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 (Bjorkstrdm 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.
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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 (Romer et al., 2017). Some retroviral elements have
become such an integral part of the human genomic composition that their genes are completely
integrated and fulfillimportant 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, | 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 fithess. 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 IncRNAs; 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 | 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 Il 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-AIlu (SVA) retrotransposons
(Weiner et al., 1986; Belancio et al., 2008, Figure 3).
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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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G4 quadruplex

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 (GGGNGGGNnGGGNGGG) 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 (ChlP-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 fithess, 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
Krippel-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). | 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 (Goke 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 THOCS5-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 TAF71 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.

Bibliography

Bang, I. (1910). Untersuchungen Uber die Guanylsédure. Biochem. Z, 26, 293-311.
Batzer MA, Deininger PL. Alu repeats and human genomic diversity. Nat Rev Genet 2002; 3: 370-9.

Belancio VP, Hedges DJ, Deininger P. Mammalian non-LTR retrotransposons: for better or worse, in sickness and
in health. Genome Res 2008; 18: 343-58.

Belyayev A. Bursts of transposable elements as an evolutionary driving force. J Evol Biol 2014; 27: 2573-84.

Bennett EA, Coleman LE, Tsui C, Pittard WS, Devine SE. Natural genetic variation caused by transposable
elements in humans. Genetics 2004; 168: 933-51.

Biffi G, Tannahill D, McCafferty J, Balasubramanian S. Quantitative visualization of DNA G-quadruplex structures
in human cells. Nat Chem 2013; 5: 182—6.

Bjorkstrom NK, Strunz B, Ljunggren H-G. Natural killer cells in antiviral immunity. Nat Rev Immunol 2022; 22: 112—
23.

Bochman ML, Paeschke K, Zakian VA. DNA secondary structures: stability and function of G-quadruplex structures.
Nat Rev Genet 2012; 13: 770-80.

Boeke JD, Stoye JP. Retrotransposons, Endogenous Retroviruses, and the Evolution of Retroelements. In: Coffin
JM, Hughes SH, Varmus HE, editor(s). Retroviruses. Cold Spring Harbor (NY): Cold Spring Harbor Laboratory
Press; 1997

Bragg DC, Sharma N, Ozelius LJ. X-Linked Dystonia-Parkinsonism: recent advances. Curr Opin Neurol 2019; 32:
604-9.

Britten RJ, Davidson EH. Gene regulation for higher cells: a theory. Science 1969; 165: 349-57.

12


https://sciwheel.com/work/bibliography
https://sciwheel.com/work/bibliography/49047
https://sciwheel.com/work/bibliography/43128
https://sciwheel.com/work/bibliography/43128
https://sciwheel.com/work/bibliography/3284373
https://sciwheel.com/work/bibliography/756373
https://sciwheel.com/work/bibliography/756373
https://sciwheel.com/work/bibliography/101832
https://sciwheel.com/work/bibliography/101832
https://sciwheel.com/work/bibliography/11176531
https://sciwheel.com/work/bibliography/11176531
https://sciwheel.com/work/bibliography/248557
https://sciwheel.com/work/bibliography/248557
https://sciwheel.com/work/bibliography/251454
https://sciwheel.com/work/bibliography/251454
https://sciwheel.com/work/bibliography/251454
https://sciwheel.com/work/bibliography/7026000
https://sciwheel.com/work/bibliography/7026000
https://sciwheel.com/work/bibliography/189995

Brusatte SL, Butler RJ, Barrett PM, Carrano MT, Evans DC, Lloyd GT, et al. The extinction of the dinosaurs. Biol
Rev Camb Philos Soc 2015; 90: 628—42.

Castro-Diaz N, Ecco G, Coluccio A, Kapopoulou A, Yazdanpanah B, Friedli M, et al. Evolutionally dynamic L1
regulation in embryonic stem cells. Genes Dev 2014; 28: 1397—-409.

Chénais B. Transposable elements and human diseases: mechanisms and implication in the response to
environmental pollutants. Int J Mol Sci 2022; 23

Chimpanzee Sequencing and Analysis Consortium. Initial sequence of the chimpanzee genome and comparison
with the human genome. Nature 2005; 437: 69-87.

Cordaux R, Batzer MA. The impact of retrotransposons on human genome evolution. Nat Rev Genet 2009; 10:
691-703.

