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Z.USAMMENFASSUNG

Waéhrend der Embryonalentwicklung durchlaufen Zellen eine Reihe von Zelltyp-
Entscheidungen, die von morphologischen und funktionellen Veranderungen begleitet werden
und schlieBlich in der Entstehung eines vollstandigen Organismus gipfeln. Dieser komplizierte
Prozess wird durch ein komplexes Zusammenspiel verschiedener genetischer und
epigenetischer Mechanismen, einschlie3lich der DNA Methylierung, gesteuert. Nach grof3en
Veranderungen, die das somatische DNA-Methylom im praimplantierten Embryo prégen,
bleibt diese Modifikation global stabil, wobei lokale Verdnderungen gewebsspezifisch
auftreten, oft an mutmaRlichen genetischen Regulationselementen. In humanen pluripotenten
Stammzellen (hPSCs) werden jedoch tausende hoch methylierte Regionen von DNA-
Demethylasen (TETSs) anvisiert, deren dortige lokale Demethylierungsaktivitat durch De-novo-
Methyltransferasen (DNMT3s) ausgeglichen wird, was zu einem empfindlichen Gleichgewicht
fihrt, das als DNA-Methylierungs-Turnover bezeichnet wird. Der molekulare Mechanismus
und seine funktionelle Rolle wéhrend der Pluripotenz und der fortschreitenden Entwicklung
sind ungeklart. In meiner Doktorarbeit habe ich experimentelle und analytische Ansétze
kombiniert, um das Auftreten und die Regulierung des DNA-Methylierungs-Turnovers
wahrend der Pluripotenz und friiher Zelldifferenzierung zu untersuchen. Ich konnte zeigen,
dass dieser dynamische Mechanismus erheblich an Regionen auftritt, die wéhrend der in-vitro
Differenzierung der drei Keimblatter demethyliert werden, dass er aber auch an genomischen
Loci aktiv ist, die mit spateren, reiferen Zelltyp-Entscheidungen verknupft sind. Zum ersten
Mal habe ich die de-novo Etablierung des DNA-Methylierungs-Turnovers in transienten
Vorlauferpopulationen beschrieben, was auf eine erweiterte regulative Rolle des DNA-
Methylierungs-Turnovers tber die Pluripotenz hinaus hinweisen konnte. Dariiber hinaus
liefere ich funktionelle Beweise dafir, dass Regionen, die wéhrend der Pluripotenz mit dem
DNA-Methylierungs-Turnover assoziiert sind, in differenzierten Zellen eine Enhancer-
Aktivitat aufweisen, was auf eine funktionelle regulatorische Rolle des Turnovers hindeuten
konnte. In Bezug auf Transposons bestatigen meine Analysen, dass der DNA-Methylierungs-
Turnover Ziel-spezifisch ist. Insbesondere zeige ich, dass die evolutiondr jungen ERV1
LTR7upl/up2 und die hominoid-spezifischen ERVK LTR5-Hs Unterfamilien der Long
Terminal Repeat (LTR) Retrotransposons besonders stark vom DNA-Methylierungs-Turnover
in hPSCs betroffen sind. Interessanterweise wurde zuvor gezeigt, dass genau diese
Unterfamilien von Pluripotenzfaktoren, einschlieBlich NANOG, gebunden werden, was einen
maoglichen Mechanismus darstellt, der die Dynamik wahrend der Plruipotenz steuert.
Schliellich habe ich verschiedene genetisch veranderte hPSC-Linien hergestellt, um die
funktionelle Rolle von TETs und DNMT3s an Zielregionen des Turnovers zu untersuchen.
Somit bietet meine Arbeit ein wertvolles Werkzeug und einen bisher unerforschten
Blickwinkel auf die Ziel-spezifische Regulierung des DNA-Methylierungs-Turnovers und
unterstreicht dessen potenzielle Rolle fur die menschliche Zelldifferenzierung wahrend der
Embryonalentwicklung.



