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General Introduction 

 
Viral influencers in genome evolution 
In 1859, Charles Darwin proposed in The Origin of Species, that all living organisms share a common 

ancestor and have evolved through variation and natural selection. Classic evolution is the process 

where numerous successive generations accumulate small genetic mutations, leading to the gradual 

adaptation of species and branching into new species. By means of natural selection, organisms adapt 

to changes in their environment and compete for limited resources. Organisms with the best fitness to 

a novel environment are more likely to survive and reproduce, ensuring the inheritance of advantageous 

traits for future generations. But do small random mutations cause enough variation to adapt to a rapidly 

changing environment? Other forces too can have a major impact on survival of individual organisms or 

of a species as a whole. Although evolution is an ongoing process of almost four billion years, did it 

contain enough successive generations for random mutations to generate the variation required for 

speciation? An important selective pressure in the evolution of humans and their adaptive abilities, is 

the external influence of pathogens (Fumagalli et al., 2011; Ebert and Fields, 2020). In what way do 

pathogens influence the evolution of a species? How does a disease-causing agent lead to genetic 

variation? Recently, we were reminded that viruses can have a major impact on the health of our own 

species. On a global scale, the COVID-19 pandemic caused many human casualties and made clear 

that we are very vulnerable without proper defense systems (Zhu et al., 2020). But apart from causing 

disease, is it possible that viruses had a more constructive impact on the evolution of the human species, 

for example by providing useful genetic material (Roossinck, 2011)?  

 

Viruses are the most abundant form of life on the planet, but their origin is unknown. Because viruses 

do not make their own genome copies and instead rely on the cells of other organisms to propagate, 

they can be regarded as very successful parasites. Viral genomes can exist outside a body and consist 

of DNA or RNA encapsulated in a protein capsid carrying the basic instructions for the synthesis of viral 

proteins such as the protein coat. The replication machinery, however, is recruited from infected cells 

(Raoult and Forterre, 2008). Multiple replication strategies exist. In some cases, after an infection, the 

immune system will deal with it. The virus will be cleared and remembered for future infections by the 

immune system, such as the common flu and coronavirus (Björkström et al., 2022). In other cases, a 

virus can sit dormant for the entire life-span of their host. For example, Herpes Simplex Virus-1 (HSV-

1) the virus resides dormant in the nervus trigeminus and reactivates under circumstances of reduced 

immune defense. Here, the viral genetic material remains in the cell, but does not become part of the 

host genome (Monnickendam, 1988; Paludan et al., 2011). 

 

For retroviruses, however, the genetic material of the virus is actively integrated into the genome of the 

host cell. An example of a retrovirus is human T-cell lymphotropic virus type-1 (HTLV-1) which was the 

first human specific retrovirus to be discovered (Gallo, 2005). This virus is the cause of adult T-cell 

leukemia (ATL). Another example is human immunodeficiency virus (HIV) causing acquired 
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immunodeficiency syndrome (AIDS) (Rowland-Jones, 2003). Retroviruses produce a specific enzyme 

called reverse transcriptase to produce a DNA copy of their own RNA genome and paste this into their 

host genome (Baltimore, 1970; Temin and Mizutani, 1970). This proviral sequence becomes 

permanently integrated into the host genome and it exploits cellular transcription and translation 

machinery for viral gene transcription and translation into viral proteins. During the many generations of 

vertebrate evolutionary history, the genetic material of some retroviruses has become part of the 

heritable genetic material of vertebrate species in the form of endogenous retrovirus (ERVs) derived 

genetic elements. Not only do they permanently inhabit a host genome, but by ending up in germ cells 

they are passed on from one generation to the next and can populate entire species (Johnson, 2019). 

Many retroviruses become inactive over the course of evolution. For example, by losing the env gene, 

the provirus is unable to produce viral packaging proteins and cannot leave the nucleus, losing its 

infectious capacity altogether (Deininger et al., 2003). This breaks the retroviral life cycle (Figure 1). 

