRAB-ZFP, 

ZFP809, led to ERV reactivation and an epigenetic switch from repressive to active histone 

marks (Wolf et al. 2015). Similarly, KAP1 depletion in mESCs and early mice embryos, 

results in dramatic ERV upregulation and embryonic lethality highlighting its essential role in 

TE control during development (Rowe et al. 2010). KAP1 also regulates LINE1 elements in 
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an age-dependent manner. In both humans and mice, KAP1 primarily binds to LINE-1 

elements of moderate age (~8-31 Myrs and ~4-6 Myrs for humans and mice, respectively), 

with these elements showing H3K9me3 enrichment  (Castro-Diaz et al. 2014). While ancient 

L1 elements have degraded into genomic fossils, KRAB-ZFP/KAP1-mediating silencing 

mostly targets L1s of moderate age and the youngest elements often escape this control 

through mutations (Castro-Diaz et al. 2014).  

Although KRAB-ZFPs were believed to have evolved to silence TEs, studies have 

also revealed the involvement of KRAB-ZFPs in the evolution of beneficial regulatory 

networks (Michaël Imbeault, Helleboid, and Trono 2017; Kosuge, Ito, and Hamada 2024). 

However, their contribution to TE repression has been well characterized with the majority of 

KRAB-ZFPs being associated with at least one TE retrotransposon subfamily (Michaël 

Imbeault, Helleboid, and Trono 2017), illustrating an ongoing evolutionary arms race with 

TEs. Multiple KRAB-ZFPs have continuously evolved to target the promoters of new L1 

elements. While new L1 elements emerge, in order to escape, they accumulate mutations to 

lose the KRAB-ZFP binding sites on their sequences, and the hosts respond by adapting 

new KRAB-ZFPs that can recognize these mutations. In some cases young L1 elements 

(e.g. human L1PA1) have escaped by evolving a 129 bp deletion, excluding the binding site 

of a KRAB-ZFP, whereas in other cases the mutations are very subtle (Michaël Imbeault, 

Helleboid, and Trono 2017; Michael Imbeault and Trono 2014; Jacobs et al. 2014). 

Interestingly, Ecco et al. proposed a domestication model where KRAB-ZFPs facilitate TE 

integration into beneficial gene regulatory functions, instead of just repressing them (Ecco, 

Imbeault, and Trono 2017). This ongoing molecular Tom-and-Jerry game exemplifies how 

genomic conflict has led to both genome defense and regulatory innovation.  
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Figure 1.6  KRAB-ZFPs: targeted TE repressive complex. Illustration depicting KRAB-ZFPs (blue) 
binding to sequence-specific TE targets and recruit repressors to silence TEs; KAP1 (orange), 
SETDB1 (dark green) catalyses H3K9me3 (purple); HP1 (lilac); DNMTs (red) catalyze 5mC (red); 
SUV39H enzymes (grey) catalyze H3K9me3; histones (yellow); DNA string wrapped around histones 
(purple). Illustration was created by Dr. Dimitra Kanta. 
 

1.2.5 Transcription Factors (TFs) 

Besides the epigenetic landscape that shapes genome regulation and TE repression, 

transcription factors (TFs) have a determining role in the cellular identity. TFs are 

DNA-binding regulators that recognize and bind to specific short sequences in regulatory 

regions and initiate expression or repression of cell-type specific genes (Jacob and Monod 

1961; Wunderlich and Mirny 2009; Maston, Evans, and Green 2006). Although TF binding 

motifs are abundant in the genome, TFs only bind to a limited number of their potential 

binding sites in a cell-type specific manner (Biggin 2011).  

32 

https://paperpile.com/c/8Q4Lo0/hJvA+8egy+NigS
https://paperpile.com/c/8Q4Lo0/hJvA+8egy+NigS
https://paperpile.com/c/8Q4Lo0/b4Qf


 

TF binding to DNA is largely dependent on chromatin accessibility. The nucleosome 

positioning, post-translational histone modifications, and DNA methylation could prohibit or 

promote TF binding. Nucleosome occupancy is associated with low TF-binding affinity (Yuan 

et al. 2005; Dai et al. 2009), and TF-nucleosome binding is affected by several factors 

including positional or orientation preferences (Zhu et al. 2018). Pioneer TFs represent an 

exception since they are capable of binding to nucleosomes and initiating chromatin 

remodeling (Cirillo and Zaret 1999; Iwafuchi-Doi and Zaret 2014). The pluripotency factors 

(OCT4, SOX2, KLF4, and c-MYC) are typical pioneer factors that bind to nucleosomes and 

initiate chromatin remodeling by inducing H3K4 methylation and subsequently gene 

activation (Soufi, Donahue, and Zaret 2012; Koche et al. 2011). However, even these factors 

can be restricted by certain chromatin states. In early development, their binding has been 

reported to be blocked from H3K9me3 regions and only bind upon removal of this repressive 

mark (Soufi, Donahue, and Zaret 2012). TFs often act cooperatively to access their binding 

can be restricted from other layers.  
DNA methylation also plays a crucial role in TF-binding (Moore, Le, and Fan 2013). 

The presence of DNA methylation is often associated with TF binding inhibition (Héberlé and 

Bardet 2019). The binding could be affected either directly by the the presence of 5mC 

altering the binding site, so the TF can’t recognize the motif anymore (Dantas Machado et al. 

2015), or indirectly by methyl-CpG-binding domain (MBDs) proteins that recruit deacetylases 

to form chromatin compaction and block TF binding sites (Nan et al. 1996, 1998). In vitro 

large-scale assays have revealed TFs that bind to both unmethylated and methylated DNA 

templates (Mann et al. 2013). For example, CTCF can bind methylated sequences both in 

vitro and in vivo. However, in vivo CTCF binding is context-dependent: CTCF binds to 

CpG-poor regions regardless of the methylation status, while its binding is inhibited at 

methylated CpG-rich regions (Holwerda and de Laat 2013; Stadler et al. 2011). Similarly, 

REST can bind methylated DNA and stimulate demethylation (Feldmann et al. 2013; Stadler 

et al. 2011). In vivo, TF binding is a more complex process due to the diverse biological 

environment. TFs often act cooperatively to access their motifs and their binding could be 

restricted by several layers including chromatin structure, co-factors, or other regulatory 

proteins.  

TFs play an important role in TE regulation, though no TE-specific TF has been 

identified as a master regulator. Instead, different TFs regulate TEs in a cell-type specific 

manner, with TEs acting as cell-specific enhancers (Karttunen et al. 2023; Hermant and 

Torres-Padilla 2021). For example, p53 was found to prevent LINE-1 and SINE expression in 

human cancer cells (Tiwari et al. 2020; Lopez et al. 2023). LINE-1 elements include TF 

binding site (TFBS) of YY1 in their 5’ UTR promoters, crucial for L1 transcription in humans 

and mice (Athanikar, Badge, and Moran 2004; Saha et al. 2024). In differentiated neurons, 
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CREB1 binds and activates methylated IAPs (Kaluscha et al. 2022). In humans, pluripotency 

transcription factors such as OCT4 and KLF4 facilitate young ERV expression under 

hypomethylation conditions (Grow et al. 2015), potentially driving transcription 

preimplantation  (Pontis et al. 2019). Similarly, in humans and mice DUX, a TF important for 

zygotic genome transcription (Sugie et al. 2020) activates MERVLs, which are essential for 

ZGA and embryo development in mice preimplantation (Sakashita et al. 2023). In mouse 

male germ cells, A-MYB, also known as MYBL1, is an important meiotic regulator 

(Bolcun-Filas et al. 2011), which binds to an enhancer LTR element, RLTR10, to activate 

germline genes (Sakashita et al. 2020).  However, TF-dependent regulation of TEs in germ 

cells and their contribution to TE activity or repression remains largely unexplored. 

Understanding the interplay between TFs and TEs requires appropriate model systems, 

which we will discuss in the following chapter. 

 

1.3. Model systems to study TE regulation 

1.3.1 Mouse male germline 
Germ cells represent a unique system to study TEs, as they are the central point, 

where both life itself and TEs can be passed onto future generations. As previously 

discussed (1.2.1.2), germ cells undergo genome-wide DNA methylation reprogramming 

creating a suitable substrate for TE activation and propagation. The piRNA pathway initiates 

TE silencing by MILI expression at E13.5, followed by nuclear MIWI2 expression at E16.5 

(Molaro et al. 2014) (2.2). Subsequently, the piRNA pathway recruits DNMT3C, the 

expression of which peaks at E16.5-E18.5, to methylate young TE promoters (Barau et al. 

2016; Zoch et al. 2024). Of note, TEs get exclusively upregulated in male DNMT3C-deficient 

mice, while females maintain TE silencing independent of DNMT3C (Barau et al. 2016). 

Importantly, in male germ cells, Dnmt3CKO/KO specifically depletes DNA methylation at young 

TE promoters while leaving global CpG methylation levels stable (Barau et al. 2016; Dura et 

al. 2022). This unique feature allows us to study TE regulation without the confounding side 

effects of deregulated gene expression caused by global DNA methylation loss (Barau et al. 

2016; Dura et al. 2022). These characteristics make male DNMT3C mutant germ cells one 

of the best mammalian systems to study regulation of unmethylated young TE promoters. 

1.3.1.1 Spermatogenesis 

In mice, PGCs are the precursors of germ cells. PGCs start  forming around E6.5 at 

the epiblast and migrate at E10.5 to the genital ridges, where they rapidly proliferate from a 
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few tens to several thousands of cells until E13.5, when they transition into 

prospermatogonia (Pro-Spg) in males (Saitou and Yamaji 2012; Tam and Snow 1981). 

Pro-Spg are characterized by large spherical nuclei with apparent nucleoli. During this 

germline developmental stage, specifically at E16.5, the piRNA pathway is important as its 

failure results in TE upregulation and subsequently infertility (Schöpp et al. 2020). At this 

stage, they undergo mitotic arrest in the G0/G1 phase and stop proliferating until birth 

(Vergouwen et al. 1991). 

Shortly after birth around P3, the mitotic phase begins, where prospermatogonia cells 

start dividing again and differentiate into spermatogonial stem cells (SSCs) to initiate 

spermatozoa production, a process known as spermatogenesis. Although SSCs comprise a 

rare population of total germ cells in the testis (Fayomi and Orwig 2018), they are 

fundamental for spermatogenesis, since they possess the ability to self-renew and give rise 

to differentiated cells (de Rooij and Russell 2000). SSCs are located at the basal lamina of 

the seminiferous epithelium, and the differentiation of germ cells progresses towards the 

lumen of the seminiferous tubule, and continues along the tubule (Figure 1.7A). A subset of 

somatic cells, sertoli cells, induce self-renewal and differentiation of SSCs, into their progeny, 

spermatogonia cells, which undergo further proliferation and differentiation. Interestingly, 

during the spermatogonia germline developmental stage, undifferentiated spermatogonia 

show IAP upregulation in Miwi2 and Dnmt3L mutants (Vasiliauskaitė et al. 2018), while in 

differentiated spermatogonia (Spg) LINE-1 elements remain repressed in a DNA-methylation 

independent manner (Zamudio et al. 2015). Differentiated spermatogonia cells undergo 

several mitotic divisions before transitioning into spermatocytes (Spc) at around P10, when 

the meiotic phase starts (Bellvé et al. 1977). 

Spermatocytes are meiotic cells dedicated to producing haploid cells through meiosis 

I, characterized by homologous chromosome segregation followed by meiosis II, 

characterized by sister chromatids segregation, and subsequently leading to haploid 

daughter cells (Handel and Schimenti 2010). The first step of meiosis I is prophase I, which 

is very crucial as most piRNA pathway-deficient mutants exhibit meiotic arrest resulting in 

spermatogenesis failure and infertility (Y. Li, Zhang, and Liu 2021). Prophase I consists of 

four different stages (Figure 1.7). Leptotene is the first stage, which occurs after DNA 

replication and chromosomes become more compacted. The second stage is zygotene, 

where chromosomes pair with their homologous paternal and maternal chromosomes. 

Pachytene is the third stage that occurs around P14 to P18 (Bellvé et al. 1977), 

characterized by complete homologous recombination of the paired chromosomes, a 

process known as synapsis. Pachytene is an important stage in which germ cells of a lot of 

piRNA-deficient mice mutants, including Dnmt3CKO/KO, arrest and cause TE upregulation 

(Barau et al. 2016; Zamudio et al. 2015; F. Yang et al. 2008). Diplotene is the final stage of 
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prophase I, in which the chromatids of the homologous chromosome start segregating, 

generating haploid round spermatids. 

The last stage of spermatogenesis is spermiogenesis, during which the haploid cells 

experience dramatic morphological and cytological changes without further cell division (Jan 

et al. 2012). These changes include an acrosome development in the sperm head, formation 

of a midpiece containing mitochondria, and development of a flagellum (sperm tail). The 

cells also undergo cytoplasmic reduction and chromatin remodelling, where histones are 

replaced from protamines. Spermatozoa maturation is finalized after the cells are released 

into the lumen of the seminiferous tubule and further travel in the epididymis where they gain 

motility (Oakberg 1956). 

In adults, spermatogenesis is a continuous and asynchronous process of germ cell 

differentiation, essential for male reproduction. Of note, this means that a testis is composed 

of a mixed population of germ cells depending on the developmental stage (Figure 1.7B) 

(Hess and Renato de Franca 2008). For example, fetal mouse testes consist only of 

prospermatogonia cells, while at P5 both SSCs and spermatogonia are present, and at P15 

SSC, spermatogonia and spermatocytes can be found. At post-meiosis, as the germline 

development progresses, cells differentiate into round and elongated spermatids, eventually 

forming spermatozoa (Figure 1.7A).  
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Figure 1.7 Male mice spermatogenesis. A. Illustration of male mouse testis anatomy. 
Spermatogenesis occurs from the basal lamina of the seminiferous epithelium towards the lumen. 
Three main phases of spermatogenesis: mitotic phase, meiotic phase and spermiogenesis; mitotic: 
undifferentiated SSC, Spermatogonia (Spg); meiotic: Spermatocytes (Spc), leptotene, pachytene, 
diplotene; Spermiogenesis: round or elongated spermatids, mature spermatozoa. Illustration was 
created by Dr. Dimitra Kanta. B.  Schematic representation showing percentage of cells from mice 
testes with different age classified into developmental stages of Spg, Spc, spermatids and somatic 
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cells. Meiosis I with Leptotene (L), Zygotene (Z), Pachytene (P) and Diplotene stages as well as 
Meiosis II are depicted in Spc. This image is modified from (Ernst et al. 2019). 
 
 

1.3.2 Mouse embryonic stem cells (mESCs) 

Mouse embryonic stem cells (mESCs) are among the few mammalian cells that 

remain viable in the absence of DNA methylation (Tsumura et al. 2006). Although 

DNMT-depleted mESCs exhibit TE silencing by compensatory defense mechanisms, such 

as H3K9me3 and H3K27me3 (Walter et al. 2016), different TEs showed varied chromatin 

silencing response patterns. Specifically, LINE-1 elements switch from H3K9me3 to 

H3K27me3, MERVLs showed enrichment in H3K27me3, while IAPs remained enriched with 

H3K9me3 (Walter et al. 2016), indicating that different TE sequences depend on distinct 

silencing control mechanisms in the same cell type. The exact reasons behind these 

differential responses remain largely elusive. mESCs provide an amenable system to study 

these questions due to faster genetic manipulation, an aspect that is more challenging and 

time-consuming to apply in mice. Previous studies have successfully depleted key factors of 

TE genome defense mechanism including components of KRAB/ZFPs-mediated (Rowe et 

al. 2010) or H3K9me3-mediated TE silencing pathways (Bulut-Karslioglu et al. 2014). The 

ease of genetic manipulation in mESCs, compared to the complexity of mouse genetic 

crosses, makes them an ideal experimental model to explore TE regulation. One could 

consider mESCs the “yeast of mammalian cells”, as they even enable genome-wide forward 

genetics screens to discover novel TE regulatory pathways, which we will discuss in the 

following chapter.   

 

1.4 Screening for TE regulators 

Although several TE repressors have been discovered so far, many transposon 

silencing mechanisms remain elusive. Over the past years, several attempts have been 

made to identify new TE regulators by genome-wide loss-of-function screens. These screens 

have utilized gene-editing tools such as small interfering RNA (siRNA) and CRISPR/Cas9, 

which enable targeted gene silencing or disruption. siRNA screens operate by degrading 

mRNA transcripts to reduce gene expression, while CRISPR/Cas9 directly edits the genome 

by introducing double-strand breaks at specific loci. Both tools have been instrumental in 

uncovering key transposon regulators. 

For instance, siRNA loss-of-function screens were initially performed to identify 

transposon silencing factors in mouse Embryonic Carcinoma cells (ECCs) (B. X. Yang et al. 
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2015). In this screen, they used a Moloney murine leukemia virus (MMLV) sequence driving 

GFP expression. GFP fluorescence served as a screen readout and led to the identification 

of new regulators such as small ubiquitin related modifier 2 (SUMO2) involved in the 

deposition of SUMO on KAP1 and subsequent recruitment of KZFP binding on DNA. 

However, knockdown screens only transiently degrade transcripts without complete gene 

abolishment.  

CRISPR/Cas9-based knockout forward genetic screens have emerged as a powerful  

alternative approach to discover novel TE regulators. Fukuda et al. performed a 

genome-wide CRISPR-based knockout screen in mESCs (Fukuda et al. 2018). As a screen 

readout, they used a reporter retrovirus expressing GFP under the control of a MMLV LTR 

promoter, assuming it behaves as a synthetic, bona fide TE. They sorted cells based on high 

GFP expression to identify putative regulators through sgRNA sequences. In 

CRISPR/Cas9-based screens, sgRNA sequences serve as unique identifiers for the targeted 

genes, allowing researchers to map GFP expression changes back to specific gene 

knockouts. The analysis of this screen specifically revealed a catalogue of genes and the top 

cellular factors were picked as candidate transposon repressors. Despite being successful, 

their approach was somewhat limited as it led to the identification of components, such as 

MORC2a, which are part of previously known repressive pathways (Tchasovnikarova et al. 

2017). Chelmicky et al. conducted a genome-scale CRISPR/Cas9 knockout screen in 

mESCs to study IAP regulation (Chelmicki et al. 2021). They used an IAPez reporter driving 

inducible blasticidin-resistance-GFP cassette, enabling both antibiotic selection and 

fluorescence-based sorting at different timepoints with enhanced sensitivity compared to 

GFP-only selection. Interestingly, among known top candidates they identified 

N6-methyladenosine (m6A) regulators and confirmed m6A RNA methylation as a potentially 

novel ERV repressor. Groh et al. performed a CRISPR/Cas9 screen in mESCs using a small 

heterochromatin inducing sequence (SHIN) as a reporter (Groh et al. 2021). SHIN is a small 

sequence within the gag region common to many IAPez elements, that was previously 

shown to induce heterochromatin formation and recruit repressing factors (Sadic et al. 

2015). Both these two screens, although using very similar readout approaches, found 

different candidates, indicating that there might be different silencing pathways for different 

IAPez regions. 

CRISPR/Cas9 screens have also been performed to discover LINE-1 regulators. Liu 

et al. developed an innovative neomycin-based retrotransposition cassette to detect both 

repressors and activators only upon retrotransposition events. This readout enabled them to 

screen for post-transcriptional regulators in K562 cells (N. Liu et al. 2018). At a recent 

CRISPR/Cas9 screening for LINE-1 elements, they used a LINE-1 5’ UTR as a reporter and 
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they identified both regulators and activators  (Xiufeng Li et al. 2024). While this study largely 

confirmed known L1 regulators, it revealed a novel function of L1s as long-range enhancers. 

Although all these screenings have provided valuable insights, they share an 

ostensible limitation: the assumption that the artificial reporter constructs fully reflect 

endogenous TE behavior. The truncated TE promoters, absent of the whole TE coding 

sequences, and the artificial reporters have primarily led to the identification of transcriptional 

and in some cases post-transcriptional regulators. These approaches may have overlooked 

bona fide transposon silencing factors or even entirely new pathways. Furthermore, while 

transcriptional and post-transcriptional TE regulation has been studied, the regulation and 

fate of TE-encoded proteins remains largely unexplored.  

In mouse models, high-throughput and CRISPR/Cas9 screens for TE regulators 

remain technically very challenging. Instead, insights into TE expression regulation in the 

male germline have primarily come from more targeted approaches.  These approaches, 

such as immunoprecipitation of whole testes (De Luca, Gupta, and Bortvin 2023) or 

RNA-seq analysis of sorted germ cells (Sakashita et al. 2020), could be viewed as strategies 

to “screen” for TE regulation, but with a narrower scope than high-throughput methods. 

Technical limitations and challenges in both mammalian cells and in vivo approaches 

highlight the need for complementary and alternative strategies to understand TE regulation 

in physiological contexts. 
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Hypothesis and Aim of the Thesis 
 

TE activity across development is most pronounced in time windows where 

retrotransposition can generate heritable copies, such as in preimplantation embryos and the 

germline. While TE activity can be highly deleterious, silencing pathways have evolved to 

repress their activity and safeguard genome integrity throughout development. In 

preimplantation stages, when DNA methylation is erased, KAP1-mediated TE silencing plays 

a crucial role in maintaining genome stability (Coluccio et al. 2018). In the mouse male 

germline, DNMT3C silences TEs through de novo DNA methylation (Barau et al. 2016). 

However, TE activity can also be an integral and important part of certain developmental 

stages.  

An unexplored question in the field is how cells restrict retrotransposition while still 

allowing beneficial TE expression. We hypothesize that post-transcriptional and 

post-translational restrictive pathways may be critical for safeguarding genome stability 

during beneficial TE expression. Additionally, we propose that transcriptional activators drive 

TE expression under harmful conditions when key repressors, such as DNA methylation are 

absent. In my two PhD projects, I envisioned addressing these hypotheses by discovering 

novel TE regulators in mESCs and in the male germline, respectively.  

In my first project, I aimed to establish a whole-genome wide CRISPR/Cas9-based 

forward genetic screen for repressors of endogenous TEs to gain a deeper understanding of 

transcriptional and translational repression mechanisms in fairly unexplored parts of the TE 

life-cycle. Unlike previous forward genetic screening approaches for TE silencing, I aimed to 

optimize a pioneering TE screen using direct readouts of endogenous TE activity rather than 

relying on reporter systems by:  

1.​ Detecting endogenous TE mRNA abundance by fluorescent in situ hybridization of 

TE mRNA (RNA FISH), and  

2.​ Monitoring the translation products of endogenous TE mRNA by 

immunofluorescence (IF).  

Fluorescence-activated cell sorting (FACS) would allow phenotypical sorting of cells highly 

expressing TEs and/or accumulating their translated products, followed by sequencing of the 

gRNAs to discover putative genes involved (Figure 2.1). 
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Figure 2.1 Scheme of CRISPR/Cas9-based forward genetic screen of novel transposon 
regulators by lentiviral gRNA library. mESCs expressing an inducible- degron Cas9 system, are 
infected with a lentiviral gRNA library. Further, TE-encoded proteins (such as L1-ORF1p) are labeled 
by IF and TE RNA by RNA FISH. The positive cells are selected by FACS and gRNA sequences are 
PCR-amplified and sequenced. Illustrations were generated by Dr. Dimitra Kanta; The scatter plot was 
adapted from Cell signaling.  
 

In my second PhD project, which was a collaboration with my colleague, Jessica 

Leismann, we investigated TE reactivation and TE regulators in male germ cells. Utilizing 

Dnmt3CKO/KO mice we addressed two main questions: 

1.​ What are the dynamics of TE expression when DNMT3C-mediated DNA methylation 

is lost throughout mouse spermatogenesis? 

2.​ Is NRF1 a potential trans-activator of unmethylated TEs in the mouse male germline? 

 

This study provides comprehensive and pioneer in vivo insights into TE regulation across 

spermatogenesis. 
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2. Results 
 

2.1 An innovative CRISPR/Cas9 screen readout based on 
endogenous TE activity 
 
Chapter 2.1 represents my primary PhD project, which I pursued for nearly 3 years. Despite 

significant challenges and time constraints ultimately leading to the suspension of this 

project (2.1.3), identifying endogenous TE regulators remains an intriguing and relevant topic 

in the field. Cell lines generated in this work facilitated collaborations with the Bourc’his lab, 

the Imbeault lab and the Dikic lab. All experiments and figures presented in the following 

subchapters were conceptualized, performed and generated by me.  

2.1.1 Generation of an inducible degron-Cas9 cell line 
 

To enable tightly controlled genome editing for discovering TE repressors, we sought 

to develop a system for conditional Cas9 expression in mESCs. While constitutive Cas9 

activity is commonly used as a baseline in CRISPR/Cas9 screenings, it can restrict genome 

editing when specific temporal control is required. Therefore, we aimed for a system with 

precise control over the timing of Cas9 activity, to minimize potential off-target effects and to 

allow for dynamic investigation of TE regulatory mechanisms. We achieved this by 

combining doxycycline (Dox)-inducible transcription with dTAG-mediated protein degradation 

(Figure 2.1.1A). 