Darwin, C. & Kebler, L. (1859) On the origin of species by means of natural selection, or, The preservation of
favoured races in the struggle for life. London J. Murray, 1859.

Davidson EH, Britten RJ. Regulation of gene expression: possible role of repetitive sequences. Science 1979; 204:
1052-9.

Deininger PL, Moran JV, Batzer MA, Kazazian HH. Mobile elements and mammalian genome evolution. Curr Opin
Genet Dev 2003; 13: 651-8.

Ebert D, Fields PD. Host-parasite co-evolution and its genomic signature. Nat Rev Genet 2020; 21: 754—68.
Ecco G, Imbeault M, Trono D. KRAB zinc finger proteins. Development 2017; 144: 2719-29.

Eddy J, Maizels N. Gene function correlates with potential for G4 DNA formation in the human genome. Nucleic
Acids Res 2006; 34: 3887-96.

Erwin JA, Marchetto MC, Gage FH. Mobile DNA elements in the generation of diversity and complexity in the brain.
Nat Rev Neurosci 2014; 15: 497-506.

Farmiloe G, Lodewijk GA, Robben SF, van Bree EJ, Jacobs FMJ. Widespread correlation of KRAB zinc finger
protein binding with brain-developmental gene expression patterns. Philos Trans R Soc Lond B Biol Sci 2020; 375:
20190333.

Feng Q, Moran JV, Kazazian HH, Boeke JD. Human L1 retrotransposon encodes a conserved endonuclease
required for retrotransposition. Cell 1996; 87: 905-16.

Ferrari R, Grandi N, Tramontano E, Dieci G. Retrotransposons as drivers of mammalian brain evolution. Life (Basel)
2021; 11

Feschotte C, Jiang N, Wessler SR. Plant transposable elements: where genetics meets genomics. Nat Rev Genet
2002; 3: 329-41.

Finnegan DJ. Eukaryotic transposable elements and genome evolution. Trends Genet 1989; 5: 103-7.

Friedli M, Trono D. The developmental control of transposable elements and the evolution of higher species. Annu
Rev Cell Dev Biol 2015; 31: 429-51.

Fumagalli M, Sironi M, Pozzoli U, Ferrer-Admetlla A, Pattini L, Nielsen R. Signatures of environmental genetic
adaptation pinpoint pathogens as the main selective pressure through human evolution. PLoS Genet 2011; 7:
€1002355.

Gallo RC. The discovery of the first human retrovirus: HTLV-1 and HTLV-2. Retrovirology. 2005 Mar 2;2:17. doi:
10.1186/1742-4690-2-17. PMID: 15743526; PMCID: PMC555587.

Gellert M, Lipsett MN, Davies DR. Helix formation by guanylic acid. Proc Natl Acad Sci USA 1962; 48: 2013-8.

Goke J, Lu X, Chan Y-S, Ng H-H, Ly L-H, Sachs F, et al. Dynamic transcription of distinct classes of endogenous
retroviral elements marks specific populations of early human embryonic cells. Cell Stem Cell 2015; 16: 135-41.

Goodier JL, Kazazian HH. Retrotransposons revisited: the restraint and rehabilitation of parasites. Cell 2008; 135:
23-35.

Hancks DC, Kazazian HH. SVA retrotransposons: Evolution and genetic instability. Semin Cancer Biol 2010; 20:
234-45.

Hancks DC, Kazazian HH. Roles for retrotransposon insertions in human disease. Mob DNA 2016; 7: 9.

Helleboid P-Y, Heusel M, Duc J, Piot C, Thorball CW, Coluccio A, et al. The interactome of KRAB zinc finger
proteins reveals the evolutionary history of their functional diversification. EMBO J 2019; 38: e101220.

Henderson E, Hardin CC, Walk SK, Tinoco |, Blackburn EH. Telomeric DNA oligonucleotides form novel
intramolecular structures containing guanine-guanine base pairs. Cell 1987; 51: 899-908.

Howell R, Usdin K. The ability to form intrastrand tetraplexes is an evolutionarily conserved feature of the 3’ end of
L1 retrotransposons. Mol Biol Evol 1997; 14: 144-55.