Replication then shifts to retrotransposon behavior and proliferation rates increase up to 30%. This is 

exemplified by a major wave of HERVH expansion which was caused by losing its env gene (Magiorkinis 

et al., 2012). These events have influenced mammalian evolution for millions of years.  

 
Figure 1. Schematic overview of the retroviral life cycle. After infection, a DNA copy of the viral RNA genome 
is reverse transcribed and integrated into the host genome. Proviral transcripts are packaged into virions and 
excreted from the cell.  
 
ERVs are common features of mammalian genomes and have similarities in both genome structure and 

replication mechanism with retroviruses (Boeke and Stoye, 1997; Katzourakis and Gifford, 2010; 

Katzourakis and Gifford, 2010; Johnson, 2019). Many ERVs produce long non-coding RNAs that 

influence the expression of other genes by forming complexes with transcription factors or by sponging 

miRNAs showing their transcriptional involvement (Römer et al., 2017). Some retroviral elements have 

become such an integral part of the human genomic composition that their genes are completely 

integrated and fulfill important tasks. For example, Syncytin is essential for the fusion of trophoblast cells 

in human placenta formation (Mi et al., 2000). This gene is derived from a HERV-W envelope gene and 
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was domesticated instead of selected against, illustrating that exogenous genetic material can be 

integrated into another species and become fully endogenized for the benefit of the host.  

In this thesis, I discuss the consequences of ERV relics in the human genome, together forming a class 

of genetic elements which we call transposable elements (TEs). Aberrant activity of these retroviral 

sequences could affect genomic integrity with a negative influence on host fitness. For instance, host 

lethality would not be beneficial for any parasite, so how does an organism protect itself against the 

activity of these retroviral remnants? Are there any benefits to carrying around ancient viral DNA 

sequences? In particular, the interplay between retroviral genomic elements and endogenous regulatory 

mechanisms in the context of human genome evolution will be discussed.  
 
The basics of mobile DNA 
In the 1940s, Barbara McCLintock discovered that moving genetic units encoding the anthocyanin 

pigment were associated with irregular coloring spots on maize kernels (McClintock, 1950). These 

repetitive sequences were initially regarded as “junk DNA” but their roles in genomic regulation have 

been hypothesized since the 1970s (Britten and Davidson, 1969; Davidson and Britten, 1979). In the 

following decades, repetitive DNA gained increasing interest from genome biologists and it is currently 

estimated that the human genome is composed of two-thirds of repetitive sequences (de Koning et al., 

2011) of which ~50% is accounted for by TEs (International Human Genome Sequencing Consortium 

et al., 2001; Cordaux and Batzer, 2009). The advent of next generation DNA sequencing techniques 

made clear that mobile DNA elements make up large portions of the genomes of other species too. 

Plant genomes such as maize consist over 80% of TEs. Only a fraction of our DNA is translated into 

functional proteins. But mobile sequences are not just useless junk. Untranslated sequences perform 

many additional functions in the genomic regulation network. Some sequences are docking sites for 

transcription factors that function as switches, promoters or enhancers to fine-tune transcription of 

protein coding genes in space and time. TEs can exert a gene-regulatory influence on host genomes 

through multiple different mechanisms. They may act as enhancer or insulator regions by providing 

transcription factor binding sites. Additionally, TEs may provide alternative promoters; induce alternative 

splicing; affect exon structure; produce regulatory lncRNAs; add novel poly-A tails and produce new 

proteins (Figure 2). As a testament to the role of TEs in human gene regulation, many TE insertions 

have been linked to diseases such as cancer (Sundaram et al., 2014; Huda et al., 2011; Hancks and 

Kazazian, 2016; Ecco et al., 2017).  
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Figure 2.  The variety of ways in which TEs can influence genome regulation. Adapted from Ecco et al. 2017 
 

Because of their mobile nature, these regulatory sequences have the ability to move around in the 

genome (Kaer and Speek, 2012). The functional difference between coding and non-coding DNA is best 

seen in the comparison between humans and chimpanzees who have almost identical protein coding 

genes. However, comparative genomics showed a higher level of variation between sequences that do 

not code for proteins and that this is a better explanation for the phenotypic and behavioral differences 

between species (King and Wilson, 1975; Chimpanzee Sequencing and Analysis Consortium, 2005). 