To generate the cell line, we utilized a previously generated mESC line stably 

expressing the Tet-On 3G activator under the EF1α promoter in the Rosa26 locus (data not 

shown), a safe harbor locus known for stable and ubiquitous transgene expression (Xiaoping 

Li et al. 2014). Although Tet-On 3G is constitutively expressed from the EF1α promoter, it 

could only induce activation in the presence of Dox (Das, Tenenbaum, and Berkhout 2016). 

This system was chosen for its precise and inducible control of gene expression. 

Specifically, upon Dox treatment, Tet-On 3G binds to pTRE3G and subsequently drives 

downstream Cas9 transcription (Figure 2.1.1B). Dox-inducible systems can exhibit leaky 

expression, often due to intrinsic properties of the system such as weak binding of the 

reverse tetracycline transactivator (rtTA) to the promoter even in the absence of Dox (Das et 

al. 2016; Costello et al. 2019). To prevent any potential leakiness, we further engineered the 
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system to incorporate a dTAG-degron system (Nabet et al. 2018) enabling a double-locked 

control of Cas9 expression. In contrast to other degron systems, the dTAG-13 system does 

not require the expression of an additional proteasome component. This system uses a 

mutated F-box protein, FKBP-V, as an in-frame tag of the protein of interest. Upon 

application of a heterobifunctional synthetic molecule, FKBP-V engages to an E3 ubiquitin 

ligase (CRBN) inducing degradation of the tagged protein (Nabet et al. 2018) (Figure 

2.1.1C). The pTRE3G-FKBPV-3xFlAG-Cas9 cassette was inserted by homologous 

recombination in the Tigre locus, another safe harbor site optimized for tightly regulated and 

inducible transgene expression without interference from endogenous genes (Ahmadzadeh 

et al. 2020; Zeng et al. 2008). We generated the cell line by co-transfecting the donor 

plasmid carrying the cassette and the editor plasmid carrying SpCas9 and sgRNA targeting 

the Tigre locus.  

 
Figure 2.1.1 Schematic depiction of dox-inducible dTAG-mediated Cas9 cell line strategy. A. 
Scheme of CRISPR/Cas9 screen upstream of the readout utilizing Cas9-inducible-degron cell line. B. 
Schematic depiction of the Tet-On 3G (red) integration at the mouse Rosa26 locus under EF1α 
promoter (grey) and pTRE3G-FKBPV-3xFlAG-Cas9 cassette at the mouse Tigre locus. C. Tet-On 3G 
binds to the pTRE3G promoter (dark blue) only in the presence of doxycycline (Dox) (green); 
FKBPV-Cas9 (magenta-yellow) transcription is induced. C. FKBPV-Cas9 protein degradation upon 
dTAG-13 treatment; dTAG-13 binds to FKBPV (magenta) and CRBN-E3 (blue). 
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To characterize the function of the inducible Cas9 system, we assessed both 

Dox-induced Cas9 expression and dTAG-mediated Cas9 degradation using Western blot 

analysis. To validate Dox-induced Cas9 expression, we treated the cells with serial dilutions 

of Dox (0.1, 1, and 4 µg) and harvested the cells at various time points (1h, 6h, 24h) (Figure 

2.1.2A,B). Western blot analysis revealed that no Cas9 expression was detectable 1 hour 

post-Dox treatment compared to the untreated sample (Figure 2.1.2A). Pronounced Cas9 

expression, however, was observed at 6 and 24 hours post-treatment (Figure 2.1.2A,B). 

Notably, we detected some background Cas9 expression (leakiness) in the absence of Dox, 

indicating a low level of basal transcription from the pTRE3G promoter (Figure 2.1.2A,B). 

 Similarly, to assess dTAG-mediated Cas9 degradation, we treated the cells with 

serial dilutions of dTAG-13 (100, 250, and 500 nM). Cas9 expression was analyzed at 

various time points (1h, 6h, 24h) by Western blot  (Figure 2.1.2C,D). We observed a striking 

degradation of Cas9 after only 1 hour of exposure to dTAG-13, even at concentrations as 

low as 100 nM  (Figure 2.1.2C). Moreover, no Cas9 expression was detectable at 6 and 24 

hours post-treatment, demonstrating the potent and rapid degradation effect of the dTAG 

system  (Figure 2.1.2D). 

 Finally, to demonstrate the reversibility of the system, cells were pre-treated with 100 

nM dTAG-13 for 48 hours to deplete Cas9  (Figure 2.1.2E). Dox was then added to induce 

Cas9 expression, and we analyzed the expression at 6, 16, and 30 hours post-Dox 

treatment. We confirmed Cas9 protein recovery upon Dox treatment following 

dTAG-mediated degradation by Western blot (Figure 2.1.2E). This demonstrates that the 

system is not only inducible and degradable but also reversible, allowing for dynamic control 

of Cas9 activity. Overall, these data demonstrate the successful establishment of a tightly 

controlled, Dox-inducible, and dTAG-degradable Cas9 system in mESCs. This system 

provides a valuable and dynamic tool to perform the CRISPR/Cas9 screening with optimal 

conditions and dissect novel TE regulators involved in new biological processes. In the next 

sections, we focused on optimizing readouts to ensure robust detection of transcriptional and 

translational activation upon TE repressor depletion. 
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Figure 2.1.2 Cas9 kinetics upon doxycycline (Dox) induction and post-dTAG treatment. A. 
Western blot analysis of Cas9-3xFLAG reactivation upon serial dilutions of Dox and without Dox 
induction (Pre-Dox) at the indicated time-course; WT mESCs were used as a negative control; PCNA 
was used as a loading control. B. Cas9-3xFLAG degradation upon serial dilutions of dTAG-13 
treatment at the given time-course; Cas9 cell line (without DMSO) and WT mESCs were used as a 
controls; The blot of 6 hours and 24 hours was probed with both pico and femto chemistry; 
α-TUBULIN (1hour) and PCNA (6 and 24 hours) were used as loading controls. C. Reversibility of the 
inducible system demonstrated by Western blot analysis at the indicated time points; In all blots Cas9 
expression was detected using an anti-3xFLAG antibody. 
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2.1.2 Readout optimization of CRISPR/Cas9-forward genetic 
screening for identifying TE regulators 
 

Building upon the foundational Cas9-expressing cell line described in the previous 

chapter, we next turned our attention to establishing robust and reliable readouts for our 

screening approach. As a proof-of-concept for our screening approach, we developed 

control systems targeting well-characterized TE repressors to serve as reliable readouts for 

identifying novel TE regulators. For ERVs, we selected KAP1 (TRIM28) for degradation, to 

induce robust transcriptional activation of ERVs (Rowe et al. 2010), for optimizing 

downstream assays such as RNA-FISH and immunofluorescence (IF). For LINE-1 elements, 

we chose to delete Suv39h1/2, genes encoding SUV39H1/2 methyltransferases, which 

regulate LINE-1 activity via H3K9me3-mediated silencing (Bulut-Karslioglu et al. 2014). 

These systems aimed to allow for controlled, rapid upregulation of both TE families, 

providing a foundation for establishing screening protocols with proper controls. 

2.1.2.1 Generation of KAP1-degron cell line for ERV reactivation 
 

To establish a robust system for conducting the screening, we required a model in 

which the depletion of a bona fide TE repressor would result in strong transcriptional 

activation of ERVs. As a proof-of-concept, we degraded KAP1 (TRIM28) protein, a 

well-characterized TE repressor in mESCs (Rowe et al. 2010), serving as a readout for our 

experimental setup. KAP1 mediates transcriptional silencing of ERVs by recruiting chromatin 

modifiers to their loci and its depletion causes significant ERV reactivation (Schultz et al. 

2002; Rowe et al. 2010), providing a reliable control system for optimizing the RNA-FISH 

and IF (Hypothesis and Aim). 

Considering that Kap1 is an essential gene (Rowe et al. 2010), we chose the 

dTAG-13 system to cause rapid and inducible KAP1 degradation (Figure 2.1.3A). To achieve 

precise temporal control over KAP1 expression, we tagged its C-terminus with the FKBP-V 

degron using CRISPR-Cas9-mediated homologous recombination (Figure 2.1.3B). The cell 

line was generated by co-transfecting the donor plasmid carrying the 

FKBP-V-2xHA-P2A-puromycin cassette with the editor carrying the sgRNA in wild-type (WT) 

mESCs (Figure 2.1.3B). The in-frame homozygous knockin (KI) integration was further 

confirmed by PCR (Figure 2.1.3C).  

After generating the homozygous KAP1 degron KI cell line, we evaluated the kinetics 

of KAP1 degradation upon serial dilution of dTAG-13 (250nM, 500nM, 1μM) treatment and 

different time points (Figure 2.1.3D). Western blot analysis revealed partial KAP1 

degradation already at 2 hours post-treatment, a remarkable degradation after 4 hours 
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exposure to dTAG-13 and complete degradation after 24 and 48 hours with as little as 250 

nM of the drug (Figure 2.1.3D). These results demonstrate the dTAG system enables rapid 

and efficient KAP1 degradation. 

 

 

 
Figure 2.1.3 Generation of KAP1-degron cell line and KAP1 kinetics upon dTAG-13 treatment. 
A. Schematic representation of the dTAG degron system. In the absence of dTAG-13 KAP1 represses 
ERVs. Upon dTAG-13 treatment KAP1 is degraded leading to ERV transcriptional reactivation. B. 
Schematic depiction of FKBP-V KI stable puromycin selection strategy. Co-transfection of the FKBP-V 
donor plasmid and the editor plasmid in E14 WT ESCs; Primers used for the PCR screening are 
depicted by arrows (α,β) C. PCR screening for genotyping. The cell line has a 1181bp KI fragment 
(α,β); WT mESCs were used as a positive control and H2O as a negative control. D. Western blot 
analysis expressing the KAP1-FKBP-V fusion protein in the KI cell line. Protein extracts were probed 
with an anti-HA antibody to detect the FKBP-V tag; α-TUBULIN was used as a loading control. 
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2.1.2.2 Transcriptional ERV reactivation upon KAP1 depletion   
 

To monitor the TE transcriptional expression levels upon acute KAP1-degradation, 

we isolated total RNA from the KAP1-FKBP-V-puromycin cell line. Similar to the kinetics 

experiment (Figure 2.1.3D), the cells were treated with the same dTAG-13 concentrations for 

the same time-course (Figure 2.1.4A,B). We additionally included 72-hour and 96-hour 

dTAG-13 exposure time points and performed quantitative reverse transcription PCR 

(RT-qPCR) for all samples. Although KAP1 degradation was observed four hours 

post-treatment (Figure 2.1.3D), LTR-element transcripts showed reactivation after 48 hours 

(Figure 2.1.4A). More specifically, when targeting IAPez, IAP-Δ1, MuERV-L and MMERK10C 

transcripts we observed a 12- to 15-fold increase in expression between 48 hours and 96 

hours post-treatment, whereas IAP-gag showed more than 20-fold upregulation at 96 hours 

post-treatment (Figure 2.1.4A,B). When targeting the 5’ UTR of LTR elements, we observed 

a remarkable 40-fold increase in expression (Figure 2.1.4B), confirming the results of Rowe 

et al. (Rowe et al. 2010). It is not surprising that IAP 5’ UTR exhibited the highest 

upregulation in KAP1 depletion for two reasons. First, KAP1 has previously been found to be 

enriched at the 5′ UTR of IAP genomes (Rowe et al. 2010) and second, in mammalian 

genomes recombination deletion between LTRs is a conserved mechanism across 

mammals, leading to a much higher abundance of solo LTRs compared to full-length ERVs  

(Stoye 2001; Thompson, Macfarlan, and Lorincz 2016; M. Chen et al. 2024).  

Having confirmed the upregulation of IAPs in KAP1-depleted cells, we optimized 

fluorescent in-situ hybridization (RNA-FISH), to monitor the mRNA abundance of 

LTR-elements in a potential screening-set-up. We generated homemade nick translation 

RNA-FISH probes targeting full-length LTR elements (Figure 2.1.4C,D). First, we tested their 

efficacy on KAP1-FKBPV cells at 48 hours post-dTAG treatment, the time point at which IAP 

reactivation is initiated (Figure 2.1.4A), while including DMSO-treated KAP1-degron cells at 

the same time point as a negative control. We detected stronger IAP RNA-FISH foci on the 

KAP1-depleted cells compared to the negative control (Figure 2.1.4C,D), confirming results 

from previous studies (Asimi et al. 2022). Next, we performed the RNA-FISH in-suspension 

to optimize the transcriptional readout of the endogenous LTR-elements. Although we 

detected positive IAP mRNA expression in the absence of KAP1, we encountered limitations 

in producing stronger signals compared to the negative control. As a result, this limitation 

would restrict efficient sorting of positive populations in future genome-wide screening 

experiments (Figure 2.1.4E,F). 
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Figure 2.1.4 ERV reactivation in KAP1-depleted cells upon dTAG-13 treatment by RT-qPCR and 
RNA-FISH. A. Gene expression levels of IAPez (light blue), IAP-gag (orange), IAP-Δ1 (dark blue) of 
KAP1-FKBP-V-puro cell line treated with DMSO or serial dilutions of dTAG-13 for the indicated 
time-course. B. MMERK10C (green), MuERV-L (turquoise), IAP 5’ UTR (red) upregulation at 72 hours 
and 96 hours post-treatment. C. Schematic depiction of the targeted full-length LTR element. 
Representative images of RNA-FISH signals on KAP1-depleted cells, and an image of the merged 
channels. The nuclear staining is determined by Hoechst (blue);  Alexa-488-labeled probes detect 
IAPez transcripts (green); scale bars, 10μm. D. As C. Representative deconvoluted image of 
RNA-FISH; The image was deconvoluted with the assistance of our Postdoc. E. Scatter plots of 
KAP1-depleted cells and DMSO-treated cells (negative control) after hybridization with probes against 
IAPez mRNA. AF488 fluorescence was recorded using a 488-nm laser and 530/30-A BL filter. A total 
of 1,000 events per sample were analyzed. F. Histogram showing fluorescence intensity distribution 
for IAPez-positive populations from flow cytometry analysis of E., normalized to mode; Normalization 
ensures that the peaks of both distributions are scaled to the same height, for direct comparison of 
fluorescence intensity shifts between DMSO- (blue) and dTAG-treated (red) samples. 
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2.1.2.3 Translational regulation of IAPs 

2.1.2.3.1 Validation of in-suspension IF for L1-ORF1p in mouse testes 

​ As a readout for mRNA translation, we aimed to perform an in-suspension IF for 

TE-encoded proteins in mESCs and test their isolation by FACS. To validate the efficiency of 

the technique, we used juvenile and adult from Dnmt3CKO/KO testes known to highly translate 

L1-ORF1p (Barau et al. 2016) (Figure 2.1.5). Single cell suspensions were prepared from 

WT and Dnmt3CKO/KO juvenile and adult testes and incubated with L1-ORF1 antibody 

following a standard IF protocol. Flow cytometry analysis detected L1-ORF1 negative and 

positive cell populations, with up to 45.3% positive cells in the Dnmt3CKO/KO adult testes 

(Figure 2.1.5A) and 35.8% in juvenile testes (Figure 2.1.5B), compared to only 3.35% in WT 

testes (Figure 2.1.5C). These percentages of positive populations are consistent with the 

proportion of germ cells typically found in mouse testes (Figure 1.7B). A no-primary antibody 

control confirmed the specificity of the staining, showing only 1.34% background 

(Alexa546-positive cells) (Figure 2.1.5D). These results ensured that, technically, the 

in-suspension IF protocol works effectively in a system known to express L1-ORF1p. 

However, while we did not test the isolation of positive cells by FACS, these results strongly 

indicate that this approach could be feasible for future experiments. 

 

 
Figure 2.1.5 Flow cytometric analysis of L1-ORF1 protein expression in Dnmt3CKO/KO  germ 
cells. A. Scatter plot showing 45.3% frequency of germ cells, from adult Dnmt3CKO/KO testis, positive 
for L1-ORF1 protein after incubation with Alexa 546 secondary antibody. B. Scatter plot showing 
35.8% frequency of germ cells, from 17dpp Dnmt3CKO/KO testis, positive for L1-ORF1 protein after 
incubation with the same antibodies dilution, shown in A. C. Scatter plot showing 3.35% frequency of 
germ cells, from a WT mice, after incubation with the same antibodies dilution, described in A and B. 
D. Scatter plot showing AF546 emission above the set threshold after incubation with secondary 
antibody only (negative control). Alexa 564 fluorescence was recorded using a 561-nm laser and a 
610/20 bandpass (BP) filter. A total of 10,000 events per sample were analyzed. 
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2.1.2.3.2 Validation of custom-made IAP-GAG antibodies 

After validating the in-suspension IF for L1-ORF1 detection in vivo (Figure 2.1.5), we 

sought to establish the technique in our KAP1-degron cell line as a readout for IAP mRNA 

translation. Ultimately, we aimed to perform IF against IAP-GAG in KAP1-depleted cells and 

test their sorting by FACS. Given that KAP1 knockout mice have been shown to cause 

IAP-GAG reactivation in E3.5 blastocysts (Asimi et al. 2022), we aimed to see whether this 

reactivation also occurs in our degron system. Since IAP-GAG antibodies are not 

commercially available, we collaborated with the IMB Protein Production Core Facility to 

generate custom-made antibodies targeting the epitope of IAP-GAG. Two polyclonal 

antibodies (IAP-GAG 1294 and IAP-GAG 1295) were purified from two individual rabbits 

immunized with an MBP-GAG fusion protein.​

​ To evaluate the efficiency of both custom-made IAP-GAG antibodies, we conducted 

an IF staining on KAP1-degron cells and Dnmt3CKO/KO testes, a system known for TE 

reactivation in meiosis (Barau et al. 2016) (Figure 2.1.6). KAP1-degron cells were treated 

with DMSO or dTAG-13 for 48 hours. HA-tag staining confirmed successful KAP1 

degradation in dTAG-treated cells, as KAP1 was detected in DMSO-treated cells but absent 

after 48 hours of dTAG treatment (Figure 2.1.6A,B). However, neither IAP-GAG antibody 

detected specific foci in either condition (Figure 2.1.6A,B), despite previous evidence of ERV 

mRNA reactivation at 48 hours post-dTAG treatment (2.1.2.2) (Asimi et al. 2022). Next, we 

leveraged Dnmt3CKO/KO testes, and performed an IF at postnatal day (P10) (Figure 2.1.6C), 

when germ cells enter meiosis (1.3.1 Mouse male germline) (Figure 1.7B). TRA98 staining 

was used as a germ cell marker, while L1-ORF1 served as a positive control for TE-encoded 

proteins. Although we detected L1-ORF1, we were not able to detect IAP-GAG using either 

antibodies (1294 and 1295) by microscopy (Figure 2.1.6C). Taken together, these results 

indicate that IAP-GAG protein is not detectable under these experimental conditions, either 

due to low expression levels or insufficient antibody sensitivity. 
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​
Figure 2.1.6 Custom IAP-GAG antibodies did not detect protein in KAP1-degron and 
Dnmt3CKO/KO testes by microscopy. A. Immunofluorescence staining of KAP1-HA protein (red) and 
IAP-GAG (1295 and 1294) in KAP1-degron cells treated with DMSO for 48 hours; scale bars, 20μm  
B. as A. for 48 hours post-dTAG-13 treatment in KAP1-degron cells. C. Immunofluorescence of 
L1-ORF1 protein, IAP-GAG (1295 and 1294) (green), TRA98 (germ cell marker, magenta) and DAPI 
(nucleus staining, blue) on cryosections of WT and Dnmt3CKO/KO  testes at P10; scale bar, 10μm. 

​

​ To further validate the IAP-GAG antibody we performed IF on single cell suspension 

at P25 and WT and  Dnmt3CKO/KO mice testes (Figure 2.1.7). As a positive control we 

included L1-ORF1 staining for Dnmt3CKO/KO testes (Figure 2.1.7A), which confirmed that the 

technique worked as expected (2.1.2.3.1). However, when testing both IAP-GAG antibodies, 

no difference in signal was observed between WT and Dnmt3CKO/KO (Figure 2.1.7B,C). We 

next tested whether in-suspension IF would work for KAP1-degron cells treated with DMSO 

or dTAG-13, as this is ultimately our goal for screening applications (Figure 2.1.7D). 

Surprisingly, flow cytometry revealed extremely high percentages (~99%) of 

L1-ORF1-positive cells in both DMSO- and dTAG-treated populations (Figure 2.1.7D). This 

result was unexpected because DMSO-treated cells serve as a negative control where no 

TE reactivation should occur, raising concerns about the antibody specificity. While 

no-primary antibody control showed minimal background (~0%), non-specific primary 

antibody interactions could still contribute to this signal. The high L1-ORF1-positive signal 

suggests potential non-specific binding of the antibody.​

​ To further assess antibody performance, we conducted Western blot analysis using 

protein extracts from Dnmt3CKO/KO and WT testes (Figure 2.1.7E). Although the expected 

full-length IAP-GAG is around 55kDa, we observed bands at around 95kDa that do not 

correspond to either the full-length IAP-GAG or the epitope. Given that these bands were 

observed in both WT and Dnmt3CKO/KO samples, this suggests that they are likely 

background signals. To verify whether the antibody can recognize its antigen, we loaded a 
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purified MBP (Maltose-Binding Protein)-GAG fusion protein. Additionally, to confirm that the 

antibody doesn’t nonspecifically bind to any MBP, which is a commonly used fusion tag for 

protein expression and purification (Reuten et al. 2016), we loaded another MBP fusion 

protein (MBP-X), as a control. The antibody successfully detected both MBP-GAG (~70 kDa) 

and cleaved GAG (~13 kDa) following incubation with 3C protease and it did not strongly 

bind to MBP-X (Figure 2.1.7E). These results confirmed that the antibody can bind 

specifically to its target epitope under ideal conditions but fails to detect endogenous GAG 

protein. Overall, these data demonstrate that while the KAP1-degron system has strong 

potential for investigating novel ERV regulators, further optimization of this readout approach 

is required, which was beyond the scope of this study due to limitations in resources and 

time. 
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Figure 2.1.7 Custom IAP-GAG antibodies bind to the epitope in vitro but not in vivo. A. Scatter 
plot showing 43.0% frequency of germ cells from Dnmt3CKO/KO  testes positive for L1-ORF1 protein 
after incubation with Alexa 546 secondary antibody; WT testes showed 2.45% L1-ORF1-positive cells; 
No primary (negative control) showing AF546 emission above the set threshold after incubation with 
secondary antibody only B. as A. Scatter plot showing IAP-GAG positive cells (1294 antibody) in WT 
(0.57%) and Dnmt3CKO/KO (1.27%) testes. frequency of germ cells from Dnmt3CKO/KO  testes C. as 
A. Scatter plot showing IAP-GAG positive cells (1295 antibody) in WT (0.12%) and Dnmt3CKO/KO 

(1.03%) testes. D. as A. Scatter plot showing IAP-GAG-positive cells in KAP1-degron cells treated 
with DMSO or dTAG-13 for 48 hours (~99% Alexa546-positive in both conditions); no-primary 
antibody control showed minimal background fluorescence (~0%). E. Western blot analysis of 
IAP-GAG detection using the 1294 antibody. Protein extracts from WT and Dnmt3CKO/KO whole testes; 
MBP-X control protein, MBP-GAG fusion protein (~70 kDa), and cleaved GAG antigen (~13 kDa) 
were analyzed; α-TUBULIN was used as a loading control. 
 
 

2.1.2.4 Depletion of Suv39h1/2 and KAP1 as a system for 
endogenous LINE-1 and IAP regulation 

In the previous chapter, we explored the KAP1-degron system as a readout for ERV 

reactivation. However, we faced challenges optimizing this approach due to limitations in the 

efficiency of IAP-GAG custom-made antibodies. Given these restrictions, we shifted our 

focus to optimizing the readout for LINE-1 upregulation, leveraging an available antibody that 

we previously validated to effectively detect L1-ORF1 protein in mouse testes by IF 

(2.1.2.3.1). Although KAP1 is an efficient control for ERV upregulation, it is ineligible for 

monitoring young LINE-1 upregulation (Castro-Diaz et al. 2014). Hence, we directed our 

attention to SUV39H1/2 methyltransferases, that have been previously reported to regulate 

LINE-1s in mESCs by H3K9me3-mediated silencing (Bulut-Karslioglu et al. 2014) (Figure 

2.1.8A). We generated a homozygous Suv39h1/2 double-KO (Suv39h-dKO) ES cell line by a 

deletion in the catalytic domain of Suv39h1 (Figure 2.1.8B) and Suv39h2 (Figure 2.1.8C), 

respectively, leading to a frameshift mutation confirmed by PCR (Figure 2.1.8D,E). We 

additionally used the previously generated KAP1-FKBP-V cell line to obtain a compound 

Suv39h-dKO-KAP1-degron-based mutant cell line, to simultaneously induce ERV and 

LINE-1 reactivation. ​

​ We performed a RT-qPCR to validate the LINE-1 and LTR mRNA expression levels 

upon Suv39h1/2 and KAP1 deletion in the generated mutant cell lines (Figure 2.1.8F,G). 