ABSTRACT

Throughout embryonic development, cells undergo a series of lineage decisions, accompanied
by morphological and functional changes, culminating in the formation of a complete
organism. This intricate process is orchestrated by a complex interplay of diverse genetic and
epigenetic mechanisms, including DNA methylation. After major changes shaping the somatic
DNA methylome in the pre-implantation embryo, this modification remains globally stable,
with local alterations occurring in a tissue-specific manner, often associated with putative
genetic regulatory elements. However, in human pluripotent stem cells (hPSCs), thousands of
highly methylated regions are targeted by DNA demethylases (TETs), whose local
demethylation activity is counteracted by de novo methyltransferases (DNMT3s), resulting in
a delicate balance referred to as DNA methylation turnover. What is the molecular mechanism
and its functional role during pluripotency and developmental progression remains elusive. In
my doctoral work, 1 combined experimental and analytical approaches to investigate the
emergence and regulation of DNA methylation turnover during human pluripotency and early
differentiation. | revealed that this dynamic mechanism substantially occurs at regions that
undergo demethylation during in vitro three germ-layer differentiation, but that it is also active
at genomic loci linked to mature lineage decisions. Importantly, | described the establishment
of de novo DNA methylation turnover in transient progenitor populations for the first time,
suggesting an extended regulative role of the DNA methylation turnover beyond pluripotency.
Furthermore, | provide functional evidence that pluripotency-associated DNA methylation
turnover regions have enhancer activity in differentiated cells, implying a potential functional
regulatory role of the turnover. Regarding transposable elements, my analysis confirms that the
DNA methylation turnover is highly target-specific. In particular, I reveal that the evolutionary
young ERV1 LTR7upl/2 and the hominoid-specific ERVK LTR5-Hs subfamilies of the long
terminal repeat (LTR) retrotransposons are prominently targeted by the DNA methylation
turnover in hPSCs. Interestingly, specifically these subfamilies were previously shown to be
bound by pluripotency factors, including NANOG, providing a possible underlying mechanism
behind the turnover during pluripotency. Lastly, | generated various genetically modified
hPSCs lines to experimentally dissect the functional role of TETs and DNMT3s at turnover
targets. Thus, my work provides a valuable toolkit and an unexplored analytical angle into the
target-specific regulation of DNA methylation turnover, emphasizing its potential role for
human cell differentiation during embryonic development.



BACKGROUND

Mammalian genomes display high levels of cytosine methylation in the CpG
context

In vertebrate genomes, DNA methylation primarily occurs at cytosines in a CpG sequence
context. While CpGs are 4- to 5-times less frequent in vertebrates compared to invertebrates, a
significant proportion of vertebrate CpGs are methylated, ranging from 55% to 90%, compared
to 0-30% in invertebrates (Swartz et al., 1962; Josse et al., 1961; Bird, 1980). Notably, in the
model organism Drosophila melanogaster, CpGs are only methylated during early
embryogenesis, and in Caenorhabditis elegans and Saccharomyces cerevisiae, CpGs are
entirely unmethylated (Urieli-Shoval et al., 19821; Lyko et al., 2000; Simpson et al., 1986;
Capuano et al., 2014). Remarkably, CpG methylation levels in the human and mouse genomes
vary from nearly totally methylated to unmethylated (bimodal distribution), depending on the
developmental stage and cell type (Greenberg & Bourc’his, 2019). Furthermore, CH
methylation is prevalent in vertebrates as well, yet at low levels. Notably, neurons possess the
highest CH methylation among all cell types of the major human organ systems (Schultz et al.,
2015). Interestingly, methylated cytosines can spontaneously be deaminated, leading to point
mutations from cytosine to thymine, providing a potential explanation for the reduced
abundance of CpGs in highly methylated mammalian genomes (Holliday & Grigg, 1993). In
contrast to vertebrates, the invertebrate Ciona intestinalis and flowering plants generally
exhibit reduced levels of CpG methylation (Feng et al., 2010). Instead, in flowering plants,
cytosines in other sequence contexts are more frequently methylated, specifically CHG and
CHH (Feng et al., 2010).

In mammals, elevated levels of CpG methylation are observed in various genomic contexts,
including transposons, pericentromeric satellite repeats, imprinted genes, and inactivated X-
chromosomes and gene bodies, with a slight enrichment at exons (Greenberg & Bourc’his,
2019; Smith & Meissner, 2013; Feng et al., 2010). However, the generally high levels of CpG
methylation in mammalian genomes are interrupted by CpG-dense regions, known as CpG
islands (CGls), which are mostly unmethylated and typically coincide with gene promoters
(Bird et al., 1985; Gardiner-Garden & Frommer, 1987). Generally, CpG-density negatively
correlates with CpG methylation (Lienert et al., 2011; Illingworth et al., 2008; Weber et al.,
2007).