Mobile DNA fragments have spread in a species-specific manner since humans and chimpanzees split 

from their common ancestor ~6 million years ago. As such, these fragments have contributed to 

distinctive behavioral and phenotypic features (Mills et al., 2006).  

 

TEs in germline cells are an important driving force behind biological diversity. Novel TE insertions in 

reproductive cells creates another level of genetic variation between species and within the human 

population. Retrotransposition in developing organs including the brain can be a source of somatic 

mosaicism by creating neuronal subtypes with unique TE profiles. In addition, TE activity may form a 

threat to genomic integrity and is potentially pathogenic to its host. As mentioned above, mutagenic TE 

insertions have been linked to diseases such as cancer. High numbers of Alu insertions in the BRCA1 

and 2 genes which are strongly associated to breast and ovarian cancers (Kazazian, 2004; Bennett et 

al., 2004; Batzer and Deininger, 2002; Goodier and Kazazian, 2008; Cordaux and Batzer, 2009; Erwin 

et al., 2014; Hancks and Kazazian, 2016; Chénais, 2022).  
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The retrotransposition activity of TEs is an important force in genome evolution (Kazazian, 2004; Bennett 

et al., 2004; Batzer and Deininger, 2002; Goodier and Kazazian, 2008; Cordaux and Batzer, 2009) and 

TEs propagate either via cut-and-paste or copy-paste methods. As such, vertebrate TEs can be divided 

into two main classes. Class I TEs are copy-and-paste elements that use reverse transcriptase to 

generate RNA intermediates in order to spread through the genome. These include Short interspersed 

elements (SINEs), long interspersed elements (LINEs), LTR/ERV elements, and DNA transposons 

(Kapusta et al., 2013). Class II are cut-and-paste type elements that move in a non-replicative manner, 

using the enzyme transposase to cut a fragment of DNA which is then integrated into a new location 

(Finnegan, 1989). Another important TE classification criterion is their ability to move autonomous or 

non-autonomous. Long interspersed nuclear element-variable number of tandem repeats (LINE) 

elements are ~6 kb long and contain genetic code for reverse transcriptase and endonuclease for 

independent retrotransposition (Feng et al., 1996). Short interspersed nuclear element-variable number 

of tandem repeats (SINE) are less than 500 bp and non-autonomous, because they lack the ability to 

produce the mobility enzymes. Instead, they rely on LINE machinery to spread through the genome. 

Examples of other non-autonomous TEs are Alu elements and SINE-VNTR-Alu (SVA) retrotransposons 

(Weiner et al., 1986; Belancio et al., 2008, Figure 3).  

 

 
Figure 3. Schematic representations of genetic compositions of mobile elements in the human genome (A) 
Complete retrovirus including env gene, capable of replication within a host. Approximate size is 7-12 kb. (B) Full-
length retrotransposon, 5-10 kb. (C) Long interspersed nuclear element (LINE) with two open reading frames and 
an average size of 6 kb. (D) Short interspersed nuclear element (SINE), for example Alu elements, ~300-500 bp. 
(E) The composite element SINE-VNTR-Alu (SVA).  
 

SVAs are a subclass of non-LTR retrotransposons, composed of an Alu-like sequence, a variable 

number of tandem repeats region (VNTR) and an HERVK-derived sequence. The human genome 

contains around 2800 SVAs and comparable or slightly less copy numbers are found in Chimpanzee, 
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Gorilla and Orangutan genomes. (Weiner et al., 1986; Ono et al., 1987; Shen et al., 1994; Zhu et al., 

1994; Ostertag et al., 2003; Wang et al., 2005; Lupan et al., 2015). SVAs have been identified as potent 

transcriptional modulators as was shown by cloning full length SVAs or subdomains in reporter plasmids, 

showing a strong influence on reporter activity (Wang et al., 2004; Quin and Bubb 2014; Savage et al., 