13


https://sciwheel.com/work/bibliography/5364040
https://sciwheel.com/work/bibliography/5364040
https://sciwheel.com/work/bibliography/1152008
https://sciwheel.com/work/bibliography/1152008
https://sciwheel.com/work/bibliography/13474439
https://sciwheel.com/work/bibliography/13474439
https://sciwheel.com/work/bibliography/1209732
https://sciwheel.com/work/bibliography/1209732
https://sciwheel.com/work/bibliography/512007
https://sciwheel.com/work/bibliography/512007
https://sciwheel.com/work/bibliography/1546392
https://sciwheel.com/work/bibliography/1546392
https://sciwheel.com/work/bibliography/512061
https://sciwheel.com/work/bibliography/512061
https://sciwheel.com/work/bibliography/9721612
https://sciwheel.com/work/bibliography/4028556
https://sciwheel.com/work/bibliography/249210
https://sciwheel.com/work/bibliography/249210
https://sciwheel.com/work/bibliography/853601
https://sciwheel.com/work/bibliography/853601
https://sciwheel.com/work/bibliography/8262008
https://sciwheel.com/work/bibliography/8262008
https://sciwheel.com/work/bibliography/8262008
https://sciwheel.com/work/bibliography/1549610
https://sciwheel.com/work/bibliography/1549610
https://sciwheel.com/work/bibliography/14621642
https://sciwheel.com/work/bibliography/14621642
https://sciwheel.com/work/bibliography/967400
https://sciwheel.com/work/bibliography/967400
https://sciwheel.com/work/bibliography/3663669
https://sciwheel.com/work/bibliography/772240
https://sciwheel.com/work/bibliography/772240
https://sciwheel.com/work/bibliography/239754
https://sciwheel.com/work/bibliography/239754
https://sciwheel.com/work/bibliography/239754
https://sciwheel.com/work/bibliography/249356
https://sciwheel.com/work/bibliography/121778
https://sciwheel.com/work/bibliography/121778
https://sciwheel.com/work/bibliography/86164
https://sciwheel.com/work/bibliography/86164
https://sciwheel.com/work/bibliography/2124323
https://sciwheel.com/work/bibliography/2124323
https://sciwheel.com/work/bibliography/1454659
https://sciwheel.com/work/bibliography/7487732
https://sciwheel.com/work/bibliography/7487732
https://sciwheel.com/work/bibliography/1554394
https://sciwheel.com/work/bibliography/1554394
https://sciwheel.com/work/bibliography/3641618
https://sciwheel.com/work/bibliography/3641618

Huda A, Bowen NJ, Conley AB, Jordan IK. Epigenetic regulation of transposable element derived human gene
promoters. Gene 2011; 475: 39-48.

Huntley S, Baggott DM, Hamilton AT, Tran-Gyamfi M, Yang S, Kim J, et al. A comprehensive catalog of human
KRAB-associated zinc finger genes: insights into the evolutionary history of a large family of transcriptional
repressors. Genome Res 2006; 16: 669-77.

Huppert JL, Balasubramanian S. Prevalence of quadruplexes in the human genome. Nucleic Acids Res 2005; 33:
2908-16.

International Human Genome Sequencing Consortium, Whitehead Institute for Biomedical Research, Center for
Genome Research:, Lander ES, Linton LM, Birren B, Nusbaum C, et al. Initial sequencing and analysis of the
human genome. Nature 2001; 409: 860-921.

Jansz N. DNA methylation dynamics at transposable elements in mammals. Essays Biochem 2019; 63: 677-89.

Johnson WE. Origins and evolutionary consequences of ancient endogenous retroviruses. Nat Rev Microbiol 2019;
17: 355-70.

Kaer K, Speek M. Intronic retroelements: Not just “speed bumps” for RNA polymerase Il. Mob Genet Elements
2012; 2: 154-7.

Kapusta A, Kronenberg Z, Lynch VJ, Zhuo X, Ramsay L, Bourque G, et al. Transposable elements are major
contributors to the origin, diversification, and regulation of vertebrate long noncoding RNAs. PLoS Genet 2013; 9:
e€1003470.

Katzourakis A, Gifford RJ. Endogenous viral elements in animal genomes. PLoS Genet 2010; 6: e1001191.
Kazazian HH. Mobile elements: drivers of genome evolution. Science 2004; 303: 1626—-32.
Kejnovsky E, Tokan V, Lexa M. Transposable elements and G-quadruplexes. Chromosome Res 2015; 23: 615-23.