Stability and plasticity of DNA methylation during mammalian embryonic
development

During embryonic development, the DNA methylation landscape undergoes local, as well as
global changes, while other patterns are maintained consistent over long developmental
periods. DNA methyltransferase 1(DNMT1) primarily ensures the inheritance and stability of
DNA methylation patterns, with some maintenance activity attributed to the canonical de novo
methyltransferases DNMT3A and B (Figure 1) (Chen et al., 2003; Gruenbaum et al., 1982;
Liao et al., 2015). In contrast, the plasticity of DNA methylation arises from enzymatic addition
and removal, as well as passive loss of DNA methylation. DNMT3A and B are the canonical
de novo methyltransferases, responsible for catalyzing the addition of a methyl group to a CpG
that lacks methylation on both DNA strands (Okano et al., 1999). Notably, also DNMT1 has
been shown to have de novo activity in specific genomic contexts (Haggerty et al., 2021; Li et
al., 2018). DNA demethylation occurs through passive dilution of methylated cytosines upon
replication and subsequent cell division, due to reduced DNMT1 activity, or through active
demethylation mechanisms, which involves oxidation catalyzed by ten-eleven translocation
(TET1,2,3) dioxygenases (Figure 1) (Tahiliani et al., 2009; Ito et al., 2010, 2011; He et al.,
2011). TETs iteratively oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). Eventually, thymine-DNA
glycosylase (TDG) and base-excision repair (BER) re-establish the unmodified cytosine (Maiti
& Drohat, 2011).
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Figure 1: Functionality of DNA methyltransferases and demethylases. The schematic displays the
functionality of the canonical maintenance methyltransferase DNMT1, the de novo methyltransferases
DNMT3A/B and the ten-eleven translocation demethylases TET1-3. While all cytosine modifications
can get diluted upon replication and subsequent cell division, a methyl group on a CpG (5mC) can be
stepwise oxidized by TETSs into hydroxymethylcytosine (5hmC), formylcytosine (5fC), and eventually
carboxylcytosine (5caC). 5fC and 5caC can be deaminated by the thymine-DNA glycosylase (TDG)
and subsequent base excision repair enables conversion to an unmodified cytosine.

There are two phases of drastic global epigenetic reprogramming during mammalian
development, occurring in the germline and in the pre-implantation embryo (Figure 2)
(Greenberg & Bourc’his, 2019). In the specification of primordial germ cells (PGCs), a two-
step demethylation process reduces DNA methylation levels from 70-80% to below 10%
(Wang et al., 2014). Initially, the majority of global methylation is passively depleted, likely
due to downregulation of UHRF1, a crucial co-factor of DNMT1, followed by subsequent
demethylation of imprinting control regions (ICRs) and germline-specific genes by
TET1/TET2 activity (Kurimoto et al., 2008). Evolutionarily young retrotransposons, such as
human-specific long interspersed nuclear elements (LINES) and SINE-VNRT-Alu (SVA), tend
to retain partial methylation, (Tang et al., 2015a). After PGC demethylation, a phase of re-
methylation occurs to establish male or female-specific germline landscapes. Eventually, DNA
methylation patterns in sperm resemble somatic cells, reaching ~80%, while oocytes are
predominantly methylated in gene bodies with final genomic levels around ~50% (Kobayashi
et al., 2012; Wang et al., 2014; Greenberg & Bourc’his, 2019). The oocyte methylome is
influenced by the retention of DNMT1 and UHRFL1 in the cytoplasm, and a link between de
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novo DNA methylation and active gene transcription (Veselovska et al., 2015; Li et al., 2018).
After fertilization, a second phase of epigenetic reprogramming initiates to remove germ cell-
specific DNA methylation patterns in the early embryo. Although limitations exist in studying
early human embryo demethylation, studies in mice have revealed active demethylation of both
pronuclei by TET3, with a stronger effect on the paternal compared to the maternal pronucleus
(Gu et al., 2011; Shen et al., 2014). Additionally, the retention of DNMT1 in the cytoplasm
contributes to the erasure of the germ cell methylome in a replication-dependent manner
(Carlson et al., 1992). Concomitant to global demethylation, evolutionarily young transposable
elements (mainly Alus of the short interspersed nuclear element (SINE) family) are being de
novo methylated in both parental human genomes (Zhu et al., 2018). Other evolutionarily
young transposons, particularly SVAs in humans, as well as certain ICRs, retain gametic
methylation in the pre-implantation blastocyst (Wang et al., 2014; Guo et al., 2014). The
blastocyst enters re-methylation upon implantation when composed of the inner cell mass,
trophectoderm, and primitive endoderm. As development progresses, the trophectoderm and
primitive endoderm give rise to the extra-embryonic ectoderm and visceral endoderm
respectively, both of which display global hypomethylation due to decreased DNMT3
expression, alongside hypermethylation of specific CGls (Zhang et al., 2018; Smith et al.,
2017). In contrast, the epiblast genome is increasingly methylated, reaching a global level of
70-80%. During the differentiation of somatic cell types, the majority of DNA methylation
changes occur focally at regions frequently enriched with transcription factor (TF) binding
sites, often associated with predicted enhancers and putative promoters (Schultz et al., 2015;
Ziller et al., 2013).
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Figure 2: Global CpG methylation levels during human embryonic development. The schematic
displays the global loss of CpG methylation after fertilization and the subsequent global re-methylation.
While somatic cells maintain highly methylated throughout the rest of development, primordial germ
cell (PGC) formation involves a second step of global demethylation. While male germ cells become
hypermethylated again, female PGCs only regain DNA methylation (around 50%) upon ovulation. The
figure is adapted from (Greenberg & Bourc’his, 2019).