2013; Jacobs et al., 2014). Retrotransposition rate of SVAs is estimated to jump to a new location 

approximately every 1:916 births and could occasionally disrupt gene regulation networks. By providing 

regulatory signals, SVAs contribute to the evolution of gene expression profiles and through their gene-

regulatory potential SVAs have been associated with several genetic disorders and diseases, such as 

in Fukuyama muscular dystrophy and several cancers (Hancks and Kazazian, 2010, 2016). In X-linked 

Dystonia Parkinsonism, normal gene function is disrupted by a de novo intronic SVA insertion, leading 

to defective TAF1 transcription (Ostertag et al., 2003; Xing et al., 2009; Xing et al., 2009; Bragg et al., 

2019). 

 

TEs are rich in G4-quadruplex forming DNA sequences 
DNA is famous for its helical structure formed from the complementary base pairing of Adenine (A) - 

Thymine (T) and Cytosine (C) - Guanine (G). These four molecules string together to store the genetic 

code. Base pairing of the complementary nucleobases typically occurs via (Watson-Crick) hydrogen 

bonds resulting in a double helix structure (Watson and Crick, 1953). In addition to pairing with cytosine, 

guanine molecules - the Gs - are chemically capable of binding to other Gs. This association between 

guanine molecules in DNA was first observed ten years after the discovery of the double helix. Guanylic 

acids self-assemble into four-stranded helices through the formation of G-quartets, stabilized via 

Hoogsteen base-pairing (Gellert et al., 1962). Subsequent research led to a model of multiple G-quartets 

stacking to form thermodynamically stable quadruplex (G4) structures, held together by Hoogsteen-

hydrogen bonds and electrostatic interactions (Bochman et al., 2012, Figure 4). In the following years, 

G4 structure formation was demonstrated under near-physiological conditions in vitro in immunoglobulin 

switching regions and telomeres after observing different band migration patterns of telomeric 

oligonucleotides in electrophoresis. This led to the implication of G4s in biological processes such as 

recombination, replication, and telomere assembly. 

 

Currently, G4 structures are widely regarded as functional components in genome biology (Mao et al., 

2018, 2020). One of the most studied examples of a biologically relevant G4 is a 27-bp sequence in the 

MYC promoter, which affected transcription after application of G4-stabilizing ligands such as PDS 

(Siddiqui-Jain et al., 2002). Since then, G4s have become an interesting target for pharmacological 

studies, particularly in the field of cancer research, aimed at resolving G4 structures in cancer genes 

(Eddy and Maizels, 2006). In addition, G4s are involved in other biological processes including telomere 

maintenance, genomic and epigenetic stability and DNA replication (Lipps and Rhodes, 2009; Murat 

and Balasubramanian, 2014; Spiegel et al., 2020; Sahakyan et al., 2017) 
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Figure 4. Quadruplex structure (A) Guanine molecules interact via Hoogsteen base-pairing and are stabilized 
with a positive ion in the center to form a guanine quartet. (B) Simplified representation of a guanine quartet. (C) 
Guanine quartets from multiple DNA strands can stack on top of each other and form a stable genomic structure: 
Guanine Quadruplex (G4). The structure is held together by Hoogsteen base-pairing and electrostatic forces in its 
center. The negatively charged inside of the guanine quartet is balanced by a positively charged ion such as 
potassium, sodium or lithium. (D) mono-molecular G4 structures assemble from a single DNA strand which loops 
back on itself. (E) Graphical representation of a G4 that is used throughout this thesis.  
 