First, we validated the two Suv39h1/2 cell lines generated in both WT mESCs and 

Kap1-fkbpv (no dTAG-13) background by comparing the mRNA transcription of previously 

characterized targets, L1MdA_I (L1-promoter) and L1-ORF1 (Bulut-Karslioglu et al. 2014). 

We observed up to 2-fold increase in expression levels between both cell lines compared to 

WT mESCs (Figure 2.1.8F). Next, we evaluated the LINE-1 expression levels of evolutionary 

young LINE-1 subfamilies in the absence of Suv39h1/2 and KAP1 (Figure 2.1.8G). We 
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observed a mild upregulation in L1MdA_I (L1-promoter), L1-ORF1, L1-ORF2, and L1-Tf in 

the absence of Suv39h1/2 compared to WT cells. This reactivation did not become stronger 

in the compound Suv39h-dKO-KAP1-degron-based mutant cell line upon 48 hours 

post-dTAG treatment (Figure 2.1.8G), confirming the minimal effect of KAP1 in LINE-1 

regulation (Castro-Diaz et al. 2014). Interestingly, in Suv39h-dKO we observed a 5-fold 

increase of expression when targeting L1-Gf, which mildly increased further in the absence 

of Suv39h1/2 and KAP1 (Figure 2.1.8G). Moreover, IAP-GAG transcripts showed around 

10-fold upregulation in Suv39h-dKO-KAP1-degron-based cells, confirming our previous 

results (Figure 2.1.4A). These data indicate that the Suv39h-dKO-KAP1-degron-based 

mutant cell could be utilized to monitor the regulation of both LINE-1 and ERV elements. ​

​ To further validate L1-ORF1 expression on a translational level in the absence of 

Suv39h1/2, we performed an IF staining against L1-ORF1p and visualized the results by 

microscopy and flow cytometry (Figure 2.1.8H-K). Interestingly, while we observed 

L1-ORF1p expression in Suv39h-dKO-Kap1-fkbpv (without dTAG-13 treatment), we also 

detected a baseline L1-ORF1p expression in WT mESCs (Figure 2.1.8H). We then validated 

the microscopy results by a single-cell suspension IF against L1-ORF1p (Figure 2.1.8I-K). 

We detected high levels of L1-ORF1p in Suv39h-dKO cells (43.4%) (Figure 2.1.8I) and 

Suv39h-dKO-Kap1-fkbpv (no dTAG-13 treatment) (46.3%) (Figure 2.1.8J), along with slightly 

lower L1-ORF1p expression in WT mESCs (36.1%) (Figure 2.1.8K). Overall, while we 

observed L1-ORF1p expression in Suv39h-dKO cells, the modest upregulation and high 

baseline expression levels in WT mESCs limit their utility as a reliable readout for 

genome-wide screening experiments. Moreover, to mimic a genome-wide screening, with an 

infection rate of one sgRNA per cell, additional validation would be required for single-gene 

knockouts (Suv39h1 or Suv39h2), which is beyond the scope of this study. 
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Figure 2.1.8 Analysis of Suv39h-dKO and compound Suv39h-dKO-KAP1-depleted cell lines 
and their impact on LINE-1 and IAP upregulation. A. Schematic representation of 
SUV39H-mediated H3K9me3 deposition at retrotransposon loci; Illustration generated by Dimitra 
Kanta. B. and C. CRISPR/Cas9 strategy for generating Suv39h1 (B) and Suv39h2 (C) knockouts; 
guide RNAs (gRNAs) target exon 5 and exon 6 for Suv39h1 and exon 4 for Suv39h2; Primer pairs 
used for genotyping are indicated (1, 2 for Suv39h1; i, ii for Suv39h2). D. and E. Genotyping PCR 
results confirming Suv39h1 (D) and Suv39h2 (E) knockouts. WT bands correspond to the expected 
product sizes (1435bp for Suv39h1; 703bp for Suv39h2), while knockout (KO) bands show shorter 
amplicons due to CRISPR-induced deletions (500bp for Suv39h1; 584bp for Suv39h2). WT mESCs 
were used as Positive (+) control (C) for the WT band and H2O was used as negative (-) control. F. 
RT-qPCR analysis showing fold enrichment of L1 promoter and L1 ORF1 transcripts in WT mESCs, 
Suv39h-dKO cells, and Suv39h-dKO-Kap1-fkbpv cells relative to WT mESCs. G. RT-qPCR analysis 
showing fold enrichment of various LINE-1 subfamilies (L1 promoter, L1 ORF1, L1 ORF2, L1-Gf, 
L1-Tf) and IAP-Gag transcripts in WT mESCs, Suv39h-dKO cells, and Suv39h-dKO-Kap1-fkbpv cells 
under different conditions: no dTAG treatment, 48 hours DMSO treatment, and 48 hours dTAG 
treatment. H. Immunofluorescence staining of L1-ORF1p (green) in WT mESCs and 
Suv39h-dKO-Kap1-fkbpv cells without dTAG treatment; nuclei were stained by DAPI (blue); Scale 
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bars, 50 µm. I–K. Flow cytometry analysis of L1-ORF1p expression in Suv39h-dKO cells (I), 
Suv39h-dKO-Kap1-fkbpv cells without dTAG treatment (J), and WT mESCs (K); Percentages of 
Alexa546-positive cells are indicated: 43.4% for Suv39h-dKO cells, 46.3% for 
Suv39h-dKO-Kap1-fkbpv cells, and 36.1% for WT mESCs 
 

2.1.3 Schematic overview of the project 
In light of the multiple challenges encountered, and given the limited timeframe, we 

made a strategic decision to suspend this project. Considering the ongoing research 

priorities in our laboratory, I directed my efforts in assisting to complete the project of Jessica 

Leismann, which at the time was in risk of remaining unfinished due to time constraints. The 

subsequent chapters will present the results of this collaborative project, to which I 

contributed significantly and led to a co-first author publication (in revision). The following 

chart summarizes the outcomes and challenges of our initial investigation (Figure 2.1.9). 

 

 
Figure 2.1.9 Flow chart diagram of my previous project. Milestones are depicted in a diamond 
shape. Achieved deliverables (experiments) are illustrated in green. Failed deliverables 
(experiments) are depicted in red. The chart was created using Miro. 
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2.2 NRF1 as a trans-activator of young unmethylated 
IAPs in the male germline  
 

Chapter 2.2 represents a collaborative effort between my colleague Jessica 

Leismann and myself that resulted in a co-first authored manuscript submitted to EMBO 

Reports (currently under revision). This project constituted Jessica's primary research focus 

for over 5.5 years and benefited from my contributions over a 1.5-year period. Jessica 

conducted all mice crosses/breadings and testes collection at specific developmental time 

points, as well as germ cell-specific sorting by FACS (2.2.1), (2.2.2), the DNA pulldown 

experiment (2.2.2), and NRF1 chromatin profiling throughout spermatogenesis (2.2.2). The 

bioinformatic analysis was performed by IMB Bioinformatics Core Facility and Jessica 

Leismann.  

RNA isolation was performed collaboratively by Jessica Leismann and myself 

(2.2.1.1). I conducted all immunofluorescence/microscopy experiments and Western blots 

shown in the following sections. Additionally, I performed chromatin profiling of NRF1 and 

H3K27me3 in mESCs (2.2.4). The scripts for the quantification of microscopy images were 

written by the IMB Microscopy and Histology Core Facility. 
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2.2.1 TE expression  dynamics throughout  Dnmt3CKO/KO 
spermatogenesis 
 

To understand the role of DNA methylation specifically on the promoters of 

evolutionary young and active retrotransposons throughout spermatogenesis, we 

comprehensively explored their expression on both transcriptional (Figure 2.2.1) and 

translational levels (Figure 2.2.2). DNMT3C specifically methylates evolutionarily young 

retrotransposon promoters in mice (Barau et al. 2016). Despite defects in its function, mice 

retain overall stable global DNA methylation levels, while young retrotransposons lack DNA 

methylation at their promoters (Barau et al. 2016).  We used  Dnmt3CKO/KO mice as our 

experimental model to address TE activity in spermatogenesis, and compared the 

expression levels to WT mice. 

2.2.1.1 Transcriptional TE reactivation in the absence of DNA 
methylation  
 

To assess the transcriptional expression of young retrotransposon copies with 

respect to the DNA methylation status of their promoters, we first performed RNA-seq on 

FACS-sorted germ cells of Dnmt3CKO/KO and WT mice. Our analysis focused on two key 

postnatal spermatogenesis stages: mitotic stage or pre-meiotic cells/spermatogonia (Spg) 

and meiotic stage or meiotic cells/spermatocytes (Spc).  

In  Dnmt3CKO/KO spermatogonia (pre-meiotic cells), the most significantly upregulated 

TEs belonged to the the ERV-K subclass (class II ERVs), the most active and mutagenic 

TEs in mice (Dewannieux et al. 2004) (Figure 2.2.1A). The predominantly affected ERV-K 

elements included IAPs (with LTR1 and LTR2 variants), MMERK10C, and RLTR10C. This is 

consistent with a previous study, in which IAP upregulation was reported due to piRNA 

pathway deficiency and subsequent loss of DNA methylation (Vasiliauskaitė et al. 2018). 

Interestingly, we detected upregulation of young and active LINE-1 elements (L1MdGf, 

L1MdT, L1MdA) in  Dnmt3CKO/KO spermatogonia. This phenotype was previously observed in 

Dnmt3LKO/KO and Miwi2KO/KO sorted spermatogonia (Vasiliauskaitė et al. 2018), but there was 

no translational L1-ORF1 activity detected at this stage (Vasiliauskaitė et al. 2018; Zamudio 

et al. 2015). 

In Dnmt3CKO/KO spermatocytes (meiotic cells), both ERVs and LINE-1 elements 

remained transcriptionally upregulated compared to WT, while several ancient LTRs and 

DNA transposons showed downregulation (Figure 2.2.1B). These changes likely reflect the 

altered cellular composition of testes from Dnmt3CKO/KO compared to WT mice in meiosis, as 
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spermatocytes arrest at the pachytene stage in the mutants (Barau et al. 2016). To visualize 

how the loss of Dnmt3C affects ERVs and LINE-1s expression patterns across 

spermatogonia and spermatocytes, we generated a bubble chart combining Z-scores and 

logarithmic transformed (Log) Transcripts per Million (TPM) expression values obtained from 

the RNA-seq (Figure 2.2.1C). LINE-1 elements (L1Md_T, L1Md_G, L1Md_A, L1_Mm) 

showed progressive upregulation from spermatogonia to spermatocytes in Dnmt3CKO/KO 

mice, while ERVs maintained consistent upregulation in both Dnmt3CKO/KO stages.  

 

 
Figure 2.2.1 Young retrotransposons are transcriptionally upregulated prior to meiosis in 
Dnmt3CKO/KO  germ cells. A. Volcano plot showing log10P-adjusted values and log2 fold changes of 
differentially expressed TE-transcripts between wild type and Dnmt3CKO/KO  sorted germ cells at 
spermatogonia stages. B. as A. at spermatocyte stages. C. Bubble chart displaying  Z-score and 
log(TPM) values  in postnatal wild type (spermatogonia and spermatocytes) and Dnmt3CKO/KO   
(spermatogonia and spermatocytes) for TE families that were differentially expressed in 
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spermatogonia and spermatocytes. Due to the high similarity between wild type and Dnmt3CKO/KO   in 
postnatal wild type spermatogonia and spermatocytes,these data points were combined.  

 

2.2.1.2 Translational TE reactivation in the absence of DNA methylation 
 

To validate the transcriptional changes and gain more developmental resolution of 

the protein expression dynamics, we next analyzed retrotransposon activity at specific 

developmental time points. We focused on the detection of L1-encoded ORF1 proteins 

(L1-ORF1p) across WT and Dnmt3CKO/KO spermatogenesis. Taking advantage of the 

synchronized nature of the first wave of spermatogenesis, we collected testes at key 

embryonic and postnatal stages to obtain a comprehensive view of the linear developmental 

progression. Specifically, we collected testes at E15.5 and E18.5, to examine L1-ORF1p 

dynamics in prospermatogonia at two critical time points: before MIWI2 nuclear localization 

(E15.5) and after MIWI2 enters the nucleus (E18.5), when the piRNA pathway guides 

DNMT3C to silence TEs (Aravin et al. 2008)(Zoch et al. 2020, 2024). We then collected 

testes at P5, a stage containing exclusively spermatogonia (undifferentiated and 

differentiated) germ cells, to represent a time point when DNA methylation is restored in WT 

testes (Drumond, Meistrich, and Chiarini-Garcia 2011). At P10, the first wave of meiosis 

begins with most cells being in spermatogonia and a few entering meiosis (Bellvé et al. 

1977). By P15, most germ cells are meiotic and P20 refers to a post-pachytene-arrest in 

Dnmt3CKO/KO mutants. By P30 the first wave of meiosis is complete and round and elongated 

spermatids start to form (Bellvé et al. 1977) (Figure 2.2.2A).  

We first examined L1-ORF1p expression by IF in testes cryosections across germline 

development (Figure 2.2.2A). In prospermatogonia E15.5,  L1-ORF1p was expressed in both 

Dnmt3CKO/KO and WT mice, consistent with the time period before the initiation of 

DNMT3C-mediated de novo DNA methylation (Barau et al. 2016). After E18.5, when the 

establishment of de novo DNA methylation had already been initiated (Molaro et al. 2014), 

as anticipated, we did not detect L1-ORF1p expression in WT germ cells (Figure 2.2.1A,C). 

However, L1ORF1p persists in Dnmt3CKO/KO germ cells at E18.5, indicating the importance of 

Dnmt3C in L1 silencing, a phenotype also reported in Dnmt3L mutants (Zamudio et al. 

2015). Of note, we detected L1-ORF1p expression in Dnmt3CKO/KO germ cells at P5 

confirming the RNA-seq results in spermatogonia (Figure 2.2.1A,C). This expression 

persisted at comparable levels as in prospermatogonia (Figure 2.2.2B,C). We report 

L1-ORF1p translational activity in spermatogonia, in contrast to previous observations of 

L1-ORF1p immunostainings in Dnmt3LKO/KO (Zamudio et al. 2015; Vasiliauskaitė et al. 2018), 

MiliKO/KO (Di Giacomo et al. 2013) or Miwi2KO/KO (Vasiliauskaitė et al. 2018). This distinct 
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phenotype likely reflects the consequences of completely eliminating DNMT3C, which 

specifically methylates young TE promoters. While DNMT3L, MILI, and MIWI2 are upstream 

components of the piRNA-directed DNA methylation pathway, DNMT3C is the ultimate 

effector that deposits methyl marks at TEs  (Barau et al. 2016). At the onset of meiosis, 

consistent with previous observations (Barau et al. 2016), L1-ORF1p intensified and 

remained elevated through P30 (Figure 2.2.2A,B,C). 

Next we confirmed the IF findings by Western blot analysis in whole testes protein 

lysates at key developmental stages (Figure 2.2.2D). At E15.5, L1-ORF1p expression levels 

remained similar between WT and Dnmt3CKO/KO and the differences emerged in E18.5. At 

P5, L1-ORF1p showed reduced signal in the mutant compared to E18.5 (Figure 2.2.2D), 

confirming the quantification obtained from the IF (Figure 2.2.2C). L1-ORF1p expression 

increased markedly during meiosis (P15) (Figure 2.2.2D). Additionally, we tested the IAP 

expression by Western blot at the same stages using an IAP-POL antibody (obtained by 

external collaborators) and we observed a similar expression pattern as for L1-ORF1p 

(Figure 2.2.2D). At E15.5, IAP-POL showed similar band intensity between WT and 

Dnmt3CKO/KO with overall stronger signal compared to L1-ORF1p. IAP-POL levels decreased 

at E18.5 in both genotypes and the clear difference between WT and Dnmt3CKO/KO seen in 

L1-ORF1p was not observed, suggesting a compensatory IAP regulation in the absence of 

DNMT3C (Figure 2.2.2D). Differences between WT and Dnmt3CKO/KO in IAP-POL expression 

became apparent at P5 and increased in meiosis (Figure 2.2.2D), indicating that IAP 

silencing could occur developmentally later than LINE-1 elements. These results showing 

L1-ORF1p and IAP-POL upregulation in Dnmt3CKO/KO spermatogonia, while L1-ORF1p 

increases at meiosis, further validate our RNA-seq findings, confirming LINE-1 and ERV 

upregulation in a cell-and-stage-specific manner. Overall, our data suggest additional factors 

regulating unmethylated retrotransposon expression patterns during spermatogenesis. 
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Figure 2.2.2 Young retrotransposons are translationally upregulated prior to meiosis in 
Dnmt3CKO/KO  germ cells. A. Immunofluorescence panel of L1-ORF1 protein (green), TRA98 (germ 
cell marker, magenta) and DAPI (nucleus staining, blue) on cryosections of wild-type (WT) and 
Dnmt3CKO/KO testes at specific developmental stages. Illustration of germline development in the 
bottom. Scale bars, 10μm. B. centred on a single germ cell nucleus, representing one cell used for 
the quantification in C; zoom10, scale bars, 5μm. C. Box plot displaying mean intensity of L1-ORF1p 
quantification from B. D. Western blot analysis of LINE1-ORF1p, IAP-POL and RNA polymerase 2 
(POL II) as a loading control from WT and Dnmt3CKO/KO testes at the indicated developmental time 
points. One testis was used per genotype and time point. The blot was developed by Pico chemistry. 
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2.2.2 Previous work in the lab revealed NRF1 as potential activating 
TF of unmethylated TEs 

 

To understand the mechanisms driving TE expression in the absence of DNA 

methylation, previous work performed by Jessica Leismann sought to investigate potential 

transcription factors (TFs) that could activate these elements. Using a proteomic approach 

with P17 whole testes nuclear extracts, she performed biotin/streptavidin-based DNA 

pulldowns using TE sequences as baits that are highly activated in Dnmt3CKO/KO. Specifically, 

an unmethylated and methylated IAP LTR1a promoter and L1MdT monomers as well as 

scrambled sequences, as controls, were utilized. Liquid chromatography-mass spectrometry 

(LC-MS) analysis identified several significantly enriched candidates. Among these 

candidates, NRF1 was enriched on unmethylated versus methylated of both IAP (Figure 

2.2.3A) and LINE-1 (Figure 2.2.3B) promoters. NRF1 is an activating TF, initially reported to 

regulate mitochondrial biogenesis (Scarpulla 2002). Moreover, NRF1 plays an essential role 

in germline gene regulation, as demonstrated by Nrf1 conditional knockout (cKO) mice 

showing spermatogenesis dysregulation and male infertility (J. Wang et al. 2017). Recent 

studies have also revealed that NRF1 promotes the development of post-migrating 

primordial germ cells (PGCs) (P. Wang et al. 2024). Importantly, NRF1 was previously 

identified as a DNA-methylation sensitive TF in mESCs (Domcke et al. 2015), consistent 

with our findings that NRF1 preferentially binds to unmethylated TE promoters.  

We first confirmed NRF1 expression by IF in embryonic germ cells 

(prospermatogonia) at E15.5, postnatal pre-meiotic (spermatogonia) at P5 and meiotic germ 

cells (spermatocytes) at P15 (Figure 2.2.3C). Next, to validate NRF1 binding in vivo, 

CUT&Tag experiments were performed to profile NRF1 across the three key stages of 

spermatogenesis in both WT and Dnmt3CKO/KO sorted germ cells (Figure 2.2.3D). In E15.5 

sorted prospermatogonia,  prior to MIWI2 nuclear localization (Aravin et al. 2008), both WT 

and Dnmt3CKO/KO were considered equivalent, as the transposon genome defense 

mechanism has not yet been initiated (Molaro et al. 2014). At this developmental stage, 

NRF1 profiling revealed low occupancy at DNMT3C targets (Figure 2.2.3D). However, in 

sorted spermatogonia and spermatocytes a profound difference in the occupancy at 

DNMT3C targets was detected between WT and Dnmt3CKO/KO (Figure 2.2.3D). Examining 

the tracks of specific unmethylated LINE-1 (Figure 2.2.3E) and LTR (Figure 2.2.3F) copies, 

higher NRF1 enrichment was observed in Dnmt3CKO/KO compared to WT. For instance, one 

LINE-1 copy showed a higher NRF1 peak in both spermatogonia and spermatocytes 

Dnmt3CKO/KO (Figure 2.2.3E), while an example LTR copy revealed higher NRF1 enrichment 

in Dnmt3CKO/KO spermatogonia but not in Dnmt3CKO/KO spermatocytes (Figure 2.2.3F). This 
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work identified NRF1 as a candidate activator of evolutionarily young unmethylated TE 

promoters in the male germline. 

 

Figure 2.2.3 Methylation-sensitive TF NRF1 is a potential activator of unmethylated young TEs. 
A. Enhanced volcano plot showing -log10P-adjusted values and log2 fold changes of proteins enriched 

on methylated and unmethylated IAP LTR1a from biological triplicates detected by mass-spectrometry 
in DNA-pulldown experiments. Sequence-unspecific proteins that were not detected as enriched on 
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the scrambled controls are represented as small points, while sequence-specific proteins are 

highlighted by larger, filled points. B. as in A for methylated and unmethylated LINE1MdT. C. 
Immunofluorescence staining indicates NRF1 expression (yellow) in germ cells (TRA98, magenta). 

Scale bar, 5μm. D. Heatmaps displaying normalized coverage and metaplots showing mean 

enrichment of NRF1 CUT&Tag, centered on DNMT3C targets from biological duplicates of sorted 

wild-type embryonic germ cells at E15.5, wild-type and Dnmt3CKO/KO  sorted Spg and Spc. E. 
Representative NRF1 CUT&Tag tracks in sorted germ cells at ProSpg, wild-type, and Dnmt3CKO/KO 

Spg and Spc at LINE1Md_T. F. Representative track example of NRF1 CUT&Tag as in an IAPLTR2 

(ERVK). 
 

2.2.3 The absence of NRF1 represses unmethylated IAPs  
To further investigate potential effects of NRF1 on unmethylated young retrotransposon 

promoters specifically in mice spermatogenesis, we studied TE expression in the absence of 

NRF1 and Dnmt3C.  

2.2.3.1 Generation of a mouse model with conditional Nrf1 loss in the 
absence of DNA methylation  
 

Nrf1 is an essential gene, and its disruption leads to embryonic lethality between 

E3.5 and E6.5 (Huo and Scarpulla 2001). Therefore, we generated a germ-cell specific 

conditional Nrf1 knockout (Nrf1cKO/KO) mouse model and bred them into the Dnmt3CKO/KO 

background. Specifically, we crossed female Dnmt3CKO/KO (Barau et al. 2016) mice carrying 

loxP sites flanking Nrf1 (Nrf1fl/fl) (J. Wang et al. 2017) with male mice heterozygous for the 

Nrf1 allele (Nrf1fl/WT) carrying Cre under the Vasa (Ddx4) promoter to ensure Cre expression 

only in the germ cells (Gallardo et al. 2007) (Figure 5.1). The genotypes were confirmed by 

PCR reactions, by screening every animal for the floxed allele, the knockout Nrf1 allele, the 

presence of Vasa-Cre allele, and the Dnmt3C knockout allele (Figure 2.2.4A). 

CRE-mediated recombination and subsequent allele conversion were further validated by IF. 

Nuclear staining for NRF1 and the germ cell marker TRA98 confirmed NRF1 expression in 

WT and  Dnmt3CKO/KO germ cells, while showing absence of NRF1 specifically in the germ 

cells of Nrf1cKO/KO and double knockout (dKO,  Nrf1cKO/KO ;Dnmt3CKO/KO) mutant testes (Figure 

2.2.4B). To determine the most optimal stage to study Nrf1 loss, we analyzed NRF1 

expression in different developmental stages (P5, P8 and P10).  We observed extreme germ 

cell loss at P8 that increased at P10, consistent with Wang et al. (J. Wang et al. 2017) 

(Figure 2.2.4C). Quantifying the percentage of germ cells in whole testes, we detected 

around 50% loss at P5 and severe reduction at P8 and P10 (Figure 2.2.4D). Thus, we 

focused on P5, where spermatogonia and spermatogonial stem cells are the sole germ cell 
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populations (Figure 1.7B), and before the massive germ cell loss occurs, to characterize the 

effect of Nrf1 ablation in spermatogonia. We also extended the developmental stage to 5 

weeks and observed a stronger hypogonadism phenotype in the dKO compared to 

Dnmt3CKO/KO testes, suggesting an earlier arrest in germline development (Figure 2.2.4E). 

