General Discussion

It has taken millions of years and many successive generations to shape the human genome as it is
today. Some of the most mysterious changes stem from ancient retroviral invasions that still influence
gene expression in the form of retrotransposons. In this thesis, our objective was to learn about the
influence TEs and the G4 structures they contain on human gene expression. We assessed the
influence of TEs and the G4s within, on the evolution, development and health of the human brain. In
chapter 1 we applied a genome-wide methylation assay to human embryonic stem cells and cortical
organoids, showing that some young TE subclasses lose repression by becoming hypomethylated
during early human brain development. Chapter 2 covers the shared evolutionary history of primate-
specific HERVH elements and the ZNF90 gene. With our findings we uncover a recently evolved
regulation mechanism of HERVHs which are known to be essential for human pluripotency. In chapter
3 we shed light on the G4 potential of primate-specific TEs, with a special focus on SVAs which are
unusually G4-dense. We applied several genome-wide tools to map G4 formation in human embryonic
stem cells and in cortical organoids. We also performed a challenging experimental approach where a
G4-specific antibody is used to bind G4 structures in vivo. With these techniques, we find that the G4
potential is much higher in younger TE subtypes, but that actual G4 formation is well-controlled in cells
which is reflected in cell type-specific G4 maps. In chapter 4, we describe the interaction between
another KZNF-TE pair: SVA and ZNF91. We aimed to unpick the molecular mechanisms of intronic SVA
insertions by investigating each component separately as well as together. Our work increases the
understanding of complex genetic disorders such as X-linked dystonia parkinsonism where an SVA
inserted into TAF1 disrupts its transcription. Finally, in chapter 5, we present an analysis tool developed
specifically to facilitate the analysis of complex reporter assays as performed in chapter 4. Taken
together, this thesis provides novel insights into the recent genetic evolution of human cortical
development and in particular shows that many young TEs contain secondary DNA structures that are

intricately part of the gene regulatory networks.

Evolutionary young TEs rely on G4s for their spreading and regulation

Alternative DNA conformations have important functions in regulating biological processes such as
replication, transcription and translation. During these events, double stranded DNA separates and the
single stranded overhangs, loops and bulges fold into a variety of conformations. The concept of
alternative DNA folding in genome biology has gained attention over past decades and has expanded
the standard model of the left-handed antiparallel double helix of hydrogen-bonded base pairs (known
as B-DNA) with cruciforms, Z-DNA, H-DNA, i-motifs and G-quadruplexes. These G4s are widely
regarded for their role in cell and cancer biology. Although they have been noticed recently in mobile

DNA elements their presence and functionality in TEs remains largely unexplored territory.

We aimed to fill this knowledge gap by creating G4 profiles of primate-specific TEs using genome-wide
mapping approaches in chapter 3. This showed that the density of G4 structures within TEs was much
higher than anticipated. Previous computational analyses of the human genome had already established

that TEs carry G4 motifs and that these were particularly abundant in the sequences of SVAs, L1s and
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to a lesser extent Alus. However, the current findings presented here are based on mapping of G4
structures, rather than the sequence motifs, and therefore, provide a biologically representative picture
of the entire TE-G4 landscape in the human genome. Interestingly, we found that all full-length SVA
elements carry at least one G4 structure, while the available literature (including a recent review) report
a much lower fraction (Kejnovsky et al., 2015; Makova and Weissensteiner, 2023). Since many early
strategies rely on sequence-based detection strategies, the differential outcome from our work

accentuates the need for up-to-date analysis methods in a biological context.