Current difficulties in mapping and validating G4s in the human genome 

With the advent of computational biology and complete sequencing of genomes (International Human 

Genome Sequencing Consortium et al., 2001) researchers were able to search specifically for G-rich 

motifs (GGGnGGGnGGGnGGG) leading to the mapping of G4s on a genome-wide scale using 

algorithms based on the canonical G4 motif. These early attempts predicted that the human genome 

contained around 370,000 putative G4 loci that were enriched in regulative regions such as promoters 

and telomeres (Huppert and Balasubramanian, 2005; Eddy and Maizels, 2006; Kikin et al., 2006; Todd 

et al., 2005). The existence of G4s in vivo was first demonstrated using a G4-binding antibody by 
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showing that telomere binding proteins that associate to the G-tails of telomeres, work together to control 

formation of G4 structures (Paeschke et al., 2005). Another DNA-G4 antibody (BG4) played a pivotal 

role in increased detection of G4 structures in human cell nuclei after treatment with G4-stabilizing ligand 

pyridostatin (PDS) (Biffi et al., 2013). The advent of high-throughput sequencing allowed genome-wide 

mapping of G4 structures using polymerase stalling in purified human genomic DNA (G4-seq). 

Sequencing under conditions that stabilize G4-structures using either PDS or high concentrations of 

potassium (K+) created an in vitro reference map of approximately 700,000 G4 structures doubling 

previous predictions. This endeavor demonstrated the existence of canonical, as-well as many 

noncanonical G4s and corroborated that G4s are enriched in regulatory regions in mammalian genomes 

(Chambers et al., 2015; Marsico et al., 2019). Mapping G4 landscapes in vivo, however, depends on 

chromatin structure of genomic DNA, which can differ between cell-types or developmental stages. 

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) using the BG4 antibody, revealed 

that only a fraction (1-10%, depending on cell type) of the G4s identified with G4-seq was retrieved by 

the antibody, highlighting the importance of chromatin state and cell-type variation in G4 formation 

(Hansel-Hertsch 2016, 2018; Spiegel et al., 2020). 

 

Repetitive G-rich sequences in TEs accommodate G4 formation 

Because of their repetitive nature, TEs are important sources for the formation of alternative DNA 

structures such as G-quadruplexes which require consecutive G-tracts (Kejnovsky et al., 2015). The first 

publications regarding G4s in TEs reported on L1 elements forming intrastrand G4 structures (Howell 

and Usdin, 1997). Using small molecules that stabilize G4 structures, it was demonstrated that G4 

structures influence retrotransposition activity of L1 elements. In hominoid-specific LINE-1 (L1HS) 

elements, mutation of conserved G4 sequences in the 3’ untranslated region (3’ UTR) led to impaired 

mobility, while G4 stabilization with small molecules such as PDS, facilitates retrotransposition 

frequency (Sahakyan et al. 2017; Lexa et al. 2015). Computational analysis identified LTR-G4s in plant 

genomes and in HERV, LINE, ALu and SVAs in the human genome (Savage et al., 2013, Lexa et al., 

2014b; Lexa et al., 2014a; Savage et al., 2013, Lexa et al., 2014b). SVA elements may have a GC-

content of up to 70% (a feature mostly attributed to its repetitive VNTR core) suggesting a high potential 

for G4 formation (Wang et al. 2004). Computational analysis showed that 36% of SVAs harbor putative 

G4 structures, a much higher enrichment than L1 or Alu elements. SVA-G4 folding potential was also 

confirmed in vitro by measuring 3D-folding capacity of SVA sequences with circular dichroism. 

Especially the evolutionary younger type SVA F, containing the highest number of G4s (Lexa et al., 

2014; Kejnovsky et al., 2015). Although the human genome contains less than 3000 full length SVAs 

with an average length of around 2 kb (0.13% of the genome), they harbor almost 2% of the human 

genome that was predicted to form G4 structures (Savage et al., 2013), indicating that SVA elements 

are indeed exceptional carriers of quadruplex sequences.  

 
The activity of TEs is controlled by KRAB Zinc fingers 
TEs are an important evolutionary driver of genetic variation, complexity and fitness, contributing to the 

adaptation of species to an ever changing environment. On the other hand, unwanted transcriptional or 
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transposition activity is also causing disease (Belyayev, 2014). To control the activity of TEs, most TEs 

in our genome are effectively silenced by epigenetic modifications such as histone and DNA methylation. 