DNA methyltransferases are necessary for mammalian embryonic
development

In human pluripotent stem cells (hPSCs), all three DNMTs are active, with the expression of
the predominant DNMT3B isoform, DNTM3B1, being notably higher than the levels of
DNMT1 and the main DNMT3A variant, DNMT3A2 (Liao et al., 2015). As cells undergo
differentiation, they maintain similar levels of DNMT1 and DNMT3A, while expression of
DNMT3B is substantially reduced and switches to a catalytically inactive isoform, known as
DNMT3B3 (Figure 4) (Liao et al., 2015). In mice, DNMT3A and DNMT3B are prominently
expressed during pluripotency and are downregulated in embryoid bodies and adult tissues,

although their expression is still sustained (Okano et al., 1998).

Depletion of all three DNMTs (DNMT1, DNMT3A/B) leads to cell death in hPSCs. However,
a double knockout of the de novo methyltransferases only (DKO) does not disrupt viability,
expression of pluripotency markers, cellular morphology, or their potential to differentiate into
the three germ layers in directed or random embryoid body differentiation(Liao et al., 2015).
Nevertheless, over successive cell passaging and despite the continued presence of DNMT]1,
DKO hPSCs gradually undergo genome-wide loss of CpG methylation, suggesting a role for
DNMT3A/B in maintenance methylation (Liao et al., 2015). In contrast to DNMT3A/B,
homozygous DNMT1 knockout hPSCs are lethal, underscoring that DNMT1 is indispensable
for hPSCs (Liao et al., 2015).



Unlike hPSCs, mouse embryonic stem cells (mESCs), which represent a more naive state of
pluripotency, can survive in the absence of all three DNMTs and maintain self-renewability
and chromosome stability (Tsumura et al., 2006). However, DNMT1-knockout mESCs fail to
undergo lineage commitment, and inducing differentiation ultimately leads to cell death,
suggesting that DNMT1 activity is essential for a more primed state of pluripotency found in
hPSCs and somatic cell types, while it is dispensable for a more naive-like state (Panning &
Jaenisch, 1996; Jackson et al., 2004). Furthermore, DKO mESCs fail to form teratomas after
70 cell passages, while they are still capable of doing so within a shorter period after the
knockout, implying that the DNA methylation levels, rather than the presence of the enzymes,
are crucial for successful differentiation (Chen et al., 2003). Moreover, knockout studies of the
three methyltransferases in mouse embryos have demonstrated their essential role for proper
embryonic development, organogenesis, and body growth since their depletion leads to
developmental delay, increased cell death, and ultimately results in prenatal death. In fact,
DNMT1-, DNMT3B- and DNMT3A/B-homozygous knockout embryos are embryonically
lethal, while lack of DNMT3A leads to postnatal death (Li et al., 1992; Okano et al., 1999).

DNA methylation defects are also frequently associated with various diseases. Mutations in
genes encoding players of the DNA methylation machinery are often found in different types
of cancer. For example, mutations in DNMT3A have been observed in acute myeloid leukemia
(AML), and hypomorphic DNMT1 mouse mutants have been shown to develop T cell
lymphomas (Yan et al., 2011; Walter et al., 2011; Gaudet et al., 2003). Furthermore, various
human cancer types display altered DNMT3B isoform expression and global hypomethylation
(Ehrlich, 2009; Gopalakrishnan, Van Emburgh, et al., 2009; Ostler et al., 2007; J. Wang et al.,
2006; Xie et al., 1999). Additionally, patients with immunodeficiency, centromeric instability,
facial anomalies syndrome (ICF) carry mutations in the DNMT3B gene (Okano et al., 1999;
Xu et al., 1999; Hansen et al., 1999).