Upon our analyses, we also observed an association between the age of transposable elements (TEs)
and the density of G4 structures. Younger evolutionary subfamilies, such as SVA F, AluYa5, and LTR7,
are particularly rich for G4s, whereas older elements can be entirely devoid of G4s. This finding raises
the question why younger subfamilies harbor more G4s. Perhaps G4 DNA plays a role in the emergence
of novel TE families on the one hand, and the accumulation of mutations in older elements erode G4-
sequences, on the other hand. One option is that G4s function as recombination hubs bringing multiple
repetitive genomic locations together, facilitated by G4-binding proteins in three-dimensional chromatin
interactions. For example, during replication or retrotransposition events, TEs may be shuffled and
relocated. In this context, G4s have been shown to facilitate recombination by forming bimolecular
quadruplexes. For example, LTR7Y is thought to have arisen from a recombination event between
LTR7A and LTR7B (Goodchild et al., 1993). It represents one of the youngest LTR subtypes in primates
and is particularly rich in G4 structures. The fusion of these elements is believed to have triggered a
subsequent wave of LTR7 expansion (see chapter 2), seeding G4 sequencing across the primate
genome. Similarly, SVA elements contain repetitive G-rich motifs within their hexamer and VNTRs (Ono
et al., 1987). SVAs have been proposed as sites with a high propensity for unequal homologous
recombination in the human genome, and the expansion of VNTRs within younger SVAs may stem from
the misalignment of VNTR regions (Levinson and Gutman, 1987; Ostertag et al., 2003). Notably, while
all SVAs contain G4 structures, the most recently emerged subtypes, D-F, exhibit expanded VNTRs that
consist of extensive stretches of G4-forming sequences that could be the result of mispairing during
recombination. While SVAs are relatively scarce in number, the millions of Alu elements in primate
genomes may as well have provided numerous substrates for non-allelic homologous recombination
events throughout genomic evolution. G4s in Alu sequences could be instrumental to active Alu
spreading, until the accumulation of nucleotide substitutions contributes to their extinction. It's important
to note that the majority of Alu sequences lack the potential for G4 formation. Nevertheless, our data
demonstrates a notable enrichment of G4 structures within human-specific AluYa5 and AluYb8
elements. Intriguingly, these AluYa5 and AluYb8 elements are believed to have originated from a
'master’ AluY element following the recent divergence of humans from the Great Apes. Given that GC
nucleotides undergo substitutions at a rate nearly ten times higher than non-GC nucleotides, these GC-
rich elements have not yet been subject to genetic erosion, which may be a contributing factor to their
continued activity and evolutionary significance (Labuda and Striker, 1989; Batzer et al., 1990; Carroll
et al., 2001; Batzer and Deininger, 2002; Herbert, 2020; Pascarella et al., 2022).
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In accordance with most primate-specific TEs, we found that older L1PAs have less G4s, potentially due
to the accumulation of mutations over time. In exception to this rule however, the most recent L1PA2
and humans-specific L1HS have reduced numbers of G4s, perhaps as part of a recent deletion in the
ZNF93 binding site that contributed to their escape from KZNF control (Jacobs et al., 2014). Contrary to
SVAs and Alus, L1 are autonomously spreading elements and G4s within their 3-prime UTRs are
involved in their mobility and might therefore be conserved (Sahakyan et al., 2017). G4s in the 5-prime
side of young L1 elements may be less sacred and subject to structural rearrangements in order to
escape endogenous regulation. In general, G4s are thought to be involved in TE integration by providing
binding sites for integrase and transposase, showing that TE mobility is facilitated by G4s (Geurts et al.,
2006; Kejnovsky and Lexa, 2014; Cree et al., 2020; Boan and Gémez-Marquez, 2010; Bochman et al.,
2012; Kejnovsky et al., 2015). Combined, these observations show that (1) G4s are integral to the life-
cycle of TE evolution and (ll) the emergence and spreading of novel TEs are important factors in the
expansion of G4 sequences in primate genomes. Although this investigation shows a clear link between
young mobile DNA elements and G4 density, many details about the interrelation between relative TE-

age and G4 presence remains currently unknown and requires further investigation.