Epigenetics refers to the additional layer of heritable information such as histone modifications that 

chemically alter the chromatin state of genes and influence their activity (Murrell et al., 2005). More than 

half of the genomic CpG sites are found in repetitive elements. Because Alu elements are so abundantly 

present in the human genome, they harbor about a quarter of all CpG islands (Marchal and Miotto, 2015; 

Long et al., 2016). The addition of the silencing epigenetic layer of control in TEs is mediated  by specific 

Krüppel-associated box (KRAB) domain zinc finger (KZNF) proteins (Thomas & Schneider 2011; Jacobs 

et al. 2014; Imbeault et al. 2017; Schmitges et al., 2016; Turelli et al., 2020). KZNF genes are a rapidly 

evolving gene cluster with 700-800 unique KZNF genes. They are the largest family of transcription 

factors in mammalian genomes (Huntley et al., 2006; Huntley et al., 2006; Ecco et al., 2017). KZNF 

proteins contain multiple subdomains that contribute to the repression of their TE targets. Target 

sequence recognition and binding is established by the C2H2 zinc-finger domain. This domain contains 

multiple zinc fingers with the ability to recognize 3-4 particular nucleotides. Each KZNF protein has its 

own combination of zinc-fingers that recognize particular DNA sequences. The KRAB domain recruits 

regulatory co-factors KAP1, SETDB1 NuRD, HP1 and DNA methyltransferases to establish a silencing 

complex that initiates the transition of euchromatin to heterochromatin (Rowe et al. 2010; Lu et al. 2014; 

Ecco et al. 2017). Many KZNFs have specific TEs as genomic targets (Jacobs et al., 2014, Imbeault et 

al., 2017; Najafabadi et al., 2015). I The observed co-evolution of specific KZNFs and TE targets, 

suggested an “arms race” model where waves of novel TE insertions spark structural adaptation of 

KNZF proteins to protect against unwanted TE activity. Novel TE insertions may trigger  duplication 

events that drive the expansion of the KZNF gene family to keep up with the burden of uncontrolled TE 

activity (Thomas and Schneider, 2011; Jacobs et al., 2014; Castro-Diaz et al., 2014). In addition, KZNFs 

and their TE partners co-evolve by adapting to structural changes. Random mutations accumulate in 

TEs, which reduces the effectiveness of KZNF repression and allows the elements to escape, resulting 

in bursts of TE spreading (Belyayev, 2014). These principles are illustrated by structural changes in 

ZNF91 and ZNF93, tightly associated with the invasions and structural evolution of SVA and L1PA 

elements, respectively (Jacobs et al., 2014, Haring et al., 2020). In embryonic development however, 

the regulation of TEs by KZNFs is transiently released resulting in activity that is assumed to be vital for 

pluripotency (Göke et al., 2015; Pontis et al., 2019). These highly essential mechanisms in early 

embryonic phases are indicative of a fine-tuned evolutionary balance between the detrimental effects of 

TE activity on the one hand, and the necessity for adaptive regulatory variation on the other. The 

“domestication” of TEs happens as a consequence of the co-evolution of KZNFs and TEs and is further 

supported by the observation that many KZNFs bind to promoters instead of TEs (Friedli and Trono, 

2015; Ecco et al., 2017; Helleboid et al., 2019; Farmiloe et al., 2020, Farmiloe et al., 2023).  