 

 
Figure 2.2.4 Generation of germline conditional Nrf1 knockout. A. Representative agarose gel 
depicting genotyping PCR results for WT, Dnmt3CKO/KO , Nrf1cKO/KO , dKO mutants. B. Representative 
immunostaining of NRF1 (yellow), TRA98 (magenta), DAPI (blue) on P5 testes cryosections of WT, 
Dnmt3CKO/KO , Nrf1cKO/KO , dKO; arrows pointing to germ cells; scale bars, 10μm. C. Representative 
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immunostaining of whole testes cryosections at P5, P8, P10, of WT, Dnmt3CKO/KO , Nrf1cKO/KO , dKO 
mutants; TRA98 (magenta) showing germ cells; inverted images showing the contrast of germ cells 
(black) to the background (DAPI); scale bar, 200μm. D. Bar diagram showing germ cell percentage 
obtained from the mutants in C. TRA98/DAPI counts generated by Fiji ImageJ automated counting 
from one stage were normalized to TRA98/DAPI counts in the corresponding WT stage. E. 
Representative image showing hypogonadism of dKO compared to Dnmt3CKO/KO and WT testes. 
 
 

2.2.3.2 NRF1 regulates IAP expression in the absence of Dnmt3C 
 

To examine NRF1’s role as an activator of young retrotransposons, we collected 

biological triplicates of WT, Dnmt3CKO/KO, Nrf1cKO/KO and dKO testes at P5 and extracted RNA 

and protein from whole testes. All genotypes were confirmed by genotyping PCR followed by 

IF. To assess the transcriptional expression of young TEs we performed poly-A-enriched 

RNA-seq on the four different genotypes. Initial comparison of Nrf1cKO/KO  versus WT revealed 

minimal transcriptional changes of TEs, with only IAP1-MM_I-int showing significant 

downregulation (Figure 2.2.5A). This limited impact on retrotransposon expression validates 

choosing the P5 time point for subsequent analyses despite partial germ cell loss.  

Analysis of Dnmt3CKO/KO versus WT identified significant differential upregulation of 

young ERVK elements, particularly of IAPA_MM-int, IAPLTR1_Mm, MMERVK10C, IAPEz-int 

and their associated LTR elements (Figure 2.2.5B), consistent with our previous RNA-seq 

data in sorted spermatogonia (Figure 2.2.1A). However, LINE-1 upregulation was not 

detected, likely due to background RNA coming from somatic cells in whole testes, similar to 

previous whole-testes RNA-seq analysis of Dnmt3L mutants at P10, in which LINE-1 

transcripts where not detected (Zamudio et al. 2015).  

To investigate whether young retrotransposons are downregulated in the dKO mutant 

testes, we made systematic pairwise comparisons of dKO with different genotypes using 

Dnmt3CKO/KO versus WT as a reference. Comparison of dKO versus Nrf1cKO/KO, revealed LTR 

elements significantly downregulated compared to Dnmt3CKO/KO versus WT (Figure 2.2.5C). 

Downregulation of IAP elements, such as IAPA_MM-int, IAPLTR2_Mm, IAPEz-int, and their 

associated LTRs, suggested the importance of Nrf1 in activating IAP elements (Figure 

2.2.5C). Interestingly, although LINE-1 upregulation was not observed in Dnmt3CKO/KO testes 

(Figure 2.2.5B), we detected differential upregulation of L1Md_A in the dKO testes 

compared to  Nrf1cKO/KO (Figure 2.2.5C) and WT testes (Figure 2.2.5D). This suggests a 

combined effect between the absence of both Nrf1 and Dnmt3C. Comparison of dKO versus 

WT (Figure 2.2.5D) or dKO versus Dnmt3CKO/KO (Figure 2.2.5E) revealed a further decrease 

in IAP element expression, as shown by the downward shifts in the volcano plots. However, 

these changes should be interpreted considering the potential impact of varying germ cell 
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numbers across genotypes. To visualize how ablation of Nrf1 impacts the expression 

patterns of ERVs and L1Md_A elements, we generated a bubble chart illustrating the log10 

p-value combined with the Log2 Fold Change (FC) expression values obtained from the 

RNA-seq (Figure 2.2.5F). L1Md_A and MMERVK10C, showed indeed upregulation between 

Dnmt3CKO/KO versus WT and dKO versus Nrf1cKO/KO comparison, whereas RLTR10C, 

RLTR10B2C and other elements appeared unaffected, indicating NRF1-independent 

regulation of these elements (Figure 2.2.5F). Notably, we confirmed upregulation of IAP 

elements obtained from the differential analysis (e.g IAPA_MM-int, IAPLTR1_Mm, 

IAPLTR2_Mm, IAPEz-int)  by visualization of the Z-score in a heatmap (Figure 2.2.5G). 
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Figure 2.2.5 Transcriptional IAP downregulation in the loss of Nrf1 and Dnmt3C at P5 testes. A. 
Enhanced Volcano plot showing -log10P-adjusted and log2 fold change values for differentially 
expressed TEs from biological triplicates in Nrf1cKO/KO vs. WT displayed as TEname:family:TEclass. 
Non-significant (NS) data points depicted in blue, significant values in green. The heatmap displays  
log2 fold change values for the same comparison. B. as A for Dnmt3CKO/KO vs WT. C. as A for dKO 
(Nrf1cKO/KO ; Dnmt3CKO/KO) vs  Nrf1cKO/KO. D. as A for dKO vs WT. E. as A dKO vs Dnmt3CKO/KO. F. 
Bubble chart showing  log2FC as a heatmap, with -log10P-adjusted values represented as circle size, 
for TE subfamilies (TEname:family:TEclass) differentially enriched in pairwise mutant comparisons 
from biological triplicates. The pairwise comparisons were analyzed for Dnmt3CKO/KO vs WT and dKO 
vs Nrf1cKO/KO, WT and  Dnmt3CKO/KO. G. Heatmaps showing Z-score of expression values from 
differentially expressed TE families in all mutants. 
 
 
 

To monitor the translational expression of LINE-1 and IAP elements, we performed IF 

at P5 testes cryosections. L1-ORF1 protein (L1-ORF1p) was detected in  Dnmt3CKO/KO germ 

cells but not in WT and Nrf1cKO/KO testes (Figure 2.2.6A), aligning with the RNA-seq data 

(Figure 2.2.5A,B). In the dKO mutant, similar to the transcriptome data (Figure 2.2.5) we did 

not observe a reduction of L1-ORF1p signal (Figure 2.2.6A). Quantification of the L1-ORF1p 

intensity, revealed a non-significant difference in the expression between  Dnmt3CKO/KO and 

dKO (Figure 2.2.6B). Similar to LINE-ORF1p, IAP-POL was expressed in Dnmt3CKO/KO but 

undetectable in WT and Nrf1cKO/KO germ cells (Figure 2.2.6C). Notably, stainings in the dKO 

revealed the absence of IAP-POL expression confirming the RNA-seq results and 

suggesting that NRF1 is crucial for IAP expression in the absence of DNA methylation 

(Figure 2.2.6C).  

These observations were further confirmed by whole testes protein extraction 

followed by Western blot analysis. At P5, L1-ORF1p levels remained comparable between 

dKO and Dnmt3CKO/KO samples (Figure 2.2.6D), although levels decreased in dKO by P8 

(Figure 2.2.6E), likely due to progressive germ cell depletion. Strikingly, the IAP-POL protein, 

which was enhanced in Dnmt3CKO/KO testes, showed marked reduction in dKO samples, 

returning to levels similar to WT and Nrf1cKO/KO (Figure 2.2.6F,G). 
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Figure 2.2.6 Translational IAP downregulation in the loss of Nrf1 and Dnmt3C at P5 and P8 
testes. A. Representative immunofluorescence of L1-ORF1p on WT, Dnmt3CKO/KO, Nrf1cKO/KO, dKO at 
P5 testes cryosections; TRA98 (germ cell maker); Scale bars, 10μm; zoom10, scale bar 5μm. B. 
Quantification of L1-ORF1p signal from A; WT, n=89; Dnmt3CKO/KO , n= 79; Nrf1cKO/KO, n=85; dKO, n= 
118; t-test and graph was performed and generated in GraphPad Prism v10. C. as A 
immunofluorescence for IAP-POL. D. Western blot analysis of L1-ORF1p on WT, Dnmt3CKO/KO, 
Nrf1cKO/KO, dKO at P5 whole testes; TRA98 depicting germ cell loss; POL II serving as loading control; 
15μg protein per sample was loaded. E. as C Western blot at P8 testes. F. as C Western blot for 
IAP-POL at P5 testes; α-TUBULIN serving as loading control. G. as F but different biological 
replicates; 25μg protein per sample was loaded; harsher washes were applied (5.8 Western Blot). 
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2.2.4 H3K27me3 restricts NRF1 binding to its target sites 

Having established NRF1's importance in activating unmethylated IAPs, we next 

explored the potential interplay between its binding and histone modifications to elucidate 

the NRF1 recruitment mechanism. Previous work performed by Jessica Leismann 

identified a likely H3K4me3-H3K27me3 bivalent chromatin mark at unmethylated TEs in 

spermatogonia (Figure 3.2A). These TEs were shown to become prone for reactivation 

later in meiosis (data not shown). We showed that LINE-1 reactivation was increased in 

meiosis when DNA methylation was absent at its promoters  (Figure 2.2.1C) and that 

NRF1 binding to DNMT3C targets was more prominent in spermatocytes compared to 

spermatogonia (Figure 2.2.3D). Additionally, analysis of different TE categories (Figure 

2.2.5F) revealed that downregulated TEs in dKO exhibited increased NRF1 binding in 

Dnmt3CKO/KO spermatogonia, coinciding with reduced H3K27me3 (Figure 2.2.7A). In 

contrast, TEs maintaining H3K4me3-H3K27me3 bivalency showed limited NRF1 binding 

(Figure 2.2.7A). This pattern shifted in spermatocytes, where upregulated TEs lost 

H3K27me3 and gained stronger NRF1 binding, suggesting H3K27me3 might inhibit NRF1 

binding (Figure 2.2.7A). Given that histone modifications can inhibit TF binding (2.5 

Transcription Factors), we hypothesized that H3K27me3 could prevent NRF1 binding to its 

target sites.​

​ To gain mechanistic insights into this hypothesis, we explored NRF1 binding in 

mESCs, which provide a more amenable system for faster genetic manipulation compared 

to mice models. Given that NRF1 is a DNA-methylation sensitive TF, we profiled NRF1 in 

DNA methylation-deficient TKO (Dnmt1KO/KO, Dnmt3aKO/KO, Dnmt3bKO/KO) cells. NRF1 

CUT&Tag-qPCR analysis of previously reported NRF1 targets (Domcke et al. 2015; J. 

Wang et al. 2017) confirmed stronger binding to unmethylated targets (Figure 2.2.7B). ​

​ While NRF1 binding was significantly enriched at positive control loci (e.g. Asz1) in 

TKO cells, it was minimal at TE loci despite DNA hypomethylation (Figure 2.2.7B). This 

suggests that DNA hypomethylation alone is insufficient to enable NRF1 binding at these 

specific TE targets. The lack of NRF1 enrichment may reflect either the absence of NRF1 

motifs at these loci or restricted accessibility due to repressive histone marks such as 

H3K9me3 and H3K27me3, known to repress TEs in the absence of  DNA methylation 

(Walter et al. 2016). To test whether H3K27me3 inhibits NRF1 binding, we treated the 

cells with EZH2 inhibitor (EZH2i). CUT&Tag-qPCR revealed further increased NRF1 

binding at its unmethylated canonical targets but not at TE targets upon H3K27me3 

depletion (Figure 2.2.7B). Genome browser tracks at representative loci of NRF1 targets 

(Asz1 and Spata22) (J. Wang et al. 2017) demonstrated progressive NRF1 binding 
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enhancement, with strongest enrichment observed in TKO cells treated with EZH2i (Figure 

2.2.7C).​

​ To analyze this relationship genome-wide, we performed peak calling on NRF1 

CUT&Tag data from EZH2i-treated cells (Figure 2.2.7D). For each identified NRF1 binding 

site, we quantified both NRF1 binding and H3K27me3 levels across all conditions (DMSO 

and EZH2i). We generated a heatmap where these genomic regions were arranged based 

on their H3K27me3 levels after EZH2i treatment, with regions showing the strongest 

H3K27me3 depletion placed at the top. This analysis revealed that genomic regions where 

H3K27me3 was effectively removed showed the highest NRF1 binding intensity. 

Importantly, while these regions showed some NRF1 binding in DMSO conditions, the 

signal intensity increased substantially following H3K27me3 removal (Figure 2.2.7D). 

Overall, this data suggests that the presence of H3K27me3 restricts the extent of NRF1 

binding in addition to DNA methylation rather than completely preventing it in a binary way. 
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Figure 2.2.7 H3K27me3 loss enhances NRF1 binding. A. Metaplots showing enrichment of NRF1, 
H3K4me3, H3K27me3 CUT&Tag in at DNMT3C targets WT and Dnmt3CKO/KO  in Spg and Spc. The 
lines represent different TE categories: downregulated (dark green), upregulated (light green), and 
unaffected (green) in dKO. B. NRF1 CUT&Tag-qPCR analysis in WT (red) and TKO mESCs treated 
with DMSO (blue) or EZH2i (magenta). Data shows fold enrichment over IgG control at known NRF1 
targets; two different primer sets were used to target Asz1; The Nrf1 control target represents a 
known unmethylated target that NRF1 bind to (Domcke et al. 2015) and transposable elements. Error 
bars represent standard deviation from three technical replicates. C. Representative track example of 
NRF1 (dark red) and H3K27me3 (blue) CUT&Tag at Asz1 (top) (chr6:18,049,933-18,112,030) and 
Spata22 (bottom) (chr11:73,324,537-73,348,434) genes across different conditions; WT=normal DNA 
methylation, TKO= no DNA methylation, EZH2i= no H3K27me3. D. Heatmap showing NRF1 binding 
and H3K27me3 (blue) levels at NRF1 (dark red) peak regions in TKO DMSO and EZH2i. Genomic 
regions are sorted by H3K27me3 levels in EZH2i condition. Color intensity represents normalized 
signal intensity (CPM values). 
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3. Discussion
3.1 The importance of an innovative endogenous readout 
approach for identifying TE regulators in a genetic 
screening 

TEs have been co-opted by the genome for essential physiological processes, but 

they can also pose a threat to genome integrity. Despite extensive efforts to elucidate 

transcriptional and post-transcriptional control mechanisms, certain aspects of the TE-life 

cycle remain poorly understood. In particular, the translational regulation of TEs has been 

largely unexplored. CRISPR/Cas9-based knockout forward genetic screenings have 

emerged as powerful tools for discovering novel TE regulators. Previous studies have 

utilized reporter systems to identify TE repressors. Although successful, these approaches 

have an ostensible limitation: the assumption that the artificial construct used for the screen 

readout fully behaves as an endogenous TE. The use of artificial and truncated TE coding 

promoter sequences as reporters, may lead to the overlooking of bona fide transposon 

silencing factors and potentially entire novel regulatory pathways. 

In this context, the objective of my PhD was to discover novel transcriptional and 

translational regulators of endogenous TEs. To achieve this, I sought to establish a 

CRISPR/Cas9-based forward genetic screen for repressors of endogenous TEs. In order to 

explore novel pathways, I attempted to develop a pioneering TE screen utilizing innovative 

readout approaches for high TE activity. This involved performing RNA-FISH to monitor 

mRNA abundance of endogenous TEs, and IF to assess the endogenous TE-encoded 

proteins. This approach aimed to provide more accurate representation of bona fide TEs and 

subsequently provide deeper insights into the mechanisms of TE silencing and their 

participation into broader regulatory implications. Additionally, utilizing an endogenous 

readout approach by performing RNA-FISH or IF provides the flexibility of identifying both 

transcriptional and translational regulators. Utilizing methods like PrimeFlow, which involves 

co-staining by fluorescent labeled antibodies and RNA FISH to simultaneously detect protein 

and mRNA transcripts, offers a comprehensive view of genome defense mechanisms 

against TEs at both transcriptional and translational levels (Fulco et al. 2019). 
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3.1.1 Technical challenges and future directions 

3.1.1.1 The usage of CRISPR/Cas9 and other inducible editing systems 
in genetic screenings 

As a baseline for the screen we generated a drug-inducible degron-based Cas9 cell 

line (Figure 2.1.1), (Figure 2.1.2). This system allows for controlled and flexible gene editing 

with reduced background, which is crucial for identifying essential regulators without causing 

unintended off-target effects. A common concern in knockout screens is the potential 

overlook of vital regulators. Essential genes targeted by sgRNAs, may lead to cell death, 

resulting in their exclusion as potential candidates. Drug-inducible CRISPR/Cas9 systems 

have emerged to surpass this limitation, enabling gene knockouts to be induced only when 

needed, reducing the risk of cell death associated with continuous disruption of essential 

genes. A recent study, developed a drug-inducible degron Cas9 system, achieving minimal 

background and tight control suitable for studying essential genes. This reinforces our 

approach as a potential powerful tool for similar applications (Srinivasan et al. 2024).  

Inducible systems are versatile and beneficial even when not used for Cas9 

induction. Groh et al. developed an alternative inducible readout approach to study the 

dynamics of ERV silencing under controlled conditions (Groh et al. 2021). They successfully 

identified Kap1 among the top candidates, despite it being an essential gene, indicating the 

versatility of inducible systems even without utilizing an inducible Cas9 system. 

Alternatively, CRISPRi is often a preferred sensitive method for gene knockdown. 

CRISPRi utilizes catalytically dead Cas9 (dCas9), to specifically bind DNA sequences 

without generating double-strand breaks, but instead by blocking RNA polymerase and 

thereby preventing gene transcription. This approach allows the discovery of essential genes 

without complete gene abolishment. Additionally, drug-inducible degron-based CRISPRi 

systems can also be utilized to overcome any potential limitations (Srinivasan et al. 2024). 

Although our system appears promising, we still need to validate the activity of Cas9 

within the system. A straightforward and cost-effective method to test this is the T7 assay 

(Sentmanat et al. 2018).  After delivering Cas9 and a gRNA to an endogenous sequence, 

the edited locus is amplified and mixed with the same amplicon from unedited cells. The 

DNA is denatured and hybridized, forming heteroduplexes between an edited strand and an 

unedited strand. Heteroduplexes are formed when mutations, such as insertions and 

deletions (indels), are present in the amplicon pool. T7 Endonuclease recognizes the 

mismatches and cleaves the DNA, resulting in the generation of smaller fragments, thereby 

indicating successful editing. Upon confirmation of Cas9 activity in our system, more 

powerful methods such as NGS-based assays will be used to confirm the editing activity and 
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investigate the off-target landscape. We anticipate that our tunable system will have a higher 

specificity than constitutive expression of Cas9 and gRNAs, as long lingering of CRISPR in 

cells has been shown to decrease specificity (Shin et al. 2017). While our Cas9 approach is 

potentially powerful, it introduces additional layers of optimization that must be carefully 

managed to ensure precision without compromising project timelines. 

3.1.1.2 Endogenous readout for identifying TE regulators: Limitations 
and troubleshooting 

Our study aimed to develop an innovative readout approach to target endogenous 

ERVs and LINE-1 elements. We selected KAP1 as a well-characterized ERV regulator 

(Rowe et al. 2010) and SUV39H1/2 to target LINE-1 elements (Bulut-Karslioglu et al. 2014). 

Although we detected transcriptional upregulation of ERVs in KAP1-depleted cells (Figure 

2.1.4), we encountered challenges when optimizing in-suspension RNA-FISH using probes 

generated  by nick translation.  

Traditional RNA-FISH methods, such as nick translation probes, have been 

largely superseded in high-throughput screenings by newer techniques, such as single 

molecule (sm)RNA-FISH (Arrigucci et al. 2017) or RNAscope (F. Wang et al. 2012; 

Hanley et al. 2013), which offer improved sensitivity and specificity. smRNA-FISH 

targets RNA single molecules with multiple fluorescent probes, increasing specificity 

and signal intensity. Similarly, RNAscope uses “Z” probes that require dual 

hybridization for signal amplification, minimizing non-specific binding and enhancing 

sensitivity. Alternatively, hybridization chain reaction (HCR)- FlowFISH (Reilly et al. 

2021) is a recent approach for targeting mRNA abundance in high-throughput 

screenings. HCR-FlowFISH employs hairpin probes that amplify signals via a chain 

reaction, minimizing background noise. These modern methods are more costly than 

traditional RNA-FISH approaches but offer improved sensitivity and reduced background 

noise, making them more suitable for detecting mRNA transcripts, especially in high-

throughput applications analyzing cells in suspension. 

To target endogenous IAP-encoded proteins, we generated a custom IAP-

GAG antibody. However, we encountered difficulties during validation and despite the 

negative results, we cannot conclusively exclude that the antibody is inefficient. The 

antibody efficiently detects its epitope in vitro (Figure 2.1.7E), but its performance in 

detecting endogenous IAP-GAG protein remains uncertain. Validation of custom antibodies 

can often be time-consuming and plagued by technical challenges. Different antibodies 

may require distinct permeabilization or washing conditions, and their performance can 

vary across different cell types, tissues, or even detection methods (e.g. Western blot vs 

IF). Notably, 78 
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given that ERV mRNA transcription is present in KAP1-depleted cells, we anticipated that 

the corresponding mRNA translation product should be expressed, too. However, to validate 

this assumption, we would first need to perform LC-MS to confirm the detection of 

IAP-derived peptides in our KAP1-degron system. Additionally, after acquiring the IAP-POL 

antibody from collaborators, used in the 2.2 NRF1 project (Figure 2.2.6 C,F,G), it would be 

interesting to revisit its efficiency in detecting IAP-encoded proteins in the KAP1-degron 

system. The IAP-POL antibody could also serve as a positive control to further validate the 

effectiveness of our custom IAP-GAG antibody. 

Targeting endogenous LINE-1 elements is more challenging than ERV elements, due 

to their weaker promoters compared to the strong LTR promoters of ERVs. This is reflected 

in the RT-qPCR, in which we detected lower fold-enrichment of LINE-1 targets in the mutant 

cells (Figure 2.1.8 F,G) compared to ERVs targets in KAP1-depleted cells (Figure 2.1.4 A,B). 

Furthermore, the high baseline L1-ORF1p expression in WT mESCs presented a limitation 

when compared to the Suv39h-dKO cells (Figure 2.1.8 H-K). Besides SUV39H enzymes, 

LINE-1 elements are also regulated by the HUSH complex (Tchasovnikarova et al. 2015; N. 

Liu et al. 2018) as well as the ChAHP2 and ChAHP complexes in mESCs, which were 

demonstrated by a recent study, to be regulators of a broader TE repertoire including ERVs, 

LINEs and SINEs (Ahel et al. 2024). However, targeting these regulatory components, would 

require a simultaneous depletion strategy involving multiple components of the complex. 

This approach would not be the most efficacious, since the infectious rate of the lentiviral 

sgRNA library is typically one sgRNA per cell. To circumvent the labor-intensive and 

time-consuming process of generating multiple cell lines, we could overexpress L1-ORF1p in 

WT mESCs. This would determine if higher L1-ORF1p expression enables efficient detection 

and sorting of L1-ORF1p-positive cells compared to WT mESCs. While overexpressing 

L1-ORF1p could facilitate setting up a robust readout for L1-ORF1p accumulation, allowing 

for a more robust comparison with WT mESCs, it should be interpreted cautiously. This is 

necessary to avoid masking subtle changes in L1-ORF1p expression that are biologically 

relevant. 

In conclusion, while our concept and some preliminary results were promising, 

multiple technical challenges hindered the progress of the project. Future genome-wide 

screening projects would benefit from collaborative efforts with experienced researchers and 

laboratories to overcome these challenges and optimize both the readout and the 

downstream processes. Such collaborations would be particularly valuable for 

starting-laboratories without prior expertise in complex screening approaches.  
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3.1.2 Proof-of-principle experiment 

As a proof-of principle for the endogenous readout approach, it would be valuable to 

simulate the screening process, where only a subpopulation of the cells might exhibit altered 

TE expression. To achieve this, we propose spiking ~0.2% KAP1-depleted or Suv39h-dKO 

cells into a population of ~99.8% WT mESCs to mimic the conditions of a genome-wide 

screen (Figure 3.1). Assuming that the RNA-FISH and IF have been successfully optimized, 

we could then perform RNA-FISH to detect TE mRNA transcripts, and IF to target 

TE-encoded proteins within the mixed population. Next, FACS could be employed to sort 

mutant cells based on their fluorescence intensity. Then, we would extract genomic DNA 

(gDNA) from the isolated cells to determine whether the original genotype can be recovered. 

This experiment would aim to validate the efficacy of the readout approach in reliably 

targeting and isolating mutant cells within a heterogeneous population. 

 

 
 
Figure 3.1 Scheme of proof-of-principal for endogenous TE readout. ~0.2% of KAP1-depleted 
and/or Suv39h-dKO cells spiked-in ~99.8% WT mESCs; TE mRNA and proteins targeting via 
RNA-FISH and IF, respectively; Isolation of positive populations FACS; gDNA extraction and genotype 
recovery by PCR amplification.  
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3.1.3 Alternative approaches to identify TE translational regulators 

How TE expression can integrate as part of normal development, in an 

independent-damaging manner remains an active area of current research. Moreover, TE 

translational controlling mechanisms have remained an enigmatic part of their life cycle and 

the aim of my PhD project was to uncover such pathways. But how can we identify novel TE 

translational regulators? We chose the challenging path of optimizing an endogenous 

readout approach for a genome-wide CRISPR/Cas9 forward genetic screening. However, 

there are alternative screening approaches to address this question.  