Kelava |, Lancaster MA. Dishing out mini-brains: Current progress and future prospects in brain organoid research.
Dev Biol 2016; 420: 199-209.

Kikin O, D’Antonio L, Bagga PS. QGRS Mapper: a web-based server for predicting G-quadruplexes in nucleotide
sequences. Nucleic Acids Res 2006; 34: W676-82.

Kim J, Koo B-K, Knoblich JA. Human organoids: model systems for human biology and medicine. Nat Rev Mol Cell
Biol 2020; 21: 571-84.

King MC, Wilson AC. Evolution at two levels in humans and chimpanzees. Science 1975; 188: 107—-16.

de Koning APJ, Gu W, Castoe TA, Batzer MA, Pollock DD. Repetitive elements may comprise over two-thirds of
the human genome. PLoS Genet 2011; 7: €1002384.

Lancaster MA, Knoblich JA. Organogenesis in a dish: modeling development and disease using organoid
technologies. Science 2014; 345: 1247125.

Lancaster MA, Renner M, Martin C-A, Wenzel D, Bicknell LS, Hurles ME, et al. Cerebral organoids model human
brain development and microcephaly. Nature 2013; 501: 373-9.

Lexa M, Kejnovsky E, Steflova P, Konvalinova H, Vorlickova M, Vyskot B. Quadruplex-forming sequences occupy
discrete regions inside plant LTR retrotransposons. Nucleic Acids Res 2014; 42: 968-78.

Lexa M, Steflova P, Martinek T, Vorlickova M, Vyskot B, Kejnovsky E. Guanine quadruplexes are formed by specific
regions of human transposable elements. BMC Genomics 2014; 15: 1032.

Lipps HJ, Rhodes D. G-quadruplex structures: in vivo evidence and function. Trends Cell Biol 2009; 19: 414-22.

Long HK, King HW, Patient RK, Odom DT, Klose RJ. Protection of CpG islands from DNA methylation is DNA-
encoded and evolutionarily conserved. Nucleic Acids Res 2016; 44: 6693—706.

Luo C, Lancaster MA, Castanon R, Nery JR, Knoblich JA, Ecker JR. Cerebral organoids recapitulate epigenomic
signatures of the human fetal brain. Cell Rep 2016; 17: 3369-84.

Lupan I, Bulzu P, Popescu O, Damert A. Lineage specific evolution of the VNTR composite retrotransposon central
domain and its role in retrotransposition of gibbon LAVA elements. BMC Genomics 2015;16:389.
https://doi.org/10.1186/s12864-015-1543-z.

Magiorkinis G, Gifford RJ, Katzourakis A, De Ranter J, Belshaw R. Env-less endogenous retroviruses are genomic
superspreaders. Proc Natl Acad Sci USA 2012; 109: 7385-90.

Mao S-Q, Cuesta SM, Tannahill D, Balasubramanian S. Genome-wide DNA Methylation Signatures Are
Determined by DNMT3A/B Sequence Preferences. Biochemistry 2020; 59: 2541-50.

Mao S-Q, Ghanbarian AT, Spiegel J, Martinez Cuesta S, Beraldi D, Di Antonio M, et al. DNA G-quadruplex
structures mold the DNA methylome. Nat Struct Mol Biol 2018; 25: 951-7.

Maor R, Dayan T, Ferguson-Gow H, Jones KE. Temporal niche expansion in mammals from a nocturnal ancestor