 

Methylation 

One of these mechanisms is DNA methylation and refers to the addition of methyl groups during early 

embryonic development. In embryonic stem cells, the main mechanism for TE silencing is mediated via 

histone modifications such as H3K9me3. In differentiated cells, DNA methylation is increasingly 
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important (Mikkelsen et al., 2007). DNA methylation is carefully maintained during cell-divisions, but can 

be dynamically (de)methylated in somatic cells to control the activity of specific loci. Methylated DNA is 

enriched at CpG islands, but CpG-dense regions such as promoters or other regulatory regions are 

often depleted from methylation in somatic cells. In mammals, DNA methylation is installed by DNA 

methyltransferase enzymes (DNMTs). To maintain methylation, DNMT1 recognises hemimethylated 

DNA and catalyzes 5mC following DNA replication. De novo cytosine methylation is installed by DNMT3 

enzymes. Both DNMT3A and DNMT3B are important for the de novo methylation of transposable 

elements which results in immediate silencing of TE transcription. This mechanism of dynamic silencing 

is essential in somatic tissues. In organs such as the brain, TE activity is occasionally permitted and 

neuron-specific reactivation has been proposed to be essential to generate neuronal diversity (Jansz, 

2019).  
 

Summary of research chapters  
 

Chapter 1 characterizes the dynamic epigenetic signature of transposable elements in hESCs and 

hESC-derived cortical organoids showing that methylation at TE loci is highly variable between TE 

families and subtypes. We hypothesized that TE methylation status changes during the process of 

differentiation, allowing certain TEs such as LINE and Alu elements to become involved in the regulatory 

network. To capture methylation status of cultured hESCs and hESC-derived cortical organoids, we 

obtained genomic DNA and performed Methylated DNA immunoprecipitation, followed by high-

throughput sequencing (MeDIP-seq) on each cell type. We were interested in the methylation status of 

primate-specific TEs because certain types such as LINE (L1), Alu, and SVA elements show brain-

specific reactivation and are possibly involved in the establishment of neuron-specific expression 

patterns. We aimed to identify TE subfamilies that either remain methylated or unmethylated or show 

dynamic methylation once differentiated into cortical neurons. Because recent publications reported that 

G4 formation could interfere with DNA methyltransferases and inhibit local methylation, we were also 

keen to find out if Alus or SVAs that contain G4 forming sequences show differential methylation 

patterns.  

 

Chapter 2 describes how the ZNF90 and HERVH co-evolved to participate together in a regulation 

network of factors involved in pluripotent stem cell identity. First, we applied a cell model where human 

chromosome 11 was inserted into a mouse embryonic stem cell line. In this context, transposable 

elements residing on chromosome 11 are not regulated by human endogenous factors such as KZNFs. 

This experimental model allowed the investigation of uncontrolled TE activity in a cellular environment. 

We showed that ZNF90 is a specific HERVH regulator by applying KZNFs in a controlled manner 

followed by transcriptome analysis. HERVH expression plays an important role in maintaining pluripotent 

stem cell identity. We aimed to test the hypothesis that ZNF90 evolved as a HERVH regulator with an 

important role during the process of differentiation. Evolutionary investigation of the ZNF90 protein 

sequences revealed that structural changes between 10-17 MYA, around the time our ancestor diverged 

from Orangutan lineage, led to changes in DNA binding capacities and altered its affinity for HERVH 
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targets. This structural evolution coincides with the ceased expansion of HERVH and ultimately its 

extinction. Together, these findings provide insights into the complex co-evolution of a KZNF-TE pair 

that mutually influence each other's functionality over time. By generating genetic knockouts of ZNF90 

in human embryonic stem cells and stem-cell derived neurons, we investigated the role of ZNF90 on 

HERVH expression in the earliest phases of differentiation. Indeed, we observed that ZNF90 inactivation 

led to increased HERVH activity and altered the expression of some key pluripotency-associated linc-

RNA transcripts. 

 

Chapter 3 provides a detailed analysis of G-quadruplex content of transposable elements with a special 

focus on SVA elements that are composed of multiple subregions with G4-folding potential. The 

analyses applied in this study are a combination of computational methods to predict G4 formation in 

TE sequences and in vitro strategies aimed to map G4 structures in the cells. In particular, we show that 

young and active TEs carry more G4-forming sequences than evolutionary older elements. Although we 

found G4 enriched L1, Alu, LTR and HERV elements, SVAs stand out with a remarkably high G4 density. 