The significance of G4-rich transposable elements becomes particularly evident in evolutionarily young
tissues, such as the brain. Within neuronal precursor cells, newly integrated transposable elements with
G4-forming potential can experience reactivation once epigenetic regulation is compromised. This
reactivation can lead to the formation of secondary DNA structures, ultimately resulting in neuron-
specific transcriptional rewiring (Mills et al., 2007; Gifford et al., 2013; Xie et al., 2013; Jacob-Hirsch et
al., 2018; Jonsson et al., 2019; Garza et al., 2023). In chapter 1 we described DNA methylation as a
dynamic regulatory mechanism of primate-specific TE activity in cortical organoids, showing that mainly
evolutionary young Alu, L1 and SVA families become hypomethylated in human cortical development.
Dysregulated epigenetic regulation of SVA, Alu and L1 activity is associated with cancer and
neurodevelopmental and neurodegenerative disorders, showing that a regulatory fine-tuning is required
(Luo et al., 2014; Ewing et al., 2020; Barrow et al., 2021). Recent studies have highlighted that G4
structures have the ability to sequester and inactivate DNMT1, leading to local DNA hypomethylation
(Mao et al., 2018). This raises the question if similar mechanisms apply to the epigenetic landscape of
GC-rich TEs. Because the TE regulator REST may also play a significant role in reshaping the epigenetic
signature by competing with DNMT1 or by allowing histone maodifications and hydroxymethylation,
further research is needed to improve our understanding of the complex interplay between TE activity
and G4 formation during neuronal development (Stadler et al., 2011; Thurman et al., 2012; Domcke et
al., 2015; Hwang and Zukin, 2018). Genome-wide mapping strategies in developing neurons, aimed at
the co-immunoprecipitation of G4s using the BG4 antibody, together with DNMT1, or in combination
with activating histone marks such as H3K27ac and H3k4me3, would be beneficial to determine whether
TEs become activated at certain stages and if TE-G4s are formed in accessible chromatin as seen in
promoters. Indeed, it was described that young LTRs are regulated by DNA methylation, while LTRs of
older evolutionary age switched to H3K9me to establish their silencing (Ohtani et al., 2018), highlighting

that other repressive mechanisms are important factors to consider. Collectively, our results shed light
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on the dynamically controlled nature of TEs during human embryonic and cortical development. The
importance becomes clear when we regard the activity of young, G4-dense TEs, in the context of healthy
brain development. On the one hand, uncontrolled TE activity causes disease. On the other hand, the
developing brain seems to be an organ where TE activity is allowed, and necessary to some extent to
provide a level of innovation allowing development of new structures (Muotri et al., 2005; Muotri and
Gage, 2006; Coufal et al., 2009; Erwin et al., 2014). Perhaps because the brain is a relatively young
organ on the evolutionary time scale, precise control is yet to be established and the variation of the TE
landscape and activity, facilitated by G4s, adds to the increasing complexity and diversity of the human

brain.

G4s are shared regulatory features of TEs and promoters

G4 structures are widely recognized for their regulatory roles in genome biology. In fact, about half of
human gene promoters include G4s with active roles in governing transcriptional regulation. The gene
regulatory potential of G4 structures has been well established, primarily in promoters (Huppert and
Balasubramanian, 2007; Murat and Balasubramanian, 2014; Hansel-Hertsch et al., 2016). In this
context, they act as central hubs for transcription factors, offering cells functional platforms to modulate
the expression of particular genes. Using the DNA-G4 specific antibody BG4, it was shown that G4s
form in regions of active chromatin in a cell-type specific manner (Hansel-Hertsch et al., 2016; Spiegel
et al., 2020, 2021). With the same technique, (BG4-ChlIP) we showed in chapter 3 that BG4 binds to
folded G4s in TEs and promoters, revealing cell-type specific G4 profiles in hESCs and hESC-derived
cortical organoids. Since both TEs and promoters are G4-dense genomic elements and both provide
regulatory functions, we hypothesize that TE-G4s and at least a proportion of the observed promoter-
G4s originate from the same evolutionary source. TEs can become completely integrated by the genome
as promoters in a process called exaptation. This means that an exogenous DNA (from a retrovirus)
evolves within the host to take on a new functional role. As such TEs can become alternative promoters,
or provide enhancer or insulator functionality, ultimately leading to the domestication of TEs (Friedli and
Trono, 2015, Etchegaray et al., 2021). There are many ways that TEs provide functional sequences to
existing genes. Although TE insertions could lead to genome instability, in some cases TE insertions
can be beneficial and positive selection eventually leads to the exaptation of these TEs. For example of
exaptation , Another form of co-option of TEs in human gene regulation is described in chapter 2, where
we show that HERVH elements provide novel IncRNA transcripts that are involved in embryonic
development. TEs may also become adopted as insulator or enhancer elements, such as many SVAs
that strongly influence nearby gene expression and using G4 stabilizing compounds, we show in
chapter 4 that SVA-G4s are functionally involved. In addition, TEs may also become novel genes or
promoters and we suggest these mechanisms as a potential means to provide genes and promoters
with regulatory structures, including G4s. For example, the neuronal gene Arc, responsible for synaptic
plasticity in mammals, has been studied extensively in the context of memory and the hippocampus and
seems to be demethylated in the aging brain, resulting in reduced expression. Arc has been associated
with human neurodevelopmental disorders including schizophrenia, autism spectrum disorder and