DNA demethylases are necessary for mammalian embryonic development

TET enzymes are differentially expressed throughout development and play essential roles for
proper embryogenesis. In hPSCs, all three TET genes- TET1, TET2, and TET3- are expressed
(Verma et al., 2018). In contrast, mMESCs only express TET1 and TET2 at high and medium
levels, respectively, while TET3 expression is notably low (Koh et al., 2011). In mice, upon
differentiation, TET1 is downregulated, accompanied by an isoform switch from the full-length
to a shortened variant (Zhang et al., 2016; Koh et al., 2011). In humans, an orthologous TET1
isoform has been identified, which is upregulated in various cancer types (Good et al., 2017).

TET2 and TETS3 fulfill cell type-specific functions (see below).

TETs are responsible for the generation of all 5ShmC, which is completely depleted from the
genome in their absence (Verma et al., 2018). Furthermore, TET deficiency leads to local
hypermethylation, particularly at enhancers and bivalent promoters in hPSCs. Still, hPSCs
depleted of all three TETs (TKO) maintain their typical morphology, self-renewal capacity,
and expression of the pluripotency marker genes NANOG, OCT4, and SOX2 (Verma et al.,
2018; Dawlaty et al., 2014). In contrast, in mESCs, TET1 is crucial for Nanog expression (Ito
etal., 2010).

Upon random differentiation into embryoid bodies, TKO-hPSCs exhibit altered expression of
lineage-specific genes. This includes the downregulation of genes associated with
neuroectodermal differentiation, such as OTX2, PAX6, FOXG1, SOX10, and the endodermal
marker FOXA2 (Verma et al., 2018). Additionally, changes in the transcription of the
mesodermal markers GSC and Brachyury (T) are observed (Verma et al., 2018). Similarly,
embryoid bodies derived from TKO-mESCs display decreased expression of both mesodermal
and endodermal markers, suggesting a conserved role for TETs in mammals (Dawlaty et al.,
2014). In line with this, human TKO cells cannot form teratomas, and mouse TKO teratomas
lack endodermal and certain mesodermal tissues, as well as more advanced ectodermal
structures (Dawlaty et al., 2014). By performing knockdown experiments targeting individual
TET enzymes in mESCs, distinct and specific roles for each TET enzyme was unraveled (Koh
etal., 2011).

Knockdown of TET1 leads to elevated expression of trophectodermal markers (Cdx2, Eomes,
Handl) and of the mesodermal marker Brachyury (T), along with downregulation of

neuroectodermal markers (Pax6, Neurodl, Leftyl, Lefty2). Similarly, TET3 knockdown



causes reduced expression of Lefty2. In contrast, neuroectodermal markers are slightly
upregulated in the absence of TET2 (Koh et al., 2011).

Furthermore, TET1 knockout mice are viable and fertile (Dawlaty et al., 2011). However, the
majority of embryos are developmentally delayed, characterized by fewer somites, reduced
body size, and lower weight compared to wildtype embryos of matching age, indicating only a
partial compensation by TET2 and TET3 for the loss of TET1 (Dawlaty et al., 2011). Mice
with an additional knockout of TET2 are found at a reduced frequency and do not follow the
Mendelian ratio (Dawlaty et al., 2013). Most of the born mice die within the first two days after

birth, displaying conditions such as exencephaly, head hemorrhage, and growth retardation.

TET2 is prominently expressed in both stem and mature hematopoietic cells, and various
mutations in the TET2 gene have been linked to myeloid malignancies (Langemeijer et al.,
2009; Jankowska et al., 2009). The knockout of TET2 in mouse embryos results in an
augmented population of hematopoietic stem and progenitor cells within the bone marrow and
spleen (Ko et al., 2011). This suggests a role for TETZ2 in limiting self-renewal capacity and
proliferation of these cells (Ko et al., 2011). Additionally, TET2 plays a role in slowing down
the differentiation of hematopoietic stem and progenitor cells, thereby preventing premature
commitment towards monocytes/macrophages and myelo-proliferation (Ko et al., 2011;
Castro-Diaz et al., 2014). Notably, hematopoietic stem cells also depend on DNA methylation,
with DNMT1 hypomorphism leading to an imbalance in cell fate specification (Broske et al.,
2009; Smith & Meissner, 2013)