Despite the challenge to enrich TE ribonucleoparticles biochemically, 

immunoprecipitation (IPs) has served as a primary method to identify TE-encoded protein 

interactions by mass spectrometry (De Luca, Gupta, and Bortvin 2023; Ardeljan et al. 2020). 

Recently, proximity biotinylation has arisen as robust interaction proteomics assay that can 

in situ monitor direct and indirect interactions in the proximal proteome of a target protein of 

interest (Santos-Barriopedro, van Mierlo, and Vermeulen 2021). Proximity biotinylation has 

never been previously attempted in this context, and the in situ format of the assay can 

prove valuable in overcoming the problems associated with the biochemical enrichment of 

TE protein particles. This methods could be applied to various biological samples known to 

highly express L1-ORF1p, including Dnmt3CKO/KO testis (Barau et al. 2016), neural progenitor 

cells (NPCs) (Coufal et al. 2009) and a big repertoire of cancer cell lines, such as human 

breast adenocarcinoma (Belgnaoui et al. 2006), ovarian and testis embryonal carcinoma 

(Garcia-Perez et al. 2010). This approach could contribute significantly to our understanding 

of TE-protein biology and potentially lead to the development of novel cancer biomarkers. 

Additionally, an alternative way to shed light on the mechanisms regulating the 

dynamics of TE-encoded proteins, could be through the use of a tandem fluorescent protein 

timer (tFT) designed to quantitatively assess protein stability (Khmelinskii et al. 2012). By 

applying this timer approach on TE-encoded proteins as a readout of a genetic screen, we 

could potentially identify regulators of protein stability. These regulators could act as host 

factors either hijacked by TEs to enhance folding and stability or as repressors that 

destabilize TE proteins. Although this method still utilizes an artificial readout, it offers 

quantitative insights into protein stability. This nuanced view of protein dynamics, provides 

an improved readout over traditional reporter systems. By employing these diverse 

screening approaches, we anticipate unveiling novel regulatory pathways and gaining 

deeper insights into the mechanisms of TE regulation and their participation into genome 

regulation.  
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3.2 NRF1 as a potential TE regulator in spermatogenesis 

In contrast to the CRISPR/Cas9 genetic screening approach described in Section 

3.1, which aimed to identify novel TE regulators in mESCs, this section focuses on a 

complementary strategy: the investigation and “screening” of specific factors influencing TE 

expression in mice. While the endogenous readout approach faced technical challenges in 

high-throughput applications, it highlighted the importance of understanding TE regulation at 

both the transcriptional and translational levels. To further investigate the complex regulation 

of TEs, particularly in the context of DNA methylation, we turned to the Dnmt3CKO/KO mouse 

model. This model allowed us to examine the in vivo dynamics of unmethylated TEs and to 

identify factors involved in their regulation during spermatogenesis. 

Through RNA-seq on sorted pre-meiotic and meiotic cells (Figure 2.2.1), 

immunostainings and Western blot analysis (Figure 2.2.2), we found that although LINE-1s 

and ERVs remain active throughout spermatogenesis in the absence of DNA methylation, 

LINE-1s increase in meiosis. DNA pulldown assays and CUT&Tag experiments identified 

NRF1 as a potential activator of unmethylated TEs in germ cells. Notably, IAP silencing in 

pre-meiotic cells was rescued when depleting Nrf1 in the Dnmt3CKO/KO background. In the 

following sections I will discuss the role of NRF1 in regulating IAPs and potentially LINE-1s 

and factors mediating or hindering NRF1’s binding to its targets and subsequently to TEs. 

3.2.1 L1s and ERVs exhibit distinct expression patterns across 
spermatogenesis 

DNA methylation is a key regulatory mechanism for TEs in mammals (Yoder, Walsh, 

and Bestor 1997) and therefore utilizing hypomethylated systems is essential for 

understanding TE regulation. While mESCs are viable in the absence of DNA methylation 

(Tsumura et al. 2006), loss of Dnmts are lethal in mice (E. Li, Bestor, and Jaenisch 1992; 

Okano et al. 1999). Dnmt3C mouse mutants represent the perfect model to study TE 

upregulation upon hypomethylation in vivo, as DNMT3C targets only the promoters of young 

TEs to silence them (Barau et al. 2016). We investigated TE expression dynamics in the 

Dnmt3CKO/KO mouse model and observed distinct patterns of IAP and LINE-1 elements in 

embryonic and postnatal stages. At embryonic stages, our western blot analysis indicated a 

potential delay of IAP silencing by de novo methylation. Specifically, IAPs showed 

upregulation for the first time at P5 in Dnmt3CKO/KO compared to WT testes, implicating a 
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potential compensatory epigenetic switch of IAP regulation in the absence of DNMT3C 

(Figure 2.2.2D). Conversely, LINE-1s responded earlier to the loss of Dnmt3C, as their 

upregulation was observed at E18.5 (Figure 2.2.2D). At postnatal stages, ERVs remain 

expressed throughout both pre-meiotic and meiotic stages, whereas LINE-1s exhibited a 

significant increase from pre-meiotic to meiotic cells (Figure 2.2.1),(Figure 2.2.2). These 

results revealed a novel role of DNA methylation on LINE-1 regulation in pre-meiotic cells, 

that has not previously been reported in similar mutants (Zamudio et al. 2015; Vasiliauskaitė 

et al. 2018). 

​ This varied TE expression between IAPs and LINE-1s during hypomethylation may 

correlate with their distinct chromatin landscape. In embryonic male germ cells, LINE-1s 

obtain a H3K4me9-K9me3 bivalent mark, facilitating piRNA-directed DNA methylation on 

LINE-1 elements (Dias Mirandela et al. 2024), while IAPs rely on SETDB1-dependent 

H3K9me3 (Dias Mirandela et al. 2024; S. Liu et al. 2014). In hypomethylated embryonic 

oocytes, TEs gain H3K27me3, while some LINE-1 copies (L1-Gf) retain repression through 

dual H3K9me3/H3K27me3 enrichment (Huang et al. 2021). In postnatal stages, ChIP-qPCR 

in Dnmt3LKO/KO demonstrated that IAPs and LINE-1s are marked by both H3K9me2 and 

H3K9me3 before meiosis, whereas at meiosis they lose both marks and gain H3K4me3. 

Strikingly, L1-Gf resists activation in Dnmt3L mutants despite losing H3K9me2/H3K9me3 

during meiosis. (Zamudio et al. 2015). Interestingly, L1-Gf responded to the loss of 

SUV39H1/2-dependent H3K9me3 in our Suv39h-dKO cell line during normal DNA 

methylation levels (Figure 2.1.8G). Hypomethylated mESCs further underscore this 

divergence: IAPs remain exclusively silenced by H3K9me3, whereas LINE-1s recruit 

compensatory H3K9me3 and H3K27me3 (Walter et al. 2016). 

​ Why different TE families exhibit distinct epigenetic landscapes upon DNA 

methylation loss remains an open question. Future studies could perform CUT&Tag with 

tagmentation-based bisulfite sequencing (CUT&Tag-BS) to simultaneously monitor the 

epigenetic dynamics upon loss of DNA methylation at key developmental time windows [(e.g 

from early embryonic (E13.5) to early postnatal stages (P1)] (R. Li, Grimm, and Wade 2021). 

Additionally, long-read NGS-based methods can be particularly beneficial for TE sequencing 

(Gerdes et al. 2023). Comprehensive epigenetic profiling by the recently developed 

scNanoseq-CUT&Tag, which combines CUT&Tag with Nanopore sequencing (Q. Li et al. 

2024), could elucidate the nuanced regulation of unmethylated TE families or subfamilies by 

histone modifications.  
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3.2.2 NRF1 could regulate IAPs before meiosis but LINE-1s at 
meiosis 

Another approach to explore and screen for TE regulators affecting the varied TE 

expression in germ cells, is by performing DNA pulldown assays. Our pulldown experiment 

identified NRF1 as a DNA methylation-sensitive TF that could regulate unmethylated TEs in 

postnatal male germ cells (Figure 2.2.3 A,B). Combining CUT&Tag data of NRF1 profiling, 

we confirmed its binding to DNMT3C targets in sorted pre-meiotic cells and reported an 

enhanced binding in meiotic cells (Figure 2.2.3 C). Ablation of Nrf1 in Dnmt3CKO/KO (dKO) 

germ cells showed that IAPs were transcriptionally downregulated (Figure 2.2.5). Moreover, 

IF analysis indicated a rescue of the IAP-POL protein silencing in the dKO (Figure 2.2.6C).  

Additionally, we found that the downregulated IAPs in dKO exhibited a stronger NRF1 

binding in pre-meiotic compared to meiotic cells (Figure 2.2.7A). This data indicates that 

NRF1 activates IAPs before meiosis. 

Interestingly, while IAPs were downregulated in dKO testes, we observed increased 

L1Md_A transcriptional levels (Figure 2.2.5E) but no reduction in L1-ORF1 protein levels 

(Figure 2.2.6B). NRF1 is an ubiquitous TF and its disruption may lead to dysregulation of 

genes beyond germline genes. For instance, NRF1 is known to regulate EHMT1/GLP 

(Palmer et al. 2019), a histone methyltransferase that together with EHMT2/G9a catalyze 

H3K9me2, known to silence LINE-1 elements in spermatogonia (Di Giacomo et al. 2013; 

Zamudio et al. 2015). We cannot exclude that L1Md_A transcriptional reactivation is an 

indirect effect caused by EHMT1 dysregulation. To provide insights into this hypothesis, we 

could measure the levels of H3K9me2 and further confirm NRF1 binding to unmethylated 

LINE-1 promoters in vitro, by a fluorescent polarization assay. 

The stronger NRF1 binding that we observed in meiosis (Figure 2.2.3D) coinciding 

with the high expression of LINE-1s at meiosis (Figure 2.2.1C) (Figure 2.2.2), suggests that 

LINE-1 transcriptional activation might depend on NRF1 at the onset of meiosis. However, 

testing this effect in the conditional mutants was complicated due to the extensive 

spermatogenic arrest and germ cell loss occurring before meiosis when using Vasa-Cre 

driver for conditional Nrf1 depletion (Figure 2.2.4 C,D,E). Alternatively, similarly to the 

Vasa-Cre crosses (Figure 5.1) we generated dKO mutants in meiotic cells using a Stra8-Cre 

driver (data not shown), which created knockout allele conversion at the onset of meiosis 

(Sadate-Ngatchou et al. 2008). Phenotypic validation of these mutants would need to  

carefully determine the stage at which meiotic arrest occurs. This involves performing 

meiotic spreads using a meiotic-specific marker like SYCP3, followed by counting the 

percentage of cells in each meiotic stage (leptotene, zygotene, pachytene, diplotene). Next, 

co-staining for NRF1 and L1-ORF1p on meiotic spreads would be necessary to confirm 
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knockout allele conversion and assess L1-ORF1p expression at the same meiotic stage. 

Furthermore, any potential downregulation of L1-ORF1p should be quantified and compared 

to the levels in Dnmt3CKO/KO at the same meiotic stage. Finally, given that testes at meiotic 

stages consist of both meiotic and pre-meiotic cells (Figure 1.7B), monitoring whether 

LINE-1 silencing could be rescued transcriptionally would necessitate sorting meiotic cells. 

However, this approach would require significant time and resources, involving numerous 

mice, which was beyond the scope of this project. While these results provide valuable 

insights into NRF1's role in TE regulation, further studies are needed to fully elucidate the 

mechanisms underlying its stage-specific effects on different TE families. 

3.2.3 How does NRF1 regulate TEs? 

In our study we identified NRF1 as a potential regulator of TEs, particularly IAPs, before 

meiosis. NRF1 regulation involves structural features of NRF1 itself, complex interactions 

between DNA methylation or an interplay with histone modifications. In the following 

sections, I discuss how these factors influence NRF1’s binding dynamics and how we could 

further explore its regulatory mechanisms. Understanding these multifaceted regulatory 

mechanisms will be crucial for developing a comprehensive model of TE regulation during 

spermatogenesis. 

3.2.3.1 The role of structural features and binding patterns of NRF1 

NRF1’s ability to regulate TEs might be closely linked to its structural domains. A 

crystal structural study revealed that NRF1’s DNA-binding domain (DBD) recognizes 

TGCGC motifs, but its dimerization domain (DD) stabilizes the interaction by binding the full 

consensus sequence (GCGCATGCGC) (K. Liu et al. 2024). While the DBD can bind DNA as 

a monomer, transcriptional activation requires the intact homodimer to stabilize binding and 

recruit transcriptional machinery. This is important to note, as NRF1 binding to TEs per se 

does not necessarily mean regulation. We could leverage our chromating profiling data to 

further analyze NRF1 binding motifs and determine whether NRF1 preferentially binds full 

consensus sequences or half-sites at TE promoters.  

Moreover, a recent study revealed NRF1 can act either as an activator or a repressor 

depending on its binding position relative to the transcriptional start site (TSS) (Duttke et al. 

2024). Specifically, NRF1 binding upstream of the TSS promotes transcription activation, 

while downstream binding promotes repression by blocking RNA polymerase II activity. 

Interestingly, we observed positional shifts in NRF1 binding at some representative TE loci 

(Figure 2.2.3E). However, further motif analysis is required to precisely determine where 
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NRF1 binds and at which TE promoters. While NRF1's structural domains and positional 

binding patterns are critical for its regulatory function, these mechanisms do not operate in 

isolation but they are further modulated by epigenetic factors, such as DNA methylation, 

which play a pivotal role in determining NRF1's binding ability. 

3.2.3.1 The role of DNA methylation in NRF1 binding 

DNA methylation is a well-established mechanism for silencing TEs, and it directly 

influences the binding capacity of TFs like NRF1 (Domcke et al. 2015), adding another layer 

of complexity to its regulation of TEs. An open question in the field is to understand how 

DNA methylation silences TEs. As previously discussed (1.2.5), DNA methylation-sensitive 

TFs have been implicated in TE silencing. But how do TFs regulate TEs? TFs’ binding could 

be directly inhibited by the presence of DNA methylation itself, or indirectly by methyl-binding 

proteins (MBD) (Dantas Machado et al. 2015; Nan et al. 1998). A recent study demonstrated 

that DNA methylation directly inhibits the binding of the methylation-sensitive TF, CREB1, to 

unmethylated IAPs in neuronal cell culture models (Kaluscha et al. 2022). Specifically, they 

reported that the absence of the four functional MBDs (MBD1, MBD2, MBD4 and MeCP2) 

was not sufficient for TE upregulation either alone or in combination, excluding that these 

MBDs indirectly mediate DNA methylation silencing at TEs. Interestingly, we also identified 

CREB1 in our in vitro unmethylated IAP pulldown, but it was not significantly enriched 

(Figure 2.2.3A). In the same study they also demonstrated that in mESCs loss of MBDs did 

not lead to the same level of chromatin accessibility changes compared to the loss of DNA 

methylation, particularly in regions containing NRF1 motif. This suggests that MBDs are not 

the primary factors maintaining the inaccessibility of these regions (Kaluscha et al. 2022). In 

agreement with this study, we did not identify significantly enriched MBD proteins in our 

pulldown experiments using in vitro methylated IAP promoter, indicating a direct inhibition of 

DNA methylation (data not shown). However, it is worth noting that the mechanism by which 

methylated TEs are silenced may vary between germ cells and somatic cells, with the latter 

relying on the scaffolding protein KAP1 for repression (Rowe et al. 2010; Boulard et al. 

2020). While DNA methylation directly inhibits the binding of TFs like NRF1, it might often 

interplay with histone modifications to further shape the epigenetic landscape and 

accessibility of TE promoters. 

3.2.3.2 Interplay between DNA methylation and histone modifications 

The relationship between DNA methylation and histone modifications is a critical 

factor in TE regulation, as these marks often co-occur or influence one another to establish 

repressive or permissive chromatin states (1.2.3). Jessica Leismann had previously 
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conducted a chromatin profiling in pre-meiotic (Spg) and meiotic (Spc) cells to explore the 

role of histone modifications in TE expression throughout spermatogenesis (Leismann and 

Kanta et al., Embo Reports - paper in revision) (Figure 3.2A,B,C). Specifically, Jessica 

showed that H3K9me3 was present in methylated TEs, but lost in unmethylated TEs (Figure 

3.2A). This aligns with previous studies that report co-occurrence of DNA methylation and 

H3K9me3 on IAP elements in PGCs (S. Liu et al. 2014) and mESCs (S. Liu et al. 2014; Ficz 

et al. 2013; Habibi et al. 2013). Additionally, Jessica found that the activating H3K4me3 mark 

was present in unmethylated TEs (Figure 3.2B), which aligns with their high transcriptional 

(Figure 2.2.1) and translational expression (Figure 2.2.2). We suggest that NRF1 binds to 

unmethylated IAPs in pre-meiotic cells in the presence of H3K4me3 but in the absence of 

DNA methylation and H3K9me3 (Figure 3.2D). Thus, NRF1 may regulate IAPs through a 

combination of DNA methylation and histone modifications. 

 

Figure 3.2. The role of DNA methylation and histone marks in silencing TEs. A,B,C. Chromatin 
landscape of TEs in pre-meiotic (Spg) and meiotic cells (Spc); heatmaps displaying normalized 
coverage and metaplots showing mean enrichment of H3K9me3 (A.), H3K4me3 (B.) and H3K27me3 
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(C.) CUT&Tag from biological duplicates, centered on DNMT3C targets in sorted Dnmt3CKO/KO 
pre-meiotic/spermatogonia (Spg) and meiotic/spermatocytes (Spc); WT is illustrated as a gray line in 
the same metaplot. D. Proposed model depicted how NRF1 binds to IAPs in WT, Dnmt3CKO/KO and 
dKO spermatogonia cells. 

 

Jessica also reported that besides H3K4me3, unmethylated TEs gained the 

repressive H3K27me3 mark in pre-meiotic cells, which was reduced in meiosis (Figure 

3.2C). This data suggests a likely bivalent H3K27me3-H3K4me3 mark on TEs, which is 

commonly observed in germline genes (Mohn et al. 2008; Sachs et al. 2013). Interestingly, 

downregulated IAPs in dKO testes gained H3K27me3 in pre-meiotic cells, which was 

subsequently reduced during meiosis, coinciding with stronger NRF1 binding (Figure 

2.2.7A). CUT&Tag-qPCR and representative track examples further showed increased 

NRF1 binding to some targets in the absence of DNA methylation and H3K27me3 in mESCs 

(Figure 2.2.7B,C). Further CUT&Tag analysis revealed that some genomic regions exhibited 

stronger NRF1 binding after losing H3K27me3 (Figure 2.2.7D). While these preliminary 

observations are promising, further validation and detailed analysis will be needed to fully 

understand the relationship between H3K27me3 removal and NRF1 binding patterns.  

CUT&Tag-qPCR did not show substantial enrichment of NRF1 on some TE targets 

tested (L1MdA, L1MdT), although some enrichment was detected on the IAP 5’UTR (LTR) 

(Figure 2.2.7B). This pattern could potentially be explained by the presence of H3K9me3 on 

these regions in hypomethylated conditions. As detailed by Walter et al., H3K9me3 primarily 

marks IAPez and the 5' UTRs of LINE-1s, while the 3’ UTR of LINE-1 is marked by 

H3K27me3 in hypomethylated mESCs (Walter et al. 2016). The general lack of strong NRF1 

enrichment detected by CUT&Tag-qPCR on these targets might suggest that H3K9me3 

further hinders efficient NRF1 binding to unmethylated TEs in TKO ES cells. To further 

explore this hypothesis, we could leverage the Suv39h-dKO-KAP1-degron cell lines 

previously generated (2.1.2.1) (2.1.2.4). In these cell lines, where loss of SUV39H1/2 and 

KAP1 disrupts H3K9me3 occupancy on TEs (Bulut-Karslioglu et al. 2014; Stoll et al. 2022), 

we could further reduce H3K27me3 levels (via EZH2i treatment) and induce 

hypomethylation conditions. This would allow us to address whether NRF1 binding increases 

on unmethylated TEs when both major repressive marks (H3K9me3 and H3K27me3) are 

reduced, providing a clearer picture of NRF1's potential binding capabilities in a permissive 

chromatin environment.  

 Moreover, to directly explore how specific chromatin states affect NRF1 binding, we 

could use epigenome editing to deposit or remove specific histone marks at canonical NRF1 

binding sites and measure NRF1 occupancy by CUT&Tag (Policarpi et al. 2022). 
Alternatively, the dynamics of NRF1 binding could be investigated in vitro by assembling 
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nucleosomes with specific histone modifications and performing antibody-based pulldown 

assays. Elucidating this direct NRF1-chromatin interplay will be crucial for a comprehensive 

understanding of TE regulation during spermatogenesis. 

3.2.4 NRF1: from ancestral functions to TE regulation 

The evolution of NRF1 as a methyl-sensitive TF and its role in TE regulation reflect a 

fascinating interplay between host defense mechanisms and TE survival strategies. 

Interestingly, NRF1 is conserved across diverse species, including those with 

hypermethylated genomes, such as the marine sponge Amphimedon queenslandica, where 

NRF1 preferentially binds to unmethylated CpG-rich promoters (de Mendoza et al. 2019). 

Nrf1 is also conserved in species lacking DNA methylation, such as Drosophila 

melanogaster, where the Nrf1 homolog, erect wing (ewg), regulates muscle development 

independently of methylation (Schaefer, Engman, and Miller 2000). This conservation 

pattern suggests that NRF1's ancestral function might not have been inherently tied to DNA 

methylation. De Mendoza et al. propose that NRF1 could have likely convergently evolved in 

organisms with robust DNA methylation systems (de Mendoza et al. 2019). 

Crucially, TEs require host transcriptional activators in the germline for vertical 

transmission (Bao and Yan 2012; Maupetit-Mehouas and Vaury 2020). While hosts cannot 

eliminate TEs embedded in their genomes, they evolve mechanisms to suppress harmful 

activation. However, essential factors like NRF1 cannot be discarded entirely, as their loss 

disrupts essential processes and could lead to sterility (J. Wang et al. 2017). Instead, 

DNMT3C’s presence and NRF1’s methylation sensitivity might act as a safeguard: by 

avoiding methylated DNA, NRF1 could regulate active genes while ignoring methylated TEs, 

balancing host survival and TE repression (T. H. Bestor 2003). 

NRF1’s interaction with IAPs might be lineage-specific, as analogous elements are 

absent in species like Drosophila melanogaster (Keegan et al. 2021). The temporal 

mismatch between NRF1’s ancient conservation (de Mendoza et al. 2019) and IAPs’ recent 

integration (Stocking and Kozak 2008) supports that NRF1’s ancestral function was probably 

unrelated to TE regulation and that its role in controlling IAPs might represent a derived 

adaptation specific to rodents (Chuong, Elde, and Feschotte 2017). Future research could 

explore how TFs, like NRF1, evolved methylation sensitivity across species with varying 

levels of DNA methylation and could provide valuable insights into the evolutionary dynamics 

of TF-TE interactions and their implications for genome regulation.​ 
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3.2.5 The importance of identifying TFs 
 

Our study on NRF1 and its role in regulating TEs opens up new avenues for 

understanding complex regulatory networks governing TE expression in mammalian 

genomes. While our study focused on NRF1, it's important to note that TEs likely employ 

various other TFs for their regulation. Our pulldown experiments identified other TFs among 

NRF1, including NR0B1, and CREB1 (Figure 2.2.3A), suggesting a complex regulatory 

network governing TE expression. A-MYB, a TF that was previously reported to bind 

RLTR10 during spermatogenesis, was not identified in our pulldown experiments (Sakashita 

et al. 2020). Consistent with this observation, RLTR10 remained among the unaffected 

DNMT3C targets in dKO testes (Figure 2.2.5E,G), indicating that its regulation involves 

NRF1-independent factors. This finding reinforces the specificity of our in vitro IAP promoter 

pulldown experiment and highlights the distinct regulatory mechanisms governing different 

TE families. Our results provide a robust platform for further investigation into the intricate 

mechanisms of TE regulation. Understanding how different TFs interact with TEs could 

further provide insights into evolutionary adaptations and the development of 

species-specific regulatory networks. 

Looking beyond the fundamental understanding of TE regulation, the study of TFs 

involved in this process has significant potential for future applications. TFs regulating TEs 

could serve as valuable biomarkers in cancer diagnostics and prognostics. Aberrant 

expression of these TFs might indicate dysregulation of TEs, which is often associated with 

various cancers (Islam et al. 2021). Abnormal levels of specific TFs could lead to increased 

TE activity, potentially serving as an early indicator of malignant tumors. Furthermore, 

inhibition of specific TFs that activate oncogenic TEs (Bouras et al. 2021; Garcia-Perez et al. 