14


https://sciwheel.com/work/bibliography/5408564
https://sciwheel.com/work/bibliography/5408564
https://sciwheel.com/work/bibliography/43642
https://sciwheel.com/work/bibliography/43642
https://sciwheel.com/work/bibliography/43642
https://sciwheel.com/work/bibliography/251068
https://sciwheel.com/work/bibliography/251068
https://sciwheel.com/work/bibliography/23572
https://sciwheel.com/work/bibliography/23572
https://sciwheel.com/work/bibliography/23572
https://sciwheel.com/work/bibliography/8741827
https://sciwheel.com/work/bibliography/6994222
https://sciwheel.com/work/bibliography/6994222
https://sciwheel.com/work/bibliography/6348447
https://sciwheel.com/work/bibliography/6348447
https://sciwheel.com/work/bibliography/48921
https://sciwheel.com/work/bibliography/48921
https://sciwheel.com/work/bibliography/48921
https://sciwheel.com/work/bibliography/853266
https://sciwheel.com/work/bibliography/49063
https://sciwheel.com/work/bibliography/3611679
https://sciwheel.com/work/bibliography/1631164
https://sciwheel.com/work/bibliography/1631164
https://sciwheel.com/work/bibliography/6119144
https://sciwheel.com/work/bibliography/6119144
https://sciwheel.com/work/bibliography/9215171
https://sciwheel.com/work/bibliography/9215171
https://sciwheel.com/work/bibliography/190544
https://sciwheel.com/work/bibliography/31456
https://sciwheel.com/work/bibliography/31456
https://sciwheel.com/work/bibliography/749852
https://sciwheel.com/work/bibliography/749852
https://sciwheel.com/work/bibliography/16764
https://sciwheel.com/work/bibliography/16764
https://sciwheel.com/work/bibliography/1793022
https://sciwheel.com/work/bibliography/1793022
https://sciwheel.com/work/bibliography/3630807
https://sciwheel.com/work/bibliography/3630807
https://sciwheel.com/work/bibliography/101810
https://sciwheel.com/work/bibliography/1451026
https://sciwheel.com/work/bibliography/1451026
https://sciwheel.com/work/bibliography/3039273
https://sciwheel.com/work/bibliography/3039273
https://sciwheel.com/work/bibliography/2309970
https://sciwheel.com/work/bibliography/2309970
https://sciwheel.com/work/bibliography/10504918
https://sciwheel.com/work/bibliography/10504918
https://sciwheel.com/work/bibliography/5855869
https://sciwheel.com/work/bibliography/5855869
https://sciwheel.com/work/bibliography/4673559

after dinosaur extinction. Nat Ecol Evol 2017; 1: 1889-95.

Marchal C, Miotto B. Emerging concept in DNA methylation: role of transcription factors in shaping DNA
methylation patterns. J Cell Physiol 2015; 230: 743-51.

McClintock B. The origin and behavior of mutable loci in maize. Proc Natl Acad Sci USA 1950; 36: 344-55.

Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, Giannoukos G, et al. Genome-wide maps of chromatin
state in pluripotent and lineage-committed cells. Nature 2007; 448: 553-60.

Mills RE, Bennett EA, Iskow RC, Luttig CT, Tsui C, Pittard WS, et al. Recently mobilized transposons in the
human and chimpanzee genomes. Am J Hum Genet 2006; 78: 671-9.

Mi S, Lee X, Li X, Veldman GM, Finnerty H, Racie L, et al. Syncytin is a captive retroviral envelope protein
involved in human placental morphogenesis. Nature 2000; 403: 785-9.

Monnickendam MA. Herpes simplex virus ophthalmia. Eye 1988; 2 Suppl: S56-69.

Murat P, Balasubramanian S. Existence and consequences of G-quadruplex structures in DNA. Curr Opin Genet
Dev 2014; 25: 22-9.

Murrell A, Rakyan VK, Beck S. From genome to epigenome. Hum Mol Genet 2005; 14 Spec No 1: R3-10.

Ono M, Kawakami M, Takezawa T. A novel human nonviral retroposon derived from an endogenous retrovirus.
Nucleic Acids Res 1987; 15: 8725-37.

Ostertag EM, Goodier JL, Zhang Y, Kazazian HH. SVA elements are nonautonomous retrotransposons that
cause disease in humans. Am J Hum Genet 2003; 73: 1444-51.

Paeschke K, Simonsson T, Postberg J, Rhodes D, Lipps HJ. Telomere end-binding proteins control the formation
of G-quadruplex DNA structures in vivo. Nat Struct Mol Biol 2005; 12: 847-54.

Paludan SR, Bowie AG, Horan KA, Fitzgerald KA. Recognition of herpesviruses by the innate immune system.
Nat Rev Immunol 2011; 11: 143-54.

Piekna-Przybylska D, Sullivan MA, Sharma G, Bambara RA. U3 region in the HIV-1 genome adopts a G-
quadruplex structure in its RNA and DNA sequence. Biochemistry 2014; 53: 2581-93.