Oocytes and zygotes express TET3 but not TET1 and TET2 (Gu et al., 2011). Following
fertilization, the maternal TET3 catalyzes the oxidation of 5mC into 5hmC at the paternal
genome (Gu et al., 2011). The conditional depletion of the maternal TET3 allele in the zygote
leads to a defect in the demethylation process of paternal OCT4 and NANOG alleles, coming
along with diminished gene activation. In line with this, females with a conditional TET3
knockout in their oocytes are less fertile. Nevertheless, TET3 is dispensable for the
development of both male and female germ cells. Notably, homozygous deletion of TET3 is
neonatally lethal (Gu et al., 2011).
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DNMT3sand TETs co-occur at thousands of genomic loci in pluripotent cells
While the DNA methylome undergoes changes during cell state transitions, such as
differentiation or reprogramming, the DNA methylation landscape appeared to be highly stable
within a given cell state. This picture was supported by the preservation of global patterns even
upon depletion of DNMT3s and TET enzymes (Liao etal., 2015; Vermacet al., 2018). However,
a more intricate scenario emerged upon closer examination of hPSC depleted of both de novo
methyltransferases DNMT3A/B (DKO), revealing focal DNA methylation dynamics at
thousands of genomic loci, which persist independent of any cell state transition (Figure 3)
(Charlton et al., 2020; Ginno et al., 2020).

In DKO hPSCs, over 11,000 regions, with an average size of 700bp, are rapidly
hypomethylated by focal TET activity, while overall global levels exhibit only minor changes
(Charlton et al., 2020). The active process of DNA demethylation at these sites becomes
evident, as their methylation levels remain high when the DKO is executed in the background
of a TET1/2/3 triple knockout (TKO) (resulting in a pentuple knockout (PKO)). Furthermore,
the presence of 5hmC and TETSs at these loci in hPSCs implies ongoing oxidation of 5mC,
necessitating local de novo methylation by DNMT3s to uphold CpG methylation (Charlton et
al., 2020). Either DNMT3A or B activity is sufficient to counteract this demethylation process,
with one being largely compensatory in the absence of the other. This competitive interplay
between DNMT3s and TETs has been termed DNA methylation turnover, and the regions
influenced by this phenomenon are referred to as DKO-differentially methylated regions
(DKO-DMRSs). Of note, the occurrence of the DNA methylation turnover is largely conserved
in mESCs, and the extent of DKO-associated hypomethylation is less prominent in adult mouse

tissues and in vitro differentiated cells (Charlton et al., 2020).

Over half of the DKO-DMRs overlap with H3K4mel Chromatin-immunoprecipitation peaks)
(ChIP) (Charlton et al., 2020). However, a relatively low percentage of them additionally
coincide with H3K27me3 or H3K27Ac marks, implying the absence of a classical poised
chromatin state or a state of active enhancers, respectively. Additionally, a slight enrichment
in chromatin accessibility was observed, along with increased CpG density compared to the
background. Nonetheless, none of these features is unique to DKO-DMRs. Furthermore,
neither a common sequence motif for a known TF, nor enrichment of any specific TF, was
identified within DKO-DMRs (Charlton et al., 2020). Still, DKO-DMRs are bound by tissue-
specific TFs upon differentiation, suggesting a possible enhancer function. In line with this,
85% of DKO-DMRs overlap with putative somatic enhancers and alterations of the
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transcriptome upon loss of DNMT3s in hPSCs are frequently associated with DKO-DMRs,
However, not all these enhancers coincide with a DKO-DMR. Furthermore, the 5’UTRs of
evolutionarily young LINE1 elements, in particular LIHS and L1PA, are targets of the DNA
methylation turnover (Charlton et al., 2020). This observation has led to the hypothesis that

DNA methylation turnover could play a role in transposon regulation.

Nevertheless, the mechanism and function underlying the target-specificity of the DNA

methylation turnover across diverse genomic endeavors are not yet understood.
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Figure 3: DNA methylation turnover in hPSCs. The schematic displays the co-occurrence of
DNMT3A/DNMT3B and TETs at an overall highly methylated genomic locus in hPSCs. Their
opposing activities enable high levels of 5mC and 5hmC. In the absence of DNMT3s (DKO hPSCs),
TETs hypomethylate those loci, which is why they are termed DKO-DMRs (Charlton et al., 2020).
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Protein domains and targeting of DNA methyltransferases

The C-terminus of mammalian DNMT1 and DNMT3A/B contains a methyltransferase
(MTase) domain, similar in structure to the bacterial restriction methyltransferases (Figure 4)
(Bestor et al., 1988; Bestor, 1990). Conversely, the co-factor of de novo methyltransferases,
DNMT3L, lacks an MTase domain (Aapola et al., 2000).

Utilizing their cysteine-rich ADD domain (ATRX-DNMT3-DNMT3L), DNMT3A/B and
DNMT3L preferentially bind to the unmodified histone H3 tail or H3K9me3-modified tail,
while its binding is hindered in the presence of H3K4me3 (Figure 4) (Zhang et al., 2010b; Ooi
et al., 2007; Baubec et al., 2015). In cases where the ADD domain is unable to bind to the H3
tail (e.g. by H3K4me3), it instead binds to the MTase domain within its own C-terminus,
leading to auto-inhibition (Guo et al., 2015). The targeting of DNMT3s is often associated with
specific histone modifications and the enzymes responsible that catalyze them; the relationship
varies depending on the genomic context (Li et al., 2008; Zuo et al., 2012; Epsztejn-Litman et
al., 2008). The intertwined connections between DNA methylation and other epigenetic

mechanisms are the subject of a later paragraph.