2010), could potentially repress TE expression and mitigate their detrimental effects in 

cancer progression. This approach could lead to the development of more targeted and less 

toxic cancer therapies. As we continue to unravel the intricate relationships between TFs 

and TEs, we anticipate exciting discoveries that could revolutionize our approach to treating 

diseases and manipulating cellular processes. 
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4.Conclusions 
 

In my PhD thesis, I explored two distinct approaches to uncover novel regulators of 

TEs  in two developmental time windows that have high risk for TE activity due to low DNA 

methylation levels. The first project aimed to develop an innovative endogenous readout for 

a genome-wide CRISPR/Cas9-based screen in mESCs, while the second project utilized the 

Dnmt3CKO/KO mouse model to investigate TE regulation in spermatogenesis. Both projects 

highlighted the complexity of TE regulation and the challenges in studying these elements. 

The endogenous readout approach, although promising, faced technical barriers in 

optimizing RNA-FISH and IF techniques for a high-throughput screening. The Dnmt3CKO/KO 

study successfully identified NRF1 as a potential regulator of unmethylated IAPs, 

demonstrating the power of combining genetic models with biochemical approaches. Of 

note, this study brings value to the field of transposon biology as, to our knowledge, it 

provides the first comprehensive characterization of a TF regulating TEs in an in vivo mouse 

model. Studies like this also have the potential to bridge understanding in various additional 

fields like development, evolution, transposon biology and epigenetics. 

Both projects underscore that screening for TE regulators can be accomplished 

through various methods, including genome-wide CRISPR/Cas9 screens, genetic models, 

and biochemical assays such as DNA pulldowns. However, each approach presents unique 

challenges, from technical optimizations for high-throughput screens to the complexity of 

genetic mouse crosses and the application of techniques in low-input samples. Overall, this 

work contributes to our understanding of TE regulation and provides insights into potential 

screening strategies, while also highlighting the need for continued methodological 

innovations in this field. 
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5. Materials and methods 
5.1 Mouse Embryonic Stem Cell (mESC) culture 

E14 mESCs were seeded in gelatin-coated plates and were culture with the following media 

conditions: Dulbecco's Modified Eagle Medium (Thermo Fisher Scientific 21969035), 15% 

Fetal calf serum (ES approved), 1mM Sodium Pyruvate (Thermo Fisher Scientific 

11360039), 0.1mM MEM non-essential amino acids (Thermo fisher Scientific 11140050), 

2mM L-Glutamine (Thermo Fisher Scientific 25030024), 100 U/mL Pen Strep (Thermo 

Fisher Scientific 15140122), 0.1mM 2-Mercaptoethanol, 1000U/mL Leukemia inhibitory 

factor (LIF, in-house) and in titrated 2i (normal DNA methylation levels): 200 nM MEK 

inhibitor PD0325901 (Axon Medchem 1408), 3 mM Gsk3 inhibitor CHIR99021 (Axon 

Medchem 1386). The media was added fresh every day, and the cells were passed every 

other day at ~70% confluence using TrypLE Express (Gibco). All lines were cultured at 37oC 

with 5% CO2 and 80% humidity. 

5.2 Generation of ESC lines 

5.2.1 Generation KAP1-degron (puromycin) ESC line 

To knock in in the degron fused to the C-terminal region of KAP1, we designed a sgRNA 

targeting the last coding exon of KAP1 and cloned it in a CRISPR-Cas9 genome editing 

plasmid pX459 (Ran et al. 2013). Degron donor sequences consisting of a linker and 

FKBP-V-2xHA-P2A-puromycin coding sequences were amplified from 

pCRIS-PITChv2-C-dTAG-Puro (Nabet et al. 2018) containing 600bp of flanking DNA 

sequences homologous to the desired integration site in the Kap1 gene. These PCR 

products were cloned into a pBluescript backbone using Gibson assembly. We 

co-transfected this plasmid together with Kap1-sgRNA-Cas9 vector into WT E14 mESCs 

using Lipofectamine2000 (Thermo Fisher, Catalog number: 11668019)  to select for the 

in-frame knock-in integration of the FKBP-V-containing cassette using stable puromycin 

(1μg/ml) selection. 
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5.2.2 Generation Cas9-degron inducible ESC line 

To generate the Dox-inducible-3xFlag-Fkbpv-Cas9 cell line, we cloned the 

pTRE3G-FKBPV-Cas9 cassette in a donor plasmid carrying 672 homology arms of the 

mouse Tigre locus. Degron donor plasmid consisted of a ATG, 3xFlag, NLS of SV40, 

FKBP-V, a linker, and the SpCas9 sequence. The FKBP-V was PCR amplified from the 

pCRIS-PITChv2-N-dTAG-Puro plasmid (Nabet et al. 2018). We co-transfected the donor 

plasmid together with a CRISPR/Cas9 genome editing plasmid pX459 carrying a sgRNA 

targeting the Tiger locus of  the previously generated cell line stably expressing a Tet-On 3G 

activator under a EF1α promoter on mouse Rosa26 locus. We first transiently selected the 

cells by adding 1μg/ml puromycin (expressed from the editing plasmid) followed by 48 hours 

of 8μm/ml blasticidin selection. After 48 hours blasticidin concentration was reduced to 

6μg/ml and kept until the colony picking selection. 

5.2.3 Generation of Suv39h1/2 KO ESC line 

To knock out Suv39h1 we designed two sgRNAs targeting exon 4 and cloned them in a 

CRISPR-Cas9 genome editing plasmid pDual Guide pX459. The cell line was generated by 

creating a frame-shift in Suv39h1 exon 4. Similarly, we designed two sgRNAs to target 

Suv39h2 and the cell line was generated by a 119bp deletion on exon 4. E14 mESCs were 

co-transfected with the two editor plasmids (one for targeting Suv39h1 and one for Suv39h2) 

and transiently selected the clones 24 hours post-transfection, for 48 hours by adding 1μg/ml 

puromycin.  

5.2.4 Generation of Suv39h-dKO-KAP1-degron (no puro) ESC line 

To generate this cell line we first had to generate a KAP1-degron cell line with no 

puromycin (puro) stably expressed under Kap1 (5.2.1). The plasmids generated at (5.2.3), 

carried a puromycin resistance cassette, so we would not be able to select cells by using the 

cell line generated before as a background (5.2.1). Similar to (5.2.1), degron donor 

sequences consisting of a linker and FKBP-V-2xHA were amplified from 

CRIS-PITChv2-C-dTAG-Puro (Nabet et al. 2018) containing 45bp of flanking DNA 

sequences homologous to the desired integration site in the Kap1 gene. These 

microhomology arms were included as primer extensions and designed to selectively 

knock-in the dTAG in frame with the last exon of the Kap1 gene, producing a tagged KAP1- 

FKBP-V-2XHA protein. Co-transfection of the purified PCR product and the 

kap1-sgRNA-Cas9 vector into WT E14 mESCs was performed using lipofectamine under 

optimized conditions, and selection for Cas9 expression was applied transiently for 48 h, 24 
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h after transfection, by adding 1μg/ml puromycin. Suv39h-dKO-KAP1-degron cell line was 

then generated by co-transfecting the editor plasmids targeting Suv39h1/2 genes (5.2.3) into 

the KAP1-degron cell line (no puro). The clones were selected transiently by puromycin. 

​  

5.3 Colony picking and 96-well plate genotyping  

Transfected cells were always seeded in 10cm2 dishes, in three dilutions, to avoid 

over-confluency and cross-contamination within different clones. The media was changed 

fresh every day followed by 1-2 1x DPBS washes to remove dead cells or floating clones, to 

avoid cross-contamination. Individual clones were picked in 96-well U-bottom plates 

approximately 10 days post-transfection. The media was aspirated and 20 ml of DPBS were 

added in the dish. The clones were picked carefully using a P20 pipette (adjusted in 10μl). 

50μl of TrypLE were added into each well and quenched with 100μl media after 7 minutes of 

incubation at 37oC. The cells were then seeded into gelatin-coated 96-well flat plates. The 

remaining clones were pooled and the pellets were used for DNA extraction and further used 

for the PCR genotyping optimization. The primers were always designed spanning the 

sequence of interest. For knockout cell lines, one extra primer was designed within the 

anticipated deleted sequence.  

 For genotyping a 96-well plate, the clones were picked and maintained for 

approximately four days, with daily media changes. A replica plate was generated when the 

96-well plate reached 70-80% confluency. This involved aspirating media, washing with 

PBS, trypsinizing with 50 μl of trypsin for 5 minutes, and transferring cells to gelatinized 

plates with media to inhibit trypLE. One plate (replica) was kept in low confluency for 

maintenance and the genotyping plate was used to extract DNA. The genotyping plate was 

prepared by aspirating media, washing with PBS, freezing at -80°C for 15–20 minutes, and 

then adding a lysis buffer containing 100 mM Tris-HCl, 1 mM EDTA, 200 mM NaCl, and 

0.5% Tween-20, along with Proteinase K. The genotyping plates were incubated at 55°C for 

2–3 hours, then heated at 99°C for 15 minutes, and placed on ice. PCR reactions used 1 μl 

of extracted DNA. HIgh viscosity at this step is expected (the higher the confluence per well 

the more viscous it will be). Therefore, careful handling is crucial to avoid 

cross-contamination within the cells. After confirming the genotype, only positive clones were 

transferred into individual wells of a 12-well plate for further maintenance. The genotyping of 

all generated cell lines was further confirmed by sanger sequencing. 
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5.4 RNA analysis 

The RNA was extracted from sorted germ cells (spermatogonia and spermatocytes) (Figure 

2.2.1), whole testes (Figure 2.2.5), and mESCs (Figure 2.1.4 A,B), (Figure 2.1.8 F,G).  

5.4.1 RNA extraction and library preparation 

Sorted germ cells (Figure 2.2.1) or whole testes (Figure 2.2.5) of littermates were collected 

by Jessica Leismann with the assistance of IMB’s Flow Cytometry core facility and frozen in 

Trizol until triplicates of each genotype were collected. RNA extraction was performed 

together with Jessica Leismann using the DirectZol RNA MicroPrep kit (Zymo, R2061). NGS 

library prep was performed by IMB’s Genomic core facility with Illumina's Stranded mRNA 

Prep Ligation Kit following Stranded mRNA Prep Ligation ReferenceGuide (April 2021) 

(Document 1000000124518 v02). Libraries were prepared with a starting amount of 10 ng 

for RNA extracted from sorted Spg and Spc and 29 ng for RNA extracted from whole testes 

mutants and amplified in 13 PCR cycles and 12 PCR cycles, respectively. Two post PCR 

purification steps were performed to exclude residual primer and adapter dimers. Libraries 

were profiled in a DNA High Sensitivity chip on a 2100 Bioanalyzer (Agilent technologies) 

and quantified using the Qubit 1x dsDNA HS Assay Kit, in a Qubit 4.0 Fluorometer 

(Invitrogen by Thermo Fisher Scientific). 16 Samples from sorted Spg and Spc and 17 

samples from whole testes mutants were pooled in equimolar ratio aiming for at least 50 

million reads per sample and sequenced on an Illumina NextSeq 2000 sequencing device 

with 1 dark cycle upfront R1 and R2 as 2x108-nt paired-end reads, yielding 50-60 million 

read pairs per sample. 

5.4.2 RNA sequencing analysis 
 
The RNA sequencing analysis was performed by IMB’s Bioinformatics core facility. 

Sequencing reads were mapped on the Mus musculus genome assembly GRCm38 

(GENCODE release M25) utilizing STAR (v.2.7.3a, parameters: --outMultimapperOrder 

Random  --outSAMattributes NH HI AS nM MD  --outSJfilterReads All --outSAMunmapped 

Within --outFilterMismatchNoverReadLmax 0.04 --outFilterMismatchNmax 999 

--winAnchorMultimapNmax 100 --outFilterMultimapNmax 100) (Dobin et al. 2013). The 

TEtranscripts program (v.2.2.3, parameters: --mode multi --sortByPos --stranded reverse) 

was implemented to annotate reads to both genes and transposable elements (Jin et al. 

2015). Differentially expressed analysis was performed using DESeq2 (v.1.44.0) with 

corrected p-value (Benjamini and Hochberg, FDR) < 0.01 (Love, Huber, and Anders 2014). 
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TElocal (v.1.1.1, parameters: --mode multi --sortByPos --stranded reverse) was employed to 

quantify transposable element expression at the locus level, and the counts were normalized 

to TPM (Transcripts Per Million) values. 

5.4.3 mESCs: RNA extraction cDNA synthesis 

Whole mESCs pellets were harvested and resuspended in 500 μl of TRIZOL and incubated 

for 15 min on ice. 100μl of chloroform were added, then the samples were vortexed and 

centrifuged at full speed for 15min at 4oC. The upper aqueous phase containing the RNA 

was then transferred to a fresh low-binding tube, 250 μl of isopropanol were added and 

samples were incubated for 10 min on ice to allow precipitation. RNA was collected by 

centrifugation at full speed for 30 min at 4oC and the pellet was washed twice with 500μl of 

70% ethanol to remove remaining salt residues. The pellet was resuspended in 50μl of 

free-nuclease H2O after being air-dried under the hood for 10-15 min. The RNA 

concentration was measured with NanoDrop. After RNA extraction, DNase treatment was 

performed adding DNase I enzyme and its buffer (NEB) to 3μg of RNA per condition (final 

volume 11.9μl). Samples were incubated for 30 min at 37 °C and the reaction was inhibited 

by adding EDTA  (1μl of 50 mΜ EDTA into 11.9μl reaction), incubated at 65 °C for 10 min, 

followed by 5 min incubation on ice. cDNA synthesis was performed by M-MLV reverse 

transcriptase (Promega).  

 

5.5 RNA FISH 

5.5.1 RNA FISH homemade probes 
We generated home-made RNA FISH nick translation probes, using the Nick translation kit 

(Abbott Molecular Inc, REF: 07J00-001, Lot#: 517634). IAP probes consisted of: the full 

length IAP element IAPez (7156bp) (Supplementary material) cloned into pBluescript labeled 

with homemade Alexa488. The reaction mixture was prepared with 1 μg of plasmid carrying 

IAPez DNA sequence, 5 μl dTTP (0.1 mM), 10 μl dNTP mix (0.3 mM dATP, 0.3 mM dCTP, 

and 0.3 mM dGTP) , 5 μl 10x Buffer, 10 μl Enzyme, 2.5 μl 0.2mM dUTP Fluorophore 

(Alexa488), and nuclease-free water to a final volume of 50 μl. The mixture was incubated at 

15°C for 10 minutes. To determine the probe size, different incubation times (10min, 15min, 

45min, 2h, 4h, 6h, 8h, 16h) were tested by tapestation or agarose gel, to generate fragments 

of probes from a range of 200 bp to 500 bp. The reaction was heat inactivated at 70oC for 10 

minutes and then placed on ice or stored in -20oC. Around 100 ng (5μl) of probe was ethanol 

precipitated by adding 1.5μl of 20 μg tRNA, 1:10 sodium acetate, 2 volumes of 100% 
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ethanol, incubated at -80oC for 30 minutes and further centrifuged for 30 min at 4oC at 

maximum speed. The pellet was resuspended thoroughly in 7µl per sample of 2X 

hybridization buffer (4X SSC, 20% dextran sulfate, 2mg/ml BSA, 20mM Vanadyl 

Ribonucleoside Complex) and kept on ice. 

5.5.2 RNA FISH (microscopy) 

KAP1-degron cells were cultured with 250 nM dTAG and DMSO (control) for 48 hours. 

Coverslips were treated with poly-D-lysine overnight and washed with DPBS. The cells were 

harvested and 150,000 cells were seeded on the coverslips for 3-4 hours at 37oC.  The cells 

were washed in RNase-free PBS, permeabilized in 1X DPBS with 0.5% Triton X-100 for 10 

min at room temperature (RT), and fixed in 3% paraformaldehyde/PBS for 10 minutes at 

room temperature. Cells were dehydrated through an ethanol series (80%, 95%, 100%) for 3 

min each. The denatured probe was added to a slide with the coverslip placed cell-side 

down. Hybridization was performed overnight at 37°C in a humid chamber. Subsequent 

washes were carried out in 50% formamide/2X SSC and 2X SSC, followed by DAPI or 

Hoechst counterstaining. Coverslips were mounted using a glycerol-based medium for 

microscopic analysis. Images were collected on a SP5  confocal microscope (Leica) (Figure 

2.1.4C) and THUNDER widefield (Figure 2.1.4D) with a 63x oil objective. Image analysis 

was performed with the software ImageJ (1.53o version) (Schneider, Rasband, and Eliceiri 

2012) and Huygens was used for deconvolution (Figure 2.1.4D). 

 

5.5.3 RNA FISH in-suspension (Flow cytometry) 

The single-cell suspension RNA FISH was optimized by adapting the protocols of Reilly et 

al. and Arrigucci et al. (Reilly et al. 2021; Arrigucci et al. 2017). The probes were labeled via 

nick translation using 1 µg of DNA per 50 µl reaction. Approximately 0.1 µg of probe was 

ethanol-precipitated and resuspended in 50 µl hybridization buffer (HB 10% dextran sulfate, 

0.1 ng/µl probe). The probes were denatured at 85°C for 5 minutes. KAP1-dTAG and 

KAP1-DMSO cells were harvested after 48 hours post-treatment and 2 million cells per 

sample (we recommend to start with 8-10 million cells) were fixed in 4% 

paraformaldehyde/PBS for 10–15 minutes, washed with DPBS, and permeabilized in 0.2% 

Tween20 in DPBS for 10 minutes. Cells were then incubated in cold 70% ethanol for 10 

minutes at 4°C, washed with PBST, and resuspended in 50 µl denatured probe solution for 

overnight hybridization at 37°C in the dark, rotating in a hot air oven. Post-hybridization, cells 

were washed three times in 50% formamide/2xSSC (pH 7.2) and twice in 2xSSC (5 minutes 

each at 42°C), with centrifugation between washes. DNA was counterstained with 1 µg/ml 
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DAPI in 400 µl 2xSSC for 10 minutes. Samples were filtered into FACS tubes and analyzed 

using a Fortessa flow cytometer. All washes were performed by centrifugation in 600 x g 

(unfixed cells) and 1000xg (after fixation) for 5 min. The samples were analyzed using 

FlowJo software. 

5.6 Immunofluorescence  

5.6.1 Testes cryosections 
Cryosections of testes at different developmental stages were fixed overnight at 4oC 

with paraformaldehyde. Next day, the testes were washed twice with 1X PBS for 5-10 min at 

RT. Two sequentially overnight incubations at 4oC were performed in 15% and 30% sucrose 

solutions (in 1X PBS), respectively. Testes were embedded in O.C.T compound (FSC 22 

Frozen Section Compound, Leica) for 1 hour at RT. After dissecting the epididymis, the 

testes were embedded in O.C.T in a cryoblock and frozen on dry ice. 10μm sections were 

cut and mounted onto Superfrost Plus slides (Epredia) and stored at -80oC.  

5.6.2 Immunofluorescence staining (microscopy) 

For immunofluorescence stainings on testes cryosection, slides were calibrated at 

RT, marked with a hydrophobic pen (ImmEdge Pen, VectorLabs) around the O.C.T, washed 

in 1X PBS for 10 minutes to remove the O.C.T), and the blocked and permeabilized (10% 

donkey serum (Sigma), 3% BSA, 0.3% TritonX-100, 1X PIC in PBS) for 1 hour at RT. The 

sections were incubated with primary antibodies overnight at 4oC in blocking buffer. Next day 

they were washed with 1X PBST (0.1% Tween-20 in 1X PBS) washes. The sections were 

incubated for 1h at RT with donkey anti-rabbit Alexa Fluor 647, donkey anti-rat Alexa Fluor 

488 secondary antibodies (ThermoFischer) at 1:800 dilution and DAPI (2 μg/μl), to stain 

nuclei. The following primary antibodies were used in the indicated dilutions: rabbit 

monoclonal anti-mouse L1-ORF1p at 1:400 (Abcam, 216324), rat monoclonal anti-mouse 

TRA98 at 1:500 (Abcam, 82527) and rabbit monoclonal NRF1 at 1:600 (Abcam, 175932),  

rabbit monoclonal IAP-POL at 1:400 (gift from Boulard lab); For the IAP-POL antibody due to 

high background, all washes were conducted in 0.3% Tween-20 in 1x PBS shaking for 15 

minutes per wash. Three 1X PBST washes were followed and the sections were mounted 

with ProLong Gold antifade mount (Life Technologies). All images were acquired with a 

Stellaris 8 confocal microscope (Leica Microsystems, Wetzlar, Germany) applying the same 

setting and all images were processed with ImageJ (1.53o version) (Schneider, Rasband, 

and Eliceiri 2012). 
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For staining mESCs, the protocol was the same except for the first step. 100,000 

cells were spotted for 1 hour on a poly-D-lysine coated to attach and fixed with 4% PFA for 

15 min. The PFA was washed twice with 1x PBS and then we proceeded to blocking and 

permeabilization. 

5.6.3 Immunofluorescence analysis 

Quantification of TRA98 and L1ORF1 signals in the nucleus and cytoplasm was 

performed by Microscopy Core Facility using 256 x 256-pixel images of manually cropped 

cells from a larger field of view. Nuclei were segmented using the DAPI channel. A Gaussian 

filter (sigma=6) was applied, and thresholds were set using the OTSU algorithm (Otsu, 

1979). Segmentation was refined by filling holes and using a watershed operation to 

separate touching nuclei, generating the region of interest (ROI) for the nucleus. The 

cytoplasm ROI was defined by creating a ring around the nucleus ROI, dilating it 10 times, 

and subtracting the nucleus ROI. Mean TRA98 and L1ORF1 intensities were measured 

within the nucleus and cytoplasm ROIs. The total number of nuclei in whole sections was 

calculated using the Analyze Particles tool in ImageJ after using a threshold. GraphPad 

Prism v10 was used to generate the bar plot. 

 

5.6.4 Immunofluorescence staining (flow cytometry) 

For single-cell suspension preparation and immunostaining of Dnmt3CKO/KO and WT 

testicular cells, testes were dissected, decapsulated in PBS, and transferred to a 2 mL tube 

containing 600 µl collagenase solution (HBSS + 0.5 mM CaCl₂, 1 U/ml collagenase). Tubules 

were dissociated at 37°C for 6-10 minutes with periodic flicking, followed by incubation with 

600 µl TrypLE at 37°C for 4-8 minutes, with gentle pipetting using truncated P1000 tips (to 

avoid cell breakage). The reaction was neutralized with 300 µl FBS, filtered to remove 

clumps, and centrifuged at 600xg for 4 minutes. Cells were washed sequentially with 

PBS/10% FBS and PBS, then fixed in 4% PFA in PBS on ice for 15 minutes. After PBS 

washes, cells were permeabilized in 200 µl ice-cold permeabilization buffer (1× PBS, 0.1% 

Triton X-100, 1% BSA, 10% goat serum, 1xPIC) for 10 minutes. Primary antibody staining 

was conducted using anti-L1ORF1p or anti-IAP-GAG (1:400 dilution in permeabilization 

buffer) at 4°C for 30 minutes, followed by two staining buffer (SB) (1× PBS, 1% BSA) 

washes. Secondary antibody (AlexaFluor546, 1:800) incubation proceeded for 30 minutes at 

room temperature, with subsequent SB washes. Cells were resuspended in DAPI (1 µg/ml in 

SB) for nuclear counterstaining. All solutions were prepared fresh, including collagenase 

solution (HBSS + 0.5 mM CaCl₂ + 91 µl 11 U/ml collagenase), SB (1× PBS, 1% BSA), and 
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permeabilization buffer (1× PBS, 0.1% Triton X-100, 1% BSA, 10% goat serum, 1× protease 

inhibitor). Centrifugation steps were consistently performed at 600-1,000 xg for 4-5 minutes 

(after fixation the speed can be increased up to 1000 xg to avoid cell loss).  

Similarly, for single-cell suspension preparation and immunostaining mESCs, the 

same protocol was followed skipping the testes dissociation and instead we harvested 4 

million cells per sample, washed the pellet once with SB and proceeded to 4% PFA fixation. 

The samples were analyzed using FlowJo software. 

 

5.7 IAP-GAG antibody generation 

The production of the MmLTR1-GAG antibody involved cloning, expression, and 

purification steps, ultimately utilizing the His-MBP-tagged expression vector for antigen 

production.We first cloned the amplified and cloned the GAG epitope (Supplementary 

material) in the backbone of the expression vector by Gibson assembly. The generated 

plasmid was confirmed by sanger sequencing.  

The IMB Protein Production Core Facility expressed the antigen using E. coli 

BL21(DE3) cells under IPTG induction at 18°C overnight. Following lysis by high-pressure 

homogenization, His-MBP-tagged GAG was purified using immobilized metal affinity 

chromatography (IMAC) with high-salt washes. The His-MBP tag was cleaved with His-3C 

protease during dialysis, and untagged GAG was separated from His-MBP by reverse IMAC. 

Untagged GAG was further purified via gel filtration using a Superdex 75 column, yielding 

monomeric protein (~12 kDa). The final yield of untagged GAG was 2.7 mg from 4 L of 

culture, stored as aliquots at 1 mg/ml in PBS. 