Pontis J, Planet E, Offner S, Turelli P, Duc J, Coudray A, et al. Hominoid-Specific Transposable Elements and
KZFPs Facilitate Human Embryonic Genome Activation and Control Transcription in Naive Human ESCs. Cell
Stem Cell 2019; 24: 724-735.e5.

Raoult D, Forterre P. Redefining viruses: lessons from Mimivirus. Nat Rev Microbiol 2008; 6: 315-9.

Rémer C, Singh M, Hurst LD, Izsvak Z. How to tame an endogenous retrovirus: HERVH and the evolution of
human pluripotency. Curr Opin Virol 2017; 25: 49-58.

Roossinck MJ. The good viruses: viral mutualistic symbioses. Nat Rev Microbiol 2011; 9: 99-108.

Rowland-Jones SL. Timeline: AIDS pathogenesis: what have two decades of HIV research taught us? Nat Rev
Immunol 2003; 3: 343-8.

Savage AL, Bubb VJ, Breen G, Quinn JP. Characterisation of the potential function of SVA retrotransposons to
modulate gene expression patterns. BMC Evol Biol 2013; 13: 101.

Schmitges FW, Radovani E, Najafabadi HS, Barazandeh M, Campitelli LF, Yin Y, et al. Multiparameter functional
diversity of human C2H2 zinc finger proteins. Genome Res 2016; 26: 1742-52.

Sen D, Gilbert W. Formation of parallel four-stranded complexes by guanine-rich motifs in DNA and its
implications for meiosis. Nature 1988; 334: 364—6.

Shen L, Wu LC, Sanlioglu S, Chen R, Mendoza AR, Dangel AW, et al. Structure and genetics of the partially
duplicated gene RP located immediately upstream of the complement C4A and the C4B genes in the HLA class
Il region. Molecular cloning, exon-intron structure, composite retroposon, and breakpoint of gene duplication. J
Biol Chem 1994; 269: 8466—76.

Spiegel J, Adhikari S, Balasubramanian S. The Structure and Function of DNA G-Quadruplexes. Trends Chem
2020; 2: 123-36.

Sundaram V, Cheng Y, Ma Z, Li D, Xing X, Edge P, et al. Widespread contribution of transposable elements to
the innovation of gene regulatory networks. Genome Res 2014; 24: 1963-76.

Sundquist WI, Heaphy S. Evidence for interstrand quadruplex formation in the dimerization of human

15


https://sciwheel.com/work/bibliography/4673559
https://sciwheel.com/work/bibliography/1473513
https://sciwheel.com/work/bibliography/1473513
https://sciwheel.com/work/bibliography/43972
https://sciwheel.com/work/bibliography/43997
https://sciwheel.com/work/bibliography/43997
https://sciwheel.com/work/bibliography/756381
https://sciwheel.com/work/bibliography/756381
https://sciwheel.com/work/bibliography/1158795
https://sciwheel.com/work/bibliography/1158795
https://sciwheel.com/work/bibliography/14740649
https://sciwheel.com/work/bibliography/852963
https://sciwheel.com/work/bibliography/852963
https://sciwheel.com/work/bibliography/876747
https://sciwheel.com/work/bibliography/3871780
https://sciwheel.com/work/bibliography/3871780
https://sciwheel.com/work/bibliography/8166388
https://sciwheel.com/work/bibliography/8166388
https://sciwheel.com/work/bibliography/513311
https://sciwheel.com/work/bibliography/513311
https://sciwheel.com/work/bibliography/714170
https://sciwheel.com/work/bibliography/714170
https://sciwheel.com/work/bibliography/4561002
https://sciwheel.com/work/bibliography/4561002
https://sciwheel.com/work/bibliography/6848101
https://sciwheel.com/work/bibliography/6848101
https://sciwheel.com/work/bibliography/6848101
https://sciwheel.com/work/bibliography/405711
https://sciwheel.com/work/bibliography/4754867
https://sciwheel.com/work/bibliography/4754867
https://sciwheel.com/work/bibliography/387248
https://sciwheel.com/work/bibliography/4528976
https://sciwheel.com/work/bibliography/4528976
https://sciwheel.com/work/bibliography/3630802
https://sciwheel.com/work/bibliography/3630802
https://sciwheel.com/work/bibliography/2540105
https://sciwheel.com/work/bibliography/2540105
https://sciwheel.com/work/bibliography/1577580
https://sciwheel.com/work/bibliography/1577580
https://sciwheel.com/work/bibliography/7031307
https://sciwheel.com/work/bibliography/7031307
https://sciwheel.com/work/bibliography/7031307
https://sciwheel.com/work/bibliography/7031307
https://sciwheel.com/work/bibliography/7382684
https://sciwheel.com/work/bibliography/7382684
https://sciwheel.com/work/bibliography/463601
https://sciwheel.com/work/bibliography/463601
https://sciwheel.com/work/bibliography/3630803