Furthermore, the N-terminus of DNMT3s contains a PWWP domain (Pro-Trp-Trp-Pro), which
is crucial for DNA binding (Figure 4) (Suetake et al., 2011; Jeong et al., 2009). However, there
is limited understanding on how the DNA sequence determines target-specificity of DNMT 3s.
De novo methylation activity does not occur on nucleosome-associated DNA, has a positive
correlation with the density of methylated CpGs, and conversely, it negatively correlates with
unmethylated CpG-density (Baubec et al., 2015). Furthermore, several studies have
investigated DNA sequence preferences of DNMT3. Among the identified motifs for
DNMT3B is (NTCpGGN), a finding validated through a biochemical assay (Loaeza-Loaeza et
al., 2020). Additionally, DNMT3 and DNMT1 activities are repressed by G-quadruplexes, a
four-stranded secondary DNA structure that predominantly occurs in CGls due to their high
GC content (Mao et al., 2018; Loiko et al., 2022).

Aside from some degree of target-specificity, DNMT3A and DNMT3B are largely redundant
in their function in both hPSCs and mESCs (Liao et al., 2015; Okano et al., 1999).

In contrast to DNMT3s, DNMT1’s primary guiding mechanism involves its interaction with
UHRF1 during S-phase of the cell cycle (Bostick et al., 2007; Sharif et al., 2007). The SET-
and RING-associated (SRA) domain of UHRF1 specifically recognizes hemi-methylated CpGs
at replication forks, while its Tudor domain (TDD) binds to unmethylated H3K4 and
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H3K9me3, (Nady et al., 2011; Rothbart et al., 2012). Moreover, UHRF1’s RING finger domain
ubiquitylates various amino acids on the histone H3 tail, facilitating DNMT1 binding
(Nishiyama et al., 2013; Qin et al., 2015). The replication foci targeting sequence (RFTS) of
DNMT1, hidden within its MTase domain, is released upon recruitment by UHRF1, enabling
DNMT1 to bind the replicating DNA (Takeshita et al., 2011; Song et al., 2011). Notably, the
catalytic activity of DNMT1 is diminished within complexes including oxidized forms of 5mC
(Seiler et al., 2018).

DNMT3A2 | | W Mhase |
DNMT3B1 | | |

DNMT3B3 | R | m

Figure 4: Protein domains of human DNMT3A and DNMT3B. The schematic displays the major
protein domains of the predominantly expressed DNMT3A isoform, DNMT3A2, and DNMT3B which
undergoes an isoform switch from DNMT3B1 to DNMT3B3 upon exit of pluripotency. PWWP (Pro-
Trp-Trp-Pro). ADD (ATRX-DNTM3-DNMT3L). MTase (methyltransferase). Adapted from (Ren et
al., 2018; Del Castillo Falconi et al., 2022).

Protein domains and targeting of Ten-eleven translocation dioxygenases
The catalytic domains of TET1-3 encompass a double-stranded p-helix (DSBH) and a cysteine-
rich region that is characteristic of 20G-Fe(Il) oxygenases (Figure 5) (Tahiliani et al., 2009).
Additionally, TET1 and TET3 contain a C-terminal CXXC-type zinc-finger domain (two
cysteines separated by two amino acids). This domain enables other enzymes, such as H3K4
methyltransferase MLL, CXXC zinc finger-type protein CFP1, and DNMT1, to bind to
unmethylated CpG (Frauer et al., 2011; Lee et al., 2001; Birke et al., 2002). Nevertheless, the
functional role of the CXXC domain in TET1 and TET3 is controversially discussed (Frauer
et al., 2011; Xu et al., 2012; Zhang et al., 2010a). In contrast to TET1 and TET3, the DNA
sequence coding for the CXXC domain of TET2 has been separated from the rest of the gene
due to a chromosomal inversion. However, the resulting independent intracellular DNAX-
activating protein IDAX (also known as CXXC4) maintains an interaction with TET2 (Ko et
al., 2013).