For antibody production, 8 vials of purified antigen (200 µg/vial) were sent to 

Eurogentec for rabbit immunization. Serum from two rabbits (#SY1294 and #SY1295) was 

used for affinity purification. Antigen coupling to SulfoLink resin was performed by reacting 1 

mg of GAG protein (0.5 mg/ml in coupling buffer with 2 mM TCEP) with 1.5 ml SulfoLink 

resin at RT for 2 hours. After washing and quenching nonspecific binding sites with 

L-cysteine, the resin was applied for affinity purification of antibodies from rabbit serum. 

Serum was filtered and applied to the resin overnight at 4°C, followed by washing with PBS 

+ 0.1% Triton X-100 and PBS alone. Antibodies were eluted with glycine buffer (pH 2.5), 

neutralized with Tris buffer (pH 8.5), and rebuffered into PBS containing 10% glycerol and 

0.05% NaN3 using PD-10 columns. The antibodies were concentrated to 1 mg/ml using 

Amicon spin concentrators, aliquoted, snap-frozen in liquid nitrogen, and stored at -80°C. 

Purified antibodies were diluted and stored into PBS containing 10% glycerol (buffer) and 

concentrated to 1 mg/ml. Final yields were 1.35 mg for rabbit #SY1294 (27 aliquots of 50 µl 
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each) and 1 mg for rabbit #SY1295 (20 aliquots of 50 µl each). Working aliquots were stored 

at 4°C (in 40-50% glycerol) to minimize freeze-thaw cycles. 

5.8 Western blot 

Protein samples were extracted by homogenizing testis or cell pellets in standard RIPA 

buffer supplemented with cOmplete, Mini, EDTA-free Protease-inhibitor-cocktail (PIC) 

(Roche, 11836170001); Every total protein lysate was extracted from one testis not a pool of 

testes. The samples were sonicated for 5 minutes (30 sec ON, 30 sec OFF) and centrifuged 

for 30 min at 16,000g at 4oC. The total protein concentration was quantified by Bradford 

assay. Protein samples were diluted in 1X LDS and boiled at 95oC for 5 minutes. The 

proteins  were separated on SDS-PAGE (GeneScript, M00653, M00654) and transferred to 

nitrocellulose membranes (ThermoFischer, 88018). Membranes were blocked for 40 minutes 

with 5% BSA in TBST and incubated with primary antibodies overnight at 4oC. All antibodies 

with the corresponding concentration are listed in Table 2. Antibodies. The membranes were 

washed twice with TBST for 15 min; 15μg were used from all protein lysates. In Figure 

2.2.6G the total protein load was increased to 25μg and after the primary antibody the 

washes were performed in 0.5 M NaCl, 0.5% Triton X-110, PBS, to reduce the Δ between 

Dnmt3CKO/KO and WT or any potential background. The blots were incubated with 

HRP-conjugated secondary antibodies (1:5000) for 1h at RT. The protein bands were 

visualized using chemiluminescence reagents (SuperSignal West Pico, Femto, 

ThermoFischer, 1863096). 

5.9 Mouse housing and breedings 

The mouse housing and all breedings were handled by Jessica Leismann. All the 

animal procedures complied with institutional and EU animal welfare regulations and 

received formal approval from the Animal Ethics Committee of Rhineland-Palatinate, 

Germany (Approval ID: G 23-5-049). Mice aged 7–24 weeks were maintained in ventilated 

cages enriched with environmental stimuli under controlled conditions (humidity: 40–70%, 

temperature: 22 ± 2°C, 12-hour light/dark cycle) with unrestricted access to food and water. 

Euthanasia was performed via cervical dislocation under approved protocols. Timed 

pregnancies were established to obtain prenatal testes, with embryonic day 0.5 (E0.5) 

designated as the first day postcoitum, while postnatal samples were collected starting at 

birth (designated P1). All mouse strains had been previously described and were bred on a 

C57Bl6/J genetic background (Dnmt3CKO/KO, Nrf1f/f, Ddx4Cre (also known as VasaCre) and 

Oct4-eGFP (Jackson Laboratories, stock 008214).  
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To generate Nrf1 conditional knockout in spermatogonia germ cells, Nrf1fl/fl mice were 

crossed with Ddx4-Cre mice. To do so, Nrf1fl/KO females were bred with Nrf1fl/WT;Ddx4Cre 

males (Figure 5.1). For generate Nrf1fl/KO;Ddx4Cre; Dnmt3CKO/KO male offsprings, 

Nrf1fl/KO;Dnmt3CKO/KO females were crossed with Nrf1fl/WT;Ddx4Cre;Dnmt3CKO/WT. Prenatal 

testes were collected from timed pregnancies (E0.5 designated as the first day postcoitum), 

and postnatal samples were obtained starting at birth (P1). Genotyping was performed via 

PCR and further IF to confirm allelic recombination and Cre activity (Dnmt3CKO/KO;Nrf1cKO/KO). 

 

 
Figure 5.1 Mice breeding scheme. 

 

5.10 FACS 

Prospermatogonia were isolated from E15.5 Oct4-eGFP male mice testes and 

collected in 1X PBS. Testes were decapsulated and transferred to tubes with 100 µl 

collagenase solution in HBSS (Collagenase A, 2x AAs, 2x Na-pyruvate, and 25 mM 

HEPES-KOH, pH 7.5) and dissociated at 37 °C for 8 min. After adding 200 µl TrypLE, the cell 

suspension was incubated for 5 minutes at 37 °C and pipetted carefully to obtain a 

single-cell suspension. TrypLE was quenched by adding 70 µl pre-warmed FBS, and cells 

were washed twice with FACS buffer (PBS, 2 mM EDTA, 25 mM HEPES-KOH, 1.5% BSA, 

10% FBS) after centrifugation at 600xg for 4 min. Cells were resuspended in 
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DAPI-supplemented (2 µg/mL) FACS buffer, filtered through 40µm cell strainers, and sorted 

using an Invitrogen Bigfoot with a 100-μm nozzle. DAPI-negative and OCT4-eGFP-positive 

cells were sorted into low-binding tubes containing 100 µl PBS. 

Spermatogonia cells were isolated from P14 mice testes and processed similarly. 

Single-cell suspensions were stained with 8.25 mg per 5 million cells of CD326 

(Ep-CAM)-Alexa Fluor647 (BioLegened, 118212) and β-2-Microglobulin-PE (Santa Cruz 

Biotechnology, SC-32241) for 20 min on ice, washed with FACS buffer twice and 

resuspended in DAPI-supplemented (1 µg/mL) FACS buffer, then sorted using the same 

conditions. DAPI-negative, β-2-Microglobulin-negative, and Ep-CAM-positive cells were 

collected in 100 µl PBS. 

Spermatocytes were isolated from mice testes older than P20. Testes were 

decapsulated and dissociated in 2 mL collagenase solution (40U ofCollagenase A, 1.5x AAs, 

1.5x Na-pyruvate, and 25 mM HEPES-KOH, pH 7.5) at 37 °C. The cell suspension was 

sedimented for 2 min, and the supernatant was aspirated. After adding 250 µl TrypLE and 

filtering, 10 million cells were stained with 0.5 µL Hoechst 3342 (Thermo Scientific, 62249)  

for 8 min. Tryple was quenched by FBS followed by a centrifugation, cells were resuspended 

in buffer supplemented with 1µL Hoechst 3342 per 10 million cells at 35 °C for another 8 

minutes, filtered, and stained with Propidium Iodide (Invitrogen, P3566). Cells were sorted 

using the same conditions by Propidium Iodide exclusion and Hoechst 3342 staining, 

indicating 2N DNA content. 

 

5.11 DNA pulldown  

The DNA pulldown was performed by Jessica Leismann. Nuclear proteins were isolated 

from P15 mouse testes (n=20 males per replicate, three replicates). The tissue was first 

processed in a cytoplasmic extraction buffer containing 10 mM Hepes-KOH (pH 7.5), 10 mM 

KCl, 1.5 mM MgCl2, 1 mM DTT, and protease inhibitor cocktail. Following a 30-minute ice 

incubation and centrifugation (1100 g, 4°C, 10 minutes), nuclei were lysed in a high-salt 

buffer (20 mM Hepes-KOH pH 7.9, 420 mM NaCl, 2 mM MgCl2, 20% glycerol, 1 mM DTT, 

0.2% IGEPAL CA-630, protease inhibitors). The insoluble nuclear fraction underwent 

sonication (10 cycles of 10s on/50s off) in the same buffer. After centrifugation (14,000 g, 

4°C, 20 minutes), the soluble fractions were pooled and protein concentration was 

determined using Bradford assay. Following the protocol adapted from (Harris et al. 2018), 

streptavidin-conjugated magnetic beads were incubated with biotinylated bait DNA (60 µg) in 

coupling buffer (20 mM Tris-HCl pH 8.0, 2M NaCl, 1 mM EDTA, 0.1% Tween-20) for 1 hour 

at RT. The DNA-bound beads were then equilibrated in the pulldown buffer (50 mM Tris-HCl 
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pH 8.0, 150 mM NaCl, 5 mM MgCl2, 0.5% IGEPAL CA-630, 1 mM DTT, protease inhibitors) 

before incubation with nuclear protein extracts (250 µg) for 3 hours at 4°C. Following three 

wash steps, protein complexes were eluted using LDS buffer supplemented with DTT, 

heat-denatured (80°C, 10 minutes), and processed for mass spectrometry analysis. 

 

5.12 LC-MS preparation and analysis 
The LC-MS preparation and analysis by the Butter lab. Proteins were resolved using 

4%–12% NuPAGE Novex Bis-Tris precast gels with 1x NuPAGE MES running buffer at 180 

V for 8 minutes. Gels were fixed in a solution of 7% acetic acid and 40% methanol, stained 

with Coomassie G250, and destained with water. Individual gel lanes were excised and 

fragmented, followed by destaining in a buffer containing 50% ethanol and 25 mM 

ammonium bicarbonate (pH 8.0). After dehydration with acetonitrile (ACN), proteins 

underwent reduction with 10 mM DTT (56°C, 60 minutes) and alkylation with 50 mM 

iodoacetamide (room temperature, 45 minutes, dark conditions). The dehydrated gel 

fragments were subjected to overnight tryptic digestion at 37°C using MS-grade trypsin. 

Peptides were extracted using 30% ACN, followed by complete dehydration. After ACN 

removal, peptides underwent desalting on StageTips. Tryptic peptides were separated on a 

Reprosil C18-packed nanocapillary using an Easy nLC 1000 system. The separation 

employed a 90-minute gradient (2-60% ACN with 0.1% formic acid) at 225 nL/min flow rate. 

Analysis was performed on a Q Exactive Plus mass spectrometer using HCD fragmentation 

with Top10 MS/MS data-dependent acquisition. MaxQuant software (version 1.6.5.0) was 

used for data analysis against a mouse uniprot database, employing match-between-runs 

and LFQ quantitation. Protein groups were filtered to require two peptides minimum (one 

unique), excluding contaminants and reverse hits. Further analysis and visualization were 

performed using R. 

5.13 CUT&Tag 

The CUT&Tag in germ cells was conducted by Jessica Leismann. CUT&Tag experiments 

were performed on freshly harvested mESCs in technical triplicates or isolated germ cells 

obtained by FACS in biological duplicates. CUT&Tag was conducted following the 

established protocol with minor modifications (Kaya-Okur et al. 2019). For germ cells 

10,000-20,000 cells and for mESCs 100,000 were bound to 10 µL of Concanavalin A-coated 

beads (Polysciences, 86057-10) and incubated with primary antibodies targeting the protein 

of interest, as detailed in (Table 2). After binding with secondary antibodies, protein A-Tn5 

transposase (Diagenode, C01070001) was added at a dilution of 1:400 to insert sequencing 
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adapters at target sites. The Wash Digest Buffer was adjusted with 0.05% Digitonin for 

prospermatogonia, spermatogonia and mESCs, whereas 0.025% Digitonin for 

spermatocytes. DNA extraction was done using the DNA Clean & Concentrator kit (Zymo, 

D4014), and libraries were amplified via PCR using Q5 High-Fidelity DNA Polymerase 

(M0491S) with 15 cycles of amplification for all germ cells and mESCs samples. AMPure 

beads clean-up was performed to remove primer-dimers with a double-sided size selection:  

fragments bigger than 10,000 bp were removed by adding 0.3X beads and fragments 

smaller than 200 bp were removed by adding 1.3X ratio.  The resulting libraries were pooled 

and sequenced on an Illumina NextSeq 2000 platform using paired-end reads (2x155 nt), 

generating 7-15 million read pairs per sample. 

5.13.1 CUT&Tag-qPCR 

CUT&Tag-qPCR was performed to evaluate the profiling method of NRF1 in mESCs. The 

primers used for testing the NRF1 enrichment at known positive control targets and TEs are 

listed in Table 1. The qPCR was performed using Power SYBR Green PCR Master Mix. 5 µL 

of each sample was used per reaction. 

5.13.2 Bioinformatic analysis 
 

Paired-end reads were quality-trimmed using Trim Galore (v.0.6.10) with a minimum 

read length of 10 bp, and quality reports were generated using FastQC. Trimmed reads were 

aligned to the mm10 reference genome using Bowtie2 (v.2.5.3) in local alignment mode  

allowing a minimum fragment length of 10 bp and a maximum of 1,000 bp, while excluding 

mixed and discordant alignments. Multimapping reads were assigned randomly as 

previously described (Teissandier et al. 2019).  Duplicates were retained, as CUT&Tag 

fragments can share identical starting and ending positions because the Tn5 integration 

sites are affected by DNA accessibility. BAM files were first indexed using Samtools (v.1.10).  

Then, BigWig files were generated from the BAM files using bamCoverage (v. 2.27.1) , with 

normalization set to RPGC. DNMT3C-targets were identified using published WGBS data 

(Barau et al. 2016). Downstream visualization of reads as heatmaps or metaplots were 

generated using deepTools (v.3.5.5) and was performed by Jessica Leismann and IMB’s 

Bioinformatics facility. BAM files of replicates were merged using Samtools (v.1.10). Peak 

calling was performed using MACS2 (v.2.1.2) on aligned BAM files, with no control BAM files 

specified. The analysis was conducted using broad peak calling mode, with genome size set 

to 'mm' (for mouse) and otherwise default settings. 
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5.14 EZH2i treatment 
WT and TKO mESCs were seeded on 0.2% gelatin-coated plates before treatment. 

For chemical EZH2 inhibition, 5μM of GSK16 (MedChem Express, HY-13470) inhibitor was 

mixed with mESCs culture media (supplemented with titrated 2i and LIF) and cultured for 5 

days. In parallel, WT and TKO mESCs were treated with DMSO and used as a negative 

control treatment; media was changed daily adding fresh GSK16. 

 

Table 1. Primers and Oligonucleotides 

 

Primers and Oligonucleotides 

Name Application Full Sequence (5’ 
to 3’) 

Annealing (5’ to 
3’) 

5’ Extension  

sgRNA1 ss 
mouse 
Rosa26 

Cloning 
ACCGTGTATGTAAC
TAATCTGTCGT 

ACCGTGTATGTAACT
AATCTGTCGT 

 

sgRNA1 as 
mouse 
Rosa26 

Cloning 
TAAAACGTGTATGTA
ACTAATCTGT 

TAAAACGTGTATGTA
ACTAATCTGT 

 

sgRNA2 ss 
mouse 
Rosa26 

Cloning 
ACCGTTACATACAC
CACAAATCGGT 

ACCGTTACATACAC
CACAAATCGGT 

 

sgRNA2 as 
mouse 
Rosa26 

Cloning 
TAAAACCGATTTGT
GGTGTATGTAA 

TAAAACCGATTTGTG
GTGTATGTAA 

 

sgRNA1 ss 
mouse 
TIGRE 

Cloning 
CACCACGTAAATTA
GAGTTCTAAG 

CACCACGTAAATTA
GAGTTCTAAG 

 

sgRNA1 as 
mouse Tigre 

Cloning AAACACCTTAGAAC
TCTAATTTACGT 

AAACACCTTAGAAC
TCTAATTTACGT 

 

sgRNA2 ss 
mouse Tigre 

Cloning ACCGCTAATTTACGT
ACCCCCTCCGT 

ACCGCTAATTTACGT
ACCCCCTCCGT 

 

sgRNA2 as 
mouse Tigre 

Cloning TAAAACGGAGGGG
GTACGTAAATTAG 

TAAAACGGAGGGGG
TACGTAAATTAG 

 

sgRNA1 ss 
mouse 
KAP1/Trim28 

Cloning 
CACCGCACAAGAG
CCCCAGCTTCAG 

CACCGCACAAGAGC
CCCAGCTTCAG 
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Primers and Oligonucleotides 

Name Application Full Sequence (5’ 
to 3’) 

Annealing (5’ to 
3’) 

5’ Extension  

sgRNA1 as 
mouse 
KAP1/Trim28 

Cloning 

AAACCTGAAGCTGG
GGCTCTTGTGC 

AAACCTGAAGCTGG
GGCTCTTGTGC 

 

dTAG-2HA-P
2A-puro-NO
microHR-KA
P1 FWD 

Generating PCR 
product 
(microhomology 
arms) for 
-FKBPV-xHA-NO
puro for KnockIn 
in Kap1) 

GCTGGCCTAAGTTC
TCAGGAGCTCTCTG
GCCCTGGTGATGG
CCCCGGTGGCGGT
GGCTCG 

GGTGGCGGTGGCT
CG 

GCTGGCCTAAGTT
CTCAGGAGCTCTC
TGGCCCTGGTGAT
GGCCCC 

dTAG-2HA-P
2A-puro-NO
microHR-KA
P1 REV 

Generating PCR 
product for 
-FKBPV-xHA-NO
puro for KnockIn 
in Kap1) 

CCAGAGCTGGACT
GGGCTGACCACAA
GAGCCCCAGCTTCA
TGCATAGTCCGGGA
CATCAT 

TGCATAGTCCGGGA
CATCAT 

CCAGAGCTGGACT
GGGCTGACCACAA
GAGCCCCAGCTTC
A 

mouse 
dTAG-2HA-P
2A-puro-micr
oHR-KAP1 
REV 

Cloning (PCR 
amplification) 
-FKBPV-xHA-pur
o and clone into 
a plasmid donor 
for KnockIn in 
Kap1) 

GAGACCAGAGCTG
GACTGGGCTGACC
ACAAGAGCCCCAG
CTTCATCAGGCACC
GGGCTTG 

TCAGGCACCGGGC
TTG 

GAGACCAGAGCT
GGACTGGGCTGA
CCACAAGAGCCCC
AGCTTCA 

dTAG-2HA-P
2A-puro-micr
oHR-KAP1 
FWD 

Cloning (PCR 
amplification) 
-FKBPV-xHA-pur
o and clone into 
a plasmid donor 
for KnockIn in 
Kap1) 

GCTGGCCTAAGTTC
TCAGGAGCTCTCTG
GCCCTGGTGATGG
CCCCGGTGGCGGT
GGCTCG 

GGTGGCGGTGGCT
CG 

GCTGGCCTAAGTT
CTCAGGAGCTCTC
TGGCCCTGGTGAT
GGCCCC 

dTAG KI/WT 
Kap1 FWD 

For amplifying 
RHA of KAP1 
locus and clone 
into a plasmid 
donor  to 
transfect for 
KnockIn in Kap1) 

TGCAGGTGGAAACC
ATCTCC 

TGCAGGTGGAAACC
ATCTCC 

 

dTAG KI/WT 
Kap1 REV 

 
 
PCR genotyping 
for KI/WT allele 
Kap1 

TTTGTGAAGAGGGA
CTGAGGG 

TTTGTGAAGAGGGA
CTGAGGG 

 

dTAG KI 
Kap1 FWD 

PCR genotyping 
for KI specific 
allele Kap1 

TGGTGCATGACCCG
CAAG 

TGGTGCATGACCCG
CAAG 
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Primers and Oligonucleotides 

Name Application Full Sequence (5’ 
to 3’) 

Annealing (5’ to 
3’) 

5’ Extension  

dTAG-Cas9 
KI in mouse 
Tigre FWD 

PCR genotyping 
for Cas9 KI  

ACTAGTTAACTCTCA
GGTCCCC 

ACTAGTTAACTCTCA
GGTCCCC 

 

dTAG-Cas9 
KI in mouse 
Tigre REV 

PCR genotyping 
for Cas9 KI  TCAGTTTGGCTCTC

TGACCC 
TCAGTTTGGCTCTC
TGACCC 

 

dTAG-Cas9 
KI in mouse 
Tigre REV 

PCR genotyping 
for Cas9 KI  ACCGAATACGGACT

CGTTTCTTGGGT 
ACCGAATACGGACT
CGTTTCTTGGGT 

 

sgRNA1 fwd 
Suv39h1 KO  

Cloning/ 
Generating 
Suv39h-dKO cell 
line CACCGGCCAGATCT

ACGACCGCCA 
CACCGGCCAGATCT
ACGACCGCCA 

 

sgRNA1 rev 
Suv39h1 KO  

Cloning/ 
Generating 
Suv39h-dKO cell 
line 

AAACTGGCGGTCGT
AGATCTGGCC 

AAACTGGCGGTCGT
AGATCTGGCC 

 

sgRNA2 rev 
Suv39h1 KO  

Cloning/ 
Generating 
Suv39h-dKO cell 
line 

TAAAACCCAAGAAA
CGAGTCCGTATTC 

TAAAACCCAAGAAA
CGAGTCCGTATTC 

 

sgRNA2 fwd 
Suv39h1 KO  

Cloning/ 
Generating 
Suv39h-dKO cell 
line 

ACCGAATACGGACT
CGTTTCTTGGGT 

ACCGAATACGGACT
CGTTTCTTGGGT 

 

sgRNA1 fwd 
Suv39h2 KO  

Cloning/ 
Generating 
Suv39h-dKO cell 
line 

CACCGTCTTCACTT
GTGATCACCTA 

CACCGTCTTCACTT
GTGATCACCTA 

 

sgRNA1 rev 
Suv39h2 KO  

Cloning/ 
Generating 
Suv39h-dKO cell 
line 

TAAAACTAGGTGAT
CACAAGTGAAGAC 

TAAAACTAGGTGATC
ACAAGTGAAGAC 

 

Suv39h1 ko 
fwd  

genotyping 
KO/WT 

CATCGCTCCTGTTC
ACTGTTC 

CATCGCTCCTGTTC
ACTGTTC 

 

Suv39h1 ko 
fwd 

Genotyping WT 
(anneals only in 
WT) 

TCCTTGTTCTGAGC
CTCTGG 

TCCTTGTTCTGAGC
CTCTGG 

 

108 



 

Primers and Oligonucleotides 

Name Application Full Sequence (5’ 
to 3’) 

Annealing (5’ to 
3’) 

5’ Extension  

Suv39h1 ko 
rev  

genotyping  ko/wt GTAGGTGAGGACAA
GTGGAG 

GTAGGTGAGGACAA
GTGGAG 

 

Suv39h2 ko 
fwd  

Genotyping ko/wt GTCACCTGTGGTCC
TATGTG 

GTCACCTGTGGTCC
TATGTG 

 

Suv39h2 ko 
fwd 

genotyping  ko/wt 
 

GACCTGGACTACGA
GTCTGA 

GACCTGGACTACGA
GTCTGA 

 

Suv39h2 ko 
rev  

genotyping ko/wt GGACCAGAGCTAAG
TAGGCA 

GGACCAGAGCTAAG
TAGGCA 

 

IAP Δ1 FWD 
(Zamudio et 
al. 2015) 

RT-qPCR 
AACGCTGCTGCTTT
AACTCC 

AACGCTGCTGCTTT
AACTCC 

 

IAP Δ1 REV 
(Zamudio et 
al. 2015) 

RT-qPCR 

TGCACATAAAGCTG
GCACA 

TGCACATAAAGCTG
GCACA 

 

Gapdh FWD 
(Walter et al. 
2016) 

RT-qPCR 
TCCATGACAACTTT
GGCATTG 

TCCATGACAACTTT
GGCATTG 

 

Gapdh REV 
(Walter et al. 
2016) 

RT-qPCR 
CAGTCTTCTGGGTG
GCAGTGA 

CAGTCTTCTGGGTG
GCAGTGA 

 

IAPez_FWD 
(Deniz et al. 
2018) 

RT-qPCR 
AAGCAGCAATCACC
CACTTTGG 

AAGCAGCAATCACC
CACTTTGG 

 

IAPez_REV 
(Deniz et al. 
2018) 

RT-qPCR 
CAATCATTAGATGTG
GCTGCCAAG 

CAATCATTAGATGTG
GCTGCCAAG 

 

IAP_Gag_F
WD (Deniz et 
al. 2018) 

RT-qPCR 

AATCTCAGAACCGC
TCCATGA 

AATCTCAGAACCGC
TCCATGA 

 

IAP_Gag_RE
V (Deniz et 
al. 2018) 

RT-qPCR 
TTTCTTAAAATGCCC
AGGCTTT 

TTTCTTAAAATGCCC
AGGCTTT 

 