immunodeficiency virus 1 genomic RNA. Proc Natl Acad Sci USA 1993; 90: 3393-7.

Sundquist WI, Klug A. Telomeric DNA dimerizes by formation of guanine tetrads between hairpin loops. Nature
1989; 342: 825-9.

Todd AK, Johnston M, Neidle S. Highly prevalent putative quadruplex sequence motifs in human DNA. Nucleic
Acids Res 2005; 33: 2901-7.

Turelli P, Playfoot C, Grun D, Raclot C, Pontis J, Coudray A, et al. Primate-restricted KRAB zinc finger proteins
and target retrotransposons control gene expression in human neurons. Sci Adv 2020; 6: eaba3200.

Wang H, Xing J, Grover D, Hedges DJ, Han K, Walker JA, et al. SVA elements: a hominid-specific retroposon
family. J Mol Biol 2005; 354: 994—-1007.

Watson JD, Crick FH. Molecular structure of nucleic acids; a structure for deoxyribose nucleic acid. Nature 1953;
171: 737-8.

Weiner AM, Deininger PL, Efstratiadis A. Nonviral retroposons: genes, pseudogenes, and transposable elements
generated by the reverse flow of genetic information. Annu Rev Biochem 1986; 55: 631-61.

Williamson JR, Raghuraman MK, Cech TR. Monovalent cation-induced structure of telomeric DNA: the G-quartet
model. Cell 1989; 59: 871-80.

Xing J, Zhang Y, Han K, Salem AH, Sen SK, Huff CD, et al. Mobile elements create structural variation: analysis
of a complete human genome. Genome Res 2009; 19: 1516-26.

Zahler AM, Williamson JR, Cech TR, Prescott DM. Inhibition of telomerase by G-quartet DNA structures. Nature
1991; 350: 718-20.

Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus from Patients with Pneumonia in
China, 2019. N Engl J Med 2020; 382: 727-33.

Zhu X, Han W, Xue W, Zou Y, Xie C, Du J, et al. The association between telomere length and cancer risk in
population studies. Sci Rep 2016; 6: 22243.

Zhu ZB, Jian B, Volanakis JE. Ancestry of SINE-R.C2 a human-specific retroposon. Hum Genet 1994; 93: 545—
51.

16


https://sciwheel.com/work/bibliography/3630803
https://sciwheel.com/work/bibliography/6309959
https://sciwheel.com/work/bibliography/6309959
https://sciwheel.com/work/bibliography/513131
https://sciwheel.com/work/bibliography/513131
https://sciwheel.com/work/bibliography/9548869
https://sciwheel.com/work/bibliography/9548869
https://sciwheel.com/work/bibliography/1303918
https://sciwheel.com/work/bibliography/1303918
https://sciwheel.com/work/bibliography/86031
https://sciwheel.com/work/bibliography/86031
https://sciwheel.com/work/bibliography/385875
https://sciwheel.com/work/bibliography/385875
https://sciwheel.com/work/bibliography/1585120
https://sciwheel.com/work/bibliography/1585120
https://sciwheel.com/work/bibliography/437823
https://sciwheel.com/work/bibliography/437823
https://sciwheel.com/work/bibliography/1586798
https://sciwheel.com/work/bibliography/1586798
https://sciwheel.com/work/bibliography/8131301
https://sciwheel.com/work/bibliography/8131301
https://sciwheel.com/work/bibliography/1417717
https://sciwheel.com/work/bibliography/1417717
https://sciwheel.com/work/bibliography/7031239
https://sciwheel.com/work/bibliography/7031239