TET targeting has frequently been associated with various TFs. In murine cells, TET1

physically interacts with NANOG, and during reprogramming of mouse fibroblasts, genomic
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targeting of TET1 is impaired upon Nanog depletion (Costa et al., 2013). This connection
between pluripotency factors and TET targeting was also observed in hPSCs, where active
demethylation preferentially occurs around loci bound by NANOG, OCT4, and SOX2, in
comparison to targets of other TFs (Ginno et al., 2020). Notably, the catalytic domains of
murine TET proteins exhibit a preference for sites bound by methylation-sensitive immediate-
early transcription factors, such as c-MYC, CREB, JUN/FOS, which often carry basic helix-
loop-helix (bHLH) or basic leucine zipper (bZIP) domains (Ravichandran et al., 2022).
Conversely, OCT4 binding sites are less favored by TETs (Ravichandran et al., 2022). In
murine retinal cells, a Tet3 isoform lacking the CXXC domain interacts with the transcriptional
repressor REST and supports its catalytic activity, suggesting that REST may guide Tet3 to its

genomic targets (Perera et al., 2015).

Moreover, TET activity positively correlates with chromatin accessibility, although the
underlying causative relationship has not been examined yet (Ginno et al., 2020). Additionally,
DNA binding of TET2 has been found to be enhanced by a site-specific monoubiquitylation
(Nakagawa et al., 2015). In murine cells, TET1 occupancy positively correlates with CpG
density, particularly showing a preference for binding CpG-rich promoter sequences (Wu et
al., 2011a; Williams et al., 2011).

core catalytic domain
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Figure 5: Protein domains of human TET1, 2 and 3. The schematic displays the major protein
domains of the predominantly expressed TET1, TET2 and TET3 isoforms. TET2 lacks a CXXC domain
which is instead encoded by IDAX. CXXC (two cysteines separated by two amino acids), DSBH
(double-stranded B helix domain). Adapted from (Ravichandran et al., 2018).
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DNA methylation patterns in different genomic contexts and their functional
role

Back in the 1970s, studies conducted in mouse, rabbit and chicken revealed an inverse
relationship between the expression of globin genes and DNA methylation across various cell
types (Christman et al., 1977; McGhee & Ginder, 1979; Waalwijk & Flavell, 1978; Doerfler,
1983; Bird, 1984). In line with these findings, multiple studies involving distinct virus DNA
and cellular host systems, such as adenovirus type 12 (Ad12)-transformed hamster cells,
consistently show a negative correlation between DNA methylation and expression of the virus
particles (Jahner et al., 1982; Sutter & Doerfler, 1980). However, DNA methylation does not
universally correlate with gene repression, nor does its absence always imply activation. In
fact, their relationship is more complex and intertwined with the function of other epigenetic

mechanisms and the binding of transcription factors.

DNA methylation and gene silencing

DNA methylation represses gene transcription, primarily by targeting its promoter, but not
through its coding region (Busslinger et al., 1983; Fradin et al., 1982; Kruczek & Doerfler,
1983). During development, promoter DNA methylation remains relatively stable and
constitutes less than 5% of differentially methylated regions among various tissues (Hon et al.,
2013; Ziller et al., 2013). Conversely, regions within 2kb of promoter CGls, known as CGI

shores, show more variability (Ziller et al., 2013; Irizarry et al., 2009).

Silenced promoters

DNA methylation is thought to play a role in long-term repression rather than being the primary
mechanism for gene silencing. For example, G9a-mediated histone methylation of H3K9 is the
first step in the inhibition of the pluripotency factor Oct4 during differentiation of mESCs
(Epsztejn-Litman et al., 2008; Feldman et al., 2006). This is followed by de novo DNA
methylation which prevents reprogramming of the differentiated cells (Epsztejn-Litman et al.,
2008; Feldman et al., 2006). Notably, the histone methyltransferase G9a is involved in DNMT3

recruiting in this genomic context (Epsztejn-Litman et al., 2008)

On the other hand, CGI-containing promoters are often silenced by trimethylation of histone 3
lysine 27 (H3K27me3) catalyzed by the polycomb repressive complex 2 (PRC2) (Schwartz &
Pirrotta, 2007; Orlando et al., 2012; Shao et al., 1999; Dellino et al., 2004). H3K27me3 hinders
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transcription initiation machinery and ATP-dependent nucleosome remodeling by the
SWI/SNF complex (Schwartz & Pirrotta, 2007). Initially, PRCs were discovered in D.
melanogaster, where CpG methylation is largely absent during most stages of development,
and therefore, it cannot contribute to silencing (Schwartz & Pirrotta, 2007). Moreover, in
humans, EZH2, a member of the PRC2 complex, physically interacts with DNMT3s and
DNMT1 and recruits them to gene promoters (Viré et al., 2006