Ageniman’s syndrome, highlighting its importance in human brain development. Interestingly, this gene

151


https://sciwheel.com/work/citation?ids=512039,139709,378262,853601&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=512039,139709,378262,853601&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=512039,139709,378262,853601&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=512039,139709,378262,853601&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=512039,139709,378262,853601&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=512039,139709,378262,853601&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=512039,139709,378262,853601&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=512039,139709,378262,853601&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=513456,852963,2156236,463335&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=513456,852963,2156236,463335&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=513456,852963,2156236,463335&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=513456,852963,2156236,463335&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0
https://sciwheel.com/work/citation?ids=7382684,10958187,2156236&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=7382684,10958187,2156236&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=7382684,10958187,2156236&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=7382684,10958187,2156236&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=7382684,10958187,2156236&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=7382684,10958187,2156236&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0
https://sciwheel.com/work/citation?ids=12649666&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=12649666&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=12649666&pre=&suf=&sa=0

contains structural elements that originate from Ty3/Gypsy LTR retrotransposon and contain sequences
with G4 folding potential within its promoter (Moruno-Manchon et al., 2017; Pastuzyn et al., 2018). Since
retrotransposons and promoters share common regulatory elements in the form of G4s, they can
function as docking sites for transcription factors. Together the shared origin of some G4s as regulatory
elements in genes and TEs provides interesting angles for further research, for example to explore the
use of G4s as therapeutic targets. As an example of G4s as a common target, we established in chapter
4 that ZNF91 associates to DNA with G4 potential in both SVAs and gene promoters (Figure 1). This
suggests that ZNF91 adopted the control of G4 formation in SVAs and brings up the question how this

interaction evolved.

ZNF91
target
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- ~
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Figure 1. ZNF91 binds to G4 forming sequences in SVAs and promoters which are both genomic regulatory
sequences.

Do KRAB ZNFs target and control the formation of G4s?
In vertebrates, KNZFs genes regulate the activity of many TEs. KRAB-ZNFs regulate TEs by changing