To confirm G4 structure presence in vivo, we apply a highly experimental method of G4-ChIP with BG4 

antibody to map G4 formation in stem cells and hESC-derived cortical organoids. SVA-G4s were 

underrepresented in our ChIP data and we corroborated these findings using BG4 ChIP data from 

publicly available sources. We did find G4s in the promoters of genes involved in basic cellular functions 

in hESCs. In cortical organoids however, G4 formation was enriched in promoters of 

neurodevelopmental genes, confirming earlier published observations that G4s formation is associated 

with active chromatin. Our analysis provides unprecedented insight into the G4 landscape of TEs in 

general and confirms the unique G4-density of SVAs.  

 

Chapter 4  In this chapter the question is addressed if ZNFs such as ZNF91 interact with G4 forming 

sequences in SVAs. Where in the SVA does ZNF91 bind? Is this to sequences that form G4s? Does 

this happen in vivo? Using genome-wide analyses, we determined that ZNF91 binding sites have a 

strong potential to fold into G4 structures. This ability is not restricted to binding sites in SVAs, since we 

extended our analysis to other regulatory regions, including promoters. Thus revealing that ZNF91 

binding sites consist of G4 forming DNA substrates. In addition, we aimed to elucidate the complex 

molecular interactions between SVAs, ZNF91 and G4. To this end, we use a sophisticated mini-gene 

model to test these interactions. To study the influence of the intronic SVAs on gene expression in detail, 

we generated a reporter system consisting of a full length THOC5-promoter including the intronic SVA 

and a control vector where the SVA was excised fused to a firefly luciferase reporter. We applied 

chemical compounds such as PDS that are known to stabilize G4 structures. These experiments allowed 

us to reveal that chemical stabilization of SVA-G4s influences the regulatory capacity of SVAs. We used 

these reporters to test the role of ZNF91. In its presence, we were unable to chemically stabilize G4 

formation, suggesting that the binding of ZNF91 to SVA DNA prevents G4 formation. In addition, this 

chapter describes the role of a specific SVA insertion that is causative to neurodevelopmental disorder 

X-linked dystonia parkinsonism XDP. Here, an SVA inserted into the TAF1 gene within a small 

population on the island of Panay, Philippines. We set out to elucidate how SVA-G4s contribute to 
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defective TAF1 transcription and if ZNF91 could interfere by repressing SVA activity, possibly by 

interacting with G4 formation. To achieve this, we compared cell lines from XDP-patients containing the 

mutation to healthy controls. As additional control, we used XDP-patient derived cell lines where the 

SVA insertion was genetically removed. With these comparisons we were able to  obtain a detailed 

picture of TAF1 expression profiles using RNA-seq. Together, these experiments showed that ZNF91 

could play a crucial role in controlling G4-mediated SVA activity in general and that this mechanism 

underlies dysregulation of genes that are invaded by SVAs.  

 

Chapter 5 reports on the creation of a specialized analytical instrument tailored for the systematic 

examination of reporter assays. The primary objective was to establish a streamlined framework, 

capable of processing and interpreting reporter data derived from the experiments described in chapter 

4. Throughout the experimental phase  of this chapter, it became clear that standardization of reporter 

assay data analysis was lacking, prompting the recognition of the potential advantages of implementing 

a plug-and-play analysis pipeline. This envisioned pipeline would facilitate the seamless integration of 

bio-analyzer output into a scripted environment, thereby enabling the execution of standardized 

calculations and the visualization of results. Given the inherent variability in size and complexity 

associated with reporter assays, contingent upon diverse experimental setups involving multiple reporter 

constructs, cell types, and treatments, downstream analysis poses inherent challenges. The absence of 

standardized analysis methods exacerbates this challenge, rendering the process error-prone. To 

mitigate this issue, a computational tool was developed, leading to the creation of PlotXpress. Conceived 

with the overarching principles of transparency, this tool aims to serve as a bridge between wet and dry 

lab sciences. The outcome of this collaborative initiative materialized into a fully functional web 

application, complemented by a comprehensive accompanying paper. 
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