MMERKV10
C_FWD 
(Deniz et al. 
2018) 

RT-qPCR 

CAAATAGCCCTACC
ATATGTCAG 

CAAATAGCCCTACC
ATATGTCAG 
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Primers and Oligonucleotides 

Name Application Full Sequence (5’ 
to 3’) 

Annealing (5’ to 
3’) 

5’ Extension  

MMERKV10
C_REV 
(Deniz et al. 
2018) 

RT-qPCR 

GTATACTTTCTTCTT
CAGGTCCAC 

GTATACTTTCTTCTT
CAGGTCCAC 

 

MuERV-L 
FWD 
(Zamudio et 
al. 2015) 

RT-qPCR 

CAATGGGAAGGTCC
AGAAGA 

CAATGGGAAGGTCC
AGAAGA 

 

MuERV-L 
REV 
(Zamudio et 
al. 2015) 

RT-qPCR 

CCTTGTTACCTCGG
AATCCA 

CCTTGTTACCTCGG
AATCCA 

 

IAP 5' UTR 
FWD (Rowe 
et al. 2010)  

RT-qPCR, 
CUT&Tag-qPCR 

CGGGTCGCGGTAAT
AAAGGT 

CGGGTCGCGGTAAT
AAAGGT 

 

IAP 5' UTR 
REV (Rowe 
et al. 2010) 

RT-qPCR, 
CUT&Tag-qPCR 

ACTCTCGTTCCCCA
GCTGAA 

ACTCTCGTTCCCCA
GCTGAA 

 

L1_promoter 
- FWD 
(Bulut-Karslio
glu et al. 
2014) 

RT-qPCR 

ACTGCGGTACATAG
GGAAGC 

ACTGCGGTACATAG
GGAAGC 

 

L1_promoter 
- REV 
(Bulut-Karslio
glu et al. 
2014) 

RT-qPCR 

TGTGATCCACTCAC
CAGAGG 

TGTGATCCACTCAC
CAGAGG 

 

L1_ORF1 - 
FWD 
(Bulut-Karslio
glu et al. 
2014) 

RT-qPCR 

CACTCCCACCCCAC
CTAGT 

CACTCCCACCCCAC
CTAGT 

 

L1_ORF1 
REV 
(Bulut-Karslio
glu et al. 
2014) 

RT-qPCR 

TAACTCTTTAGCAGT
GCTCTCCTGT 

TAACTCTTTAGCAGT
GCTCTCCTGT 
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Primers and Oligonucleotides 

Name Application Full Sequence (5’ 
to 3’) 

Annealing (5’ to 
3’) 

5’ Extension  

L1_ORF2 - 
FWD 
(Bulut-Karslio
glu et al. 
2014) 

RT-qPCR 

ACCTGGACGAAATG
GACAAA 

ACCTGGACGAAATG
GACAAA 

 

L1_ORF2 - 
REV 
(Bulut-Karslio
glu et al. 
2014) 

RT-qPCR 

CATCTGGTCCTGGG
CTTTT 

CATCTGGTCCTGGG
CTTTT 

 

L1 Gf FWD 
(Zamudio et 
al. 2015) 

RT-qPCR 

CTCCTTGGCTCCGG
GACT 

CTCCTTGGCTCCGG
GACT 

 

L1 Gf REV 
(Zamudio et 
al. 2015) 

RT-qPCR 

CAGGAAGGTGGCC
GGTTGT 

CAGGAAGGTGGCC
GGTTGT 

 

L1 Tf FWD 
(Zamudio et 
al. 2015) 

RT-qPCR 
CAGCGGTCGCCATC
TTG 

CAGCGGTCGCCATC
TTG 

 

L1 Tf REV 
(Zamudio et 
al. 2015) 

RT-qPCR 
CACCCTCTCACCTG
TTCAGACTAA 

CACCCTCTCACCTG
TTCAGACTAA 

 

Asz1 FWD 

CUT&Tag-qPCR 
Nrf1 binding site 1 
Asz1 

TCACTATCGCTGCT
CTCGC 

TCACTATCGCTGCT
CTCGC 

 

Asz1 REV 

CUT&Tag-qPCR 
Nrf1 binding site 1 
Asz1 

AGCTCTGATAGTGC
GCAGG 

AGCTCTGATAGTGC
GCAGG 

 

Asz1’ FWD 

CUT&Tag-qPCR 
Nrf1 binding site 2 
Asz1 

CGCACTATCAGAGC
TTGAGC 

CGCACTATCAGAGC
TTGAGC 

 

Asz1’ REV 

CUT&Tag-qPCR 
Nrf1 binding site 2 
Asz1 

AGGTTCCGGTGTGA
AAGGCC 

AGGTTCCGGTGTGA
AAGGCC 

 

Nrf1 target 
(control) 

CUT&Tag-qPCR 
Nrf1 
methyl-sensitive 
binding  

AGCCATGCCAGTTG
GAGA 

AGCCATGCCAGTTG
GAGA 
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Primers and Oligonucleotides 

Name Application Full Sequence (5’ 
to 3’) 

Annealing (5’ to 
3’) 

5’ Extension  

Nrf1 target 
(control) 

CUT&Tag-qPCR 
Nrf1 
methyl-sensitive 
binding  

CAGTTCCCAAAGGT
GCAGAA 

CAGTTCCCAAAGGT
GCAGAA 

 

L1MdA FWD CUT&Tag-qPCR 
CTGCCCCAATCCAA
TCGCG 

CTGCCCCAATCCAA
TCGCG 

 

L1MdA REV CUT&Tag-qPCR 
GAGCGGAAGGGAC
TTGTGC 

GAGCGGAAGGGAC
TTGTGC 

 

L1MdT FWD CUT&Tag-qPCR 
AGAGGGTGCGCCA
GAGAA 

AGAGGGTGCGCCA
GAGAA 

 

L1MdT REV CUT&Tag-qPCR 
CCTGTCCTCTGGTC
CGGA 

CCTGTCCTCTGGTC
CGGA 

 

OPP150 T7 
term FWD 

Cloning backbone 
expression vector 
(IAP-GAG Ab) 

CCTTGGGGCCTCTA
AACGGGTCTTG 

CCTTGGGGCCTCTA
AACGGGTCTTG 

 

OPP1 REV 

Cloning backbone 
expression vector 
(IAP-GAG Ab) 

GGGCCCCTGGAAC
AGAACTTCCAG 

GGGCCCCTGGAAC
AGAACTTCCAG 

 

GAG epitope 
for cloning the 
Gag epitope-  

CTGTTCCAGGGGC
CCTTAACGGGTCAG
GGAGCTTA 

TTAACGGGTCAGGG
AGCTTA 

CTGTTCCAGGGGC
CC 

GAG epitope 
for cloning the 
Gag epitope- rev 

TTAGAGGCCCCAAG
GTCATTATAAACCTG
CATTGCTAAGGG 

TCATTATAAACCTGC
ATTGCTAAGGG 

TTAGAGGCCCCAA
GG 

 
 

Table 2. Antibodies 

Antibodies 

Antibody 
target 

Species Source Cat. No.  Application Dilution 

HA-tag Rabbit Cell Signaling 3724 IF/WB 1:1000/1:5000 

α-TUBULIN Mouse Sigma T5168 WB 1:10000 
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Antibodies 

FLAG-tag Mouse Sigma F1804-200UG WB 1:5000 

PCNA Mouse DAKO 
(Agilent) 

M0879 WB 1:2000 

L1ORF1p Rabbit Abcam ab216324 IF/WB 1:400/1:1000 

TRA98 Rat Abcam ab82527 IF/WB 1:500 

POL II 
(phospho 
S5) 

Rabbit Abcam ab5131 WB 1:100 

IAP-POL Rabbit produced by 
Boulard lab 

 IF/WB 1:400/ 1:1000 

IAP-GAG 
(1294/1295) 

Rabbit Produced by 
Eurogentec 
and IMB Core 
Facility 

 IF/WB 1:400/ 1:1000 

NRF1 Rabbit Abcam ab34682 CUT&Tag 1:50 

NRF1 Rabbit Abcam ab175932 IF 1:600 

IgG control Rabbit Abcam ab37415 CUT&Tag 1:50 

Rabbit IgG Guinea pig Antibodies ABIN101961 CUT&Tag 1:100 

 
 

Supplementary material  

Sequences (5’ to 3’) 

 
1.​ Full length ERVK (IAPez) LTR_Mm (used for 5.5.1 RNA FISH homemade 

probes): 
 
TGTGGGAAGCCGCCCCCACATTCGCCGTCACAAGATGGCGCTGACATCCTGTGTTCTAAGTTGGTAAA
CAAATAATCTGCGCATGAGCCAAGGGTATTTACGACTACTTGTACTCTGTTTTTCCCGTGAACGTCAGCT
CGGCCATGGGCTGCAGCCAATCAGGGAGTGATGCGCCCTAGGCAATGGTTGTTCTCTTTAAAATAGAA
GGGGTTTCGTTTTTCTCGCTCTCTTGCTTCTCTCTCTTGCTTCTCTCTCTTGCTTCTTACACTCTGGCCC
CATAAGATGTAAGCAATAAAGCTTTGCCGTAGAAGATTCTGGTTGTTGTGTTCTTCCTGGCCGGTCGTG
AGAACGCGACGAATAACAATTGGTGCCGAATTCCGGGACGAGAAAATCCGGGACGAGAAAAAACTCCG
GACTGGCGCAGGAGGGATACTTCATTTCAGAACCAGAACTACGGATCACGTTTATAAAGGTTCCCGTAA
CACAGACTGTTGAGAAGGATTCAACTACCGAATTCAGAACTCATCAGCTGGGGAACGACGGTGATAAA
GGTTCCCGTAAAGCAGACTGTTAAGAAGGATTCAACTGTATGAATTCAGAACTTTTCAGCTGGGGAACG
AGAGTACCAGTGAGTATGTTTGGCCTTGAATTTTTTCTGGTGTTAGGAGCCCTTTTGTTCCTTTTCACAT
GTTATATAGTGGTTAAGGCAGGGCTGAAAATTCTGGATGAAATTCAGGGCAGTCTATCAGAAGTAAAGC
GGGGAGAGAGAGTAGGAGCAAGGAGAAACGGTAAGTATACAGGCCTTTCCAAGGGTCTTGAACCCGA
GGAAAAGTTAAGGTTAGGTAGGAATACCTGGAGAGAGATTAGAAGAAAAAGAGGAAAAAGGGAAAAGA
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AAAAAGATCGATTAGCGGAGGTCTCTAGGAGATACTCGTCACTAGATGAGCTCAGGAAGCCAGCTCTTA
GTAGCTCTGAAGCAAGTGAAGAATCCTCCTCTGAGGAAACAGACTGGGAGGAAGAAGCAGCCCATTAC
CAGCCAGCTAATTGGTCAAGAAAAAAGCCAAAAGCGGCTGGCGAAAGTCAGCGTACTGTTCAACCTCC
CGGCAGTCGGTTTCAAGGTCCGCCCTATGCGGAGCCCCCGCCCTGCGTAGTGCGTCAGCAATGCGCA
GAGAGGCAATGCGCAGAGAGGTGCGCAGAGAGGCAGTGCGCAGACAGGTGCGCAGAGAGGCAGTG
CGCAGAGAGGCAGTGCGCAGACTCATTCATTCCCCGAGAGGAACAAAAGAAAATAGAACAGGCATTTC
CAGTCTTTGAAGGAGCCGAGGGTGGGCGTGTCCACGCTCCGGTAGAATACGTACAGATTAAGGAAATT
GCCGAGTCGGTTCGTAAATACGGAACCAATGCTAATTTCACCTTGGTGCAGTTAGACAGGCTCGCTGGT
ATGGCACTAACGCCTGCTGATTGGCAGACGGTTGTAAAAGCCGCTCTTCCTAGTATGGGCAAATATATG
GAATGGAAAGCGCTTTGGCACGAAGCTGCACAGGCGCAGGCCCGAGCAAACGCAGCTGCTTTGACTC
CAGAGCAGAGAGATTGGACTTTTGACTTGTTAACGGGTCAGGGAGCTTATTCTGCTGATCAGACAAACT
ACCATTGGGGAGCTTATGCCCAGATTTCTTCCACGGCTATTAGGGCCTGGAAGGCGCTCTCTCGAGCA
GGTGAAACCACTGGTCAGTTAACAAAAATAATCCAGGGACCTCAGGAATCTTTCTCAGATTTTGCGGCC
AGAATGACAGAGGCAGCAGAGCGTATTTTTGGAGAGCCAGAGCAAGCTGCGCCTCTCATAGAACAGCT
AATCTACGAGCAAGCCACAAAGGAGTGCCGAGCGGCCATAGCCCCAAGAAAGAACAAAGGCTTACAAG
ACTGGCTCAGGGTCTGTCGAGAGCTTGGGGGACCCCTTAGCAATGCAGGTTTAGCGGCTGCCATCCTT
CAATCCCAAAACCGCTCCATGGGCAGAAATGATCAGAGGACATGTTTTAACTGCGGAAAGCCTGGGCA
TTTTAAGAAAGATTGCAGAGCTCCAGATAAACAGGGAGGGACTCTCACTCTTTGCTCTAAGTGTGGCAA
GGGTTATCATAGAGCTGACCAGTGTCGCTCTGTGAGGGATATAAAGGGCAGAATTCTTCCCCCACCTGA
TAGTCAATCAGCTGATGTGCCAAAAAACGGGTCACCGGGCCCTCGGTCCCAGGGCCCTCAAAGATATG
GGAACCGGTTTGTCAGGACCCAGGAAGCAGTCAGAGAGACGACCCAGGAAGACCCACAAGGGTGGA
CCTGCGTGCCGCCTCCGACTTCCTATTAATGCCTCAAATGAGTATTCAGCCGGTGCCGGTGGAGCCTAT
ACCATCCTTGCCCCCGGGAACCATGGGCCTTATTCTCGGCCGAGGTTCACTCACCTTGCAGGGCTTAG
TAGTCCACCCTGGAATTATGGATTGTCAACATTCCCCTGAAATACAGGTTCTGTGCTCAAGCCCTAAAGG
CGTTCTTTCTATTAGTAAAGGAGATAGGATAGCTCAGCTGCTGCTCCTCCCTGATAATACCAGGGAGAAA
TCTGCAGGACCTGAGATAAAGAAAATGGGCTCCTCAGGAAATGATTCTGCCTATTTGGTTGTATCTTTAA
ATGATAGACCTAAGCTCCGCCTTAAGATTAATGGAAAAGAGTTTGAAGGCATCCTTGATACCGGAGCAG
ATAAAAGTATAATTTCTACACATTGGTGGCCCAAAGCATGGCCCACCACAGAGTCACCTCATTCATTACA
GGGCCTAGGATATCAATCATGTCCCACTATAAGCTCCGTTGCCTTGACGTGGGAATCCTCTGAAGGGCA
GCAAGGGAAATTCATACCTTATGTGCTCCCACTCCCGGTTAACCTCTGGGGAAGGGATATTATGCAGCA
TTTGGGCCTTATTTTGTCCAATGAAAACGCCCCATCAGGAGGGTATTCAGCTAAAGCAAAAAATGTCATG
GCAAAGATGGGTTATAAAGAAGGAAGAGGGTTAGGACATCAAGAACAGGGAAGGATAGAGCCCATCTC
ACCTAATGGAAACCAAGACAGACAGGGTCTGGGTTTTCCATAGCGGCCATTGGGGCAGCACGACCCAT
ACCATGGAAAACAGGGGACCCAGTGTGGGTTCCTCAATGGCACCTATCCTCTGAAAAACTAGAAGCTG
TGATTCAACTGGTAGAGGAACAATTAAAATTAGGCCATATTGAACCCTCTACCTCACCTTGGAATACTCC
AATTTTTGTAATTAAGAAAAAGTCAGGAAAGTGGAGACTGCTCCATGACCTCAGAGCCATTAATGAGCAA
ATGAACTTATTTGGCCCAGTACAGAGGGGTCTCCCTGTATTTTCCGCCTTACCACGTGGCTGGAATTTAA
TCATTATAGATATTAAAGATTGTTTCTTTTCTATACCTTTGTGTCCAAGGGATAGGCCCAGATTTGCCTTTA
CCATCCCCTCTATTAATCACATGGAACCTGATAAGAGGTATCAATGGAAGGTCTTACCACAGGGAATGTC
CAATAGTCCTACTATGTGTCAACTTTATGTACAAGAAGCTCTTTTGCCAGTGAGGGAACAATTCCCCTCT
TTAATTTTGCTCCTTTACATGGATGACATCCTCCTGTGCCATAAAGACCTTACCATGCTACAAAAGGCATA
TCCTTTTCTACTTAAAACTTTAAGTCAGTGGGGTCTACAGATAGCCACAGAAAAGGTCCAAATTTCTGAT
ACAGGACAATTCTTGGGCTCTGTGGTGTCCCCAGATAAGATTGTGCCCCAAAAGGTAGAGATAAGAAGA
GATCACCTCCATACCTTAAATGATTTTCAAAAGCTGTTGGGAGATATTAATTGGCTCAGACCCTTTTTAAA
GATTCCTTCTGCTGAATTAAGGCCTTTGTTTAGTATTTTAGAAGGAGATCCTCATATCTCCTCCCCTAGGA
CTCTTACTCTAGCTGCTAACCAGGCCTTACAAAAAGTGGAAAAAGCCTTACAGAATGCACAATTACAACG
TATTGAGGATTCGCAGCCTTTCAGTTTGTGTGTCTTTAGGACAGCACAATTGCCAACTGCAGTTTTGTG
GCAAAGTGGGCCATTGTTGTGGATCCATCCAAACGTATCCCCAGCTAAAATAATAGATTGGTATCCTGAT
GCAATTGCACAGCTTGCCCTTAAAGGCCTAAAAGCAGCAATCACCCACTTTGGGCAAAGTCCATATCTT
TTAATTGTACCTTATACCGCTGCACAGGTTCAAACCTTGGCAGCCACATCTAATGATTGGGCAGTTTTAG
TTACCTCCTTTTCAGGAAAAATAGGTAACCATTATCCAAAACATCCAATCTTACAGTTTGCCCAAAATCAA
TCTGTTGTGTTTCCACAAATAACAGTAAGAAACCCACTTAAAAATGGGATTGTGGTATATACTGATGGATC
AAAAACTGGCATAGGTGCCTATGTGGCTAATGGTAAAGTGGTATCCAAACAATATAATGAAAATTCACCTC
AAGTGGTAGAATGTTTAGTGGTCTTAGAAGTTTTAAAAACCTTTTTAGAACCCCTTAATATTGTGTCAGAT
TCCTGTTATGTGGTAAATGCAGTAAATCTTTTAGAAGTGGCTGGAGTGATTAAGCCTTCCAGTAGAGTTG
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CCAATATTTTTCAGCAGATACAATTAGTTTTGTTATCTAGAAGATCTCCTGTTTATATTACTCATGTTAGAGC
CCATTCAGGCCTACCTGGCCCCATGGCTCTGGGAAATGATTTGGCAGATAAGGCCACTAAAGTGGTGG
CTGCTGCCCTATCATCCCCGGTAGAGGCTGCAAGAAATTTTCATAACAATTTTCATGTGACGGCTGAAAC
ATTACGCAGTCGTTTCTCCTTGACAAGAAAAGAAGCCCGTGACATTGTTACTCAATGTCAAAGCTGCTG
TGAGTTCTTGCCAGTTCCTCATGTGGGAATTAACCCACGCGGTATTCGACCTCTACAGGTCTGGCAAAT
GGATGTTACACATGTTTCTTCCTTTGGAAAACTTCAATATCTCCATGTGTCCATTGACACATGTTCTGGCA
TCATGTTTGCCTCTCCGTTAACCGGAGAAAAAGCCTCACATGTGATTCAACATTGTCTTGAGGCATGGA
GTGCTTGGGGGAAACCCAGATTCCTTAAGACTGATAATGGACCAGCTTATACATCCCAAAAATTCCAACA
GTTCTGCCGTCAGATGGACGTGACCCACCTGACTGGACTTCCATACAACCCTCAAGGACAGGGTATTG
TTGAGCGTGCGCATCGCACCCTCAAAGCCTATCTTTTAAAACAGAAGAGGGGAACTTTTGAGGAGACT
GTACCCCGAGCACCAAGAGTGTCGGTGTCTTTGGCACTCTTTACACTCAATTTTTTAAATATTGATGCTC
ATGGCCATACTGCGGCTGAACGTCATTGTTCAGAGCCAGATAGGCCCAATGAGATGGTTAAATGGAAAA
ATGTCCTTGATAATAAATGGTATGGCCCGGATCCTATCTTGATAAGATCCAGGGGAGCTATCTGTGTTTTC
CCACAGAATGAAGACAACCCATTTTGGGTACCAGAAAGACTCACCCGAAAAATCCAGACTGACCAAGG
GAATACTAATGTCCCTCGTCTTGGTGATGTCCAGGGCGTCAATAATAAAGAGAGAGCAGCGTTGGGGG
ATAATGTCGACATTTCCACTCCCAATGACGGTGATGTATAATGCTCAAGTATTCTCCTGCTTTTTTACCAC
TAACTAGGAACTGGGTTTGGCCTTAATTCAGACAGCCTTGGCTCTGTCCGGACAGGTCCAGACAACTG
ACACCATTAACACTTTGTCAGCCTCAGTGACTACAGTCATAGATGAACAGGCCTCAGCTAATGTCAAGAT
ACAGAGAGGTCTCATGCTGGTTAATCAACTCATAGATCTTGTCCAGAAACAACTAGATGTATTATGACAA
ATAACTCAGCAGGGATGTGAACAAAAGTTTCCGGGATTGTGTGTTATTTCCATTCAGTATGTTAAATTTAC
TAGGACAGCTAATTTGTCAAAAAGTCTTTTTCAGTATATGTTACAGAATTGGATGGCTGAATTTGAATAGA
TCCTTCGAGAATTGAGACTTCAGGTCAACTCCACGCGCTTGGACCTGTCGCTGACCAAAGGATTACCC
AATTGGATCTCCTCAGCATTTTCTTTCTTTAAAAAATTGGGTGGGATTAATATTATTTGGAGATACACTTTG
CTGTGGATTAGTGTTGCTTCTTTGATTGGTCTGTAAGCTTAAGGCCCAAACTAAGAGAGACAAGGTGGT
TATTGCCCAGGCGCTTGCAGGACTAGAACATGGAGCTTCCCCTGATATATCTATGCTTAAGCAATAGGTC
GCTGGCCACTCAGCTCTTATATCTCACGAGGCTAGTCTCATTGCACGAGATAGAGTGAGTGTGCTTCAG
CAGCCCGAGAGAGTTGCAGGGCTAAGCACTGCAGTAGAAGGGCTCTGCGGCACATATGAGCCTATTCT
AGGGAGACATGTCATCTTTCATGAAGGTTCAGTGTCCTAGTTCCCTTCCCCCAGGCAAAACGACACGG
GAGCAGGTCAGGGTTGCTCTGGGTAAAAGCCTGTAAGCCTAAGAGCTAATCCTGTACATGGCTCCTTTA
CCTACACACTGGGGATTTGACCTCTATCTCCACTCTCATCAATATGGGTGGCCTATTTGCTCCTATTAAAA
GAAAAAGGGGGAACTGTGGGAAGCCGCCCCCACATTCGCCGTCACAAGATGGCGCTGACATCCTGTG
TTCTAAGTTGGTAAACAAATAATCTGCGCATGAGCCAAGGGTATTTACGACTACTTGTACTCTGTTTTTCC
CGTGAACGTCAGCTCGGCCATGGGCTGCAGCCAATCAGGGAGTGATGCGCCCTAGGCAATGGTTGTT
CTCTTTAAAATAGAAGGGGTTTCGTTTTTCTCGCTCTCTTGCTTCTCTCTCTTGCTTCTCTCTCTTGCTTC
TTACACTCTGGCCCCATAAGATGTAAGCAATAAAGCTTTGCCGTAGAAGATTCTGGTTGTTGTGTTCTTC
CTGGCCGGTCGTGAGAACGCGACGAATAA 
 
 
 

2.​ GAG epitope (used for 5.7 IAP-GAG antibody generation): 
 
TTAACGGGTCAGGGAGCTTATTCTGCTGATCAGACAAACTACCATTGGGGAGCTTATGCCCAGATTTCT
TCCACGGCTATTAGGGCCTGGAAGGCGCTCTCTCGAGCAGGTGAAACCACTGGTCAGTTAACAAAAAT
AATCCAGGGACCTCAGGAATCTTTCTCAGATTTTGCGGCCAGAATGACAGAGGCAGCAGAGCGTATTTT
TGGAGAGCCAGAGCAAGCTGCGCCTCTCATAGAACAGCTAATCTACGAGCAAGCCACAAAGGAGTGCC
GAGCGGCCATAGCCCCAAGAAAGAACAAAGGCTTACAAGACTGGCTCAGGGTCTGTCGAGAGCTTGG
GGGACCCCTTAGCAATGCAGGTTTATAATGA 
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