methylation and histone landscape, thereby repressing their activity. Currently, there is growing attention
on the interaction between TEs and KZNFs due to their crucial roles in embryonic development.In
particular the interplay between TEs and KNZFs is a source of novelty in the development of gene
regulation networks (Ecco et al., 2016). ZNF91 and SVA have been influencing each other's structural
and functional evolution (Figure 2). G-rich VNTRs in SVA elements have expanded leading to increased
G4 forming potential (Figure 3A). Around the same time (8-12 MYA) a duplication event in ZNF91 led
to a larger zinc finger array (Figure 3B). While SVA elements may have escaped ZNF91 repression
temporarily, structural changes ultimately led to improved SVA recognition. Eventually, ZNF91 has
become a specialized SVA-repressor that binds to the G-rich VNTR (Jacobs et al., 2014; Haring et al.,
2021). The increasing number of G4s sequences in for example SVA E and F may have facilitated this
binding. After a new SVA insertion, the SVA, G4s and ZNF91 together become part of the local
regulatory network. Recently, it was established that genetic inactivation of ZNF91 exclusively leads to
transcriptional reactivation of SVAs which was not the case after deletion of another SVA interacting
KZNF gene, ZNF611 (Pontis et al., 2019; Haring et al., 2021). These findings underscore the specificity
and fine-tuned mechanics behind TE regulation. At the same time, ZNF91 is not unique for its G4 DNA
binding properties. We are aware of other KZNF proteins such as ZNF10 that interact with GC-rich
sequences in for example HIV1 promoters, and in particular at the GC-rich border between NF-kB and
SP1 binding sites (Métifiot et al., 2014). As discussed in Chapter 4, SP1 ZNF10 and ZNF91 may

compete for G4 substrates to either facilitate or either increase or repress transcriptional activity. In one
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cell type a G4 may be folded and bound by SP1, while in another cell type the G4 is duplex and bound
by other TFs, leading to different transcriptional outputs (Lago et al., 2021). Comparable to ZNF91,
structural rearrangements in ZNF93 in the LCA of orangutan and human have been a driving force
behind L1PA evolution. In L1PA4-L1PAG6, ZNF93 binds to the 5-prime UTR, which is lost in older L1PA
elements. The most recent L1PA2 and human specific L1HS elements have a deletion, allowing these
elements to ‘escape’ ZNF93 regulation. Retrotransposition assays revealed that elements lacking the
ZNF93 binding site showed increased mobility and spreading (Jacobs et al., 2014). Interestingly, our
genome-wide G4 profiles in chapter 3 indicated that almost all L1PA6 elements carry G4 sequences,
in both 5-prime and 3-prime UTRs, while the younger elements gain mutations on the 5’ side and retain
G4s on the 3’ side that are beneficial for their mobility (Sahakyan et al., 2017). While it is clear that G4
structures in L1HS 3-prime UTR support their retrotransposition, it remains to be established if ZNF93
actually interferes with G4 substrates in L1PA elements. Many other KZNFs proteins do not interact with
G4 substrates, demonstrating that G4 targeting is an exceptional , rather than a common strategy to
regulate TE targets. For example, in chapter 2 we describe the structural evolution of ZNF90 and
HERVH. However, the binding sites of ZNF90 in HERVH element are not predicted to fold into G4
structures. Collectively, our data provide interesting insights into the interaction between KZNFs and
their TE targets. When G4s in TEs form the primary target of KZNFs, other G-rich regions in promoters
may become recognized by the same KZNFs as well, merely as a by-stander effect. As a consequence,
some KZNFs evolve to perform other important biological functions, including the recognition and
control of gene promoters. Indeed, around a quarter of human genes is bound by a KZNF, and therefore

may be controlled by a primate-specific KZNF (Farmiloe et al., 2020, Farmiloe et al., 2023).

N
SVAinvasion A et SVA-GL
involved in
- copy & paste % regulation
LI \\v ___ Géspreading
’ \ /_\
A4 a r ZNF91 repres-
Host Genome sion via G4
“7>= inhibition

Figure 2. Proposed model of SVA and ZNF91 co-evolution leading to SVA and promoter G4 regulation.
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Figure 3. SVA and ZNF91 structural evolution. (A) SVA elements have increased in size in the past 14 million
years. This is mainly attributed to the increase in VNTR. Because of its GC-rich nature, the G4 potential also
increases. (B) A duplication event in ZNF91 resulted in a larger zinc finger, improving SVA recognition.

G4s as therapeutic targets

The identification of a SVA insertion into TAF1 as a causal mutation in patients suffering from XDP,
raised many questions regarding its genetic and molecular mechanisms. We applied an elaborate mini-
gene model to investigate several aspects of intronic SVA insertions, including manipulation of G4
structures. Pivotal to this, was the application of a known G4 stabilizing compound PDS. Although G4
structures in the XDP-SVAs have been under investigation before (Bragg et al., 2017), their functional
contribution to defective TAF1 transcription remains elusive. The use of G4 stabilizing and destabilizing
agents is an interesting experimental approach to improve our understanding of the XDP-SVA.
Additionally, exploring therapeutic strategies to neutralize the influence of the XDP-SVA on TAF1
expression may provide an angle to treat XDP patients. Possibly, the application of G4 destabilizing
compounds in the XDP cell models could show that G4s are potential targets for treating XDP.. A similar
strategy was applied to restore FMR1 expression in Fragile X syndrome, caused by elongated
expansion of CGG triplet repeats in the 5UTR of FMR1. G-rich repeats in the promoter could fold into
secondary DNA structures which obstruct normal transcription causing severe mental retardation. In
reporter assays as well as in oligos containing the disease-causing mutation, G4-destabilizing drugs
were used to destabilize secondary structures of CGG expansions, which ultimately led to increased
mRNA translation in vitro (Weisman-Shomer et al., 2003; Khateb et al., 2007; Ofer et al., 2009). While
this strategy was successful in vitro, chronic exposure to porphyrins is toxic to cells (Shioda et al., 2018).
To circumvent this, treatment with precursors of endogenous porphyrins was tested and found to
improve cognitive dysfunction in an ATRX mouse model, modeling a human neurodevelopmental
disorder associated with aberrant G4 formation (Asamitsu et al., 2019, 2020, 2021; Wada et al., 2020).
Altogether, exploring pharmacological methods aimed at targeting G4s to reduce the influence of the
XDP-SVA and restore TAF1 transcription may provide alleviation for the burden of this severe

neurodevelopmental disorder.
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Concluding remarks

It remains remarkable that we as humans carry so much DNA with such a long evolutionary history.
Many of these sequences are not only shared with other primates, but originate from ancient interactions
with viral parasites. There is a huge discrepancy between grand existential questions about our origins,
and the molecular tools that are available to us to study those questions, which are often based on
assumptions and over-simplifications. The mysterious characteristics of the quadruplex structure
symbolizes this contrast in a dramatic way. An unusual folding of the DNA, deeply embedded within the
nuclei of our cells, has a profound influence on how we are as a species, yet we don’t know exactly in

what way or form.

Technological advances in the field of genome research made it possible to investigate G4 sequences
in mobile DNA that were long regarded as useless junk. We applied conventional molecular biology
tools to experiment with the presence and absence of these genomic features. In addition, we used
contemporary methods to sequence entire human genomes of over 3 billion base-pairs, which allowed
the mapping of features such as transposable elements and G4s. Because of their repetitive nature, the
identification and precise localization is challenging and relies on creative genome alignment strategies.
Fortunately, recent advances in sequencing and data processing facilitate this process, and combined
with in vitro findings, comparative genomics provided fruitful insights into the origin and contribution of

TEs and G4s in human genome evolution.

While G4s were initially mainly studied in mammalian genomes, they have also been identified in many
other species including yeast, fish, and pathogens such as bacteria, fungi and viruses. In all these
species, G4s perform pivotal roles in regulating important cellular functions. The exchange of genetic
material by retroviral invasions, is one of the mechanisms that have led to the spreading of G4s many
life forms. Furthermore, G4s seem to have resisted the forces of evolutionary shaping, remaining a
robust, cross-species gene regulatory mechanism. In fact, they may even be one of the oldest regulatory
units. While G4s have only relatively recently been recognized as ‘epigenetic regulators of transcription
(Lago et al., 2021) they may be one of the oldest mechanisms to facilitate a form of DNA regulation in
the history of biology. Via recombination and retrotransposition mechanisms, these G4 structures could
have disseminated and persisted, serving as a link between genetic and epigenetic regulation, a

phenomenon that may persist even in modern human evolution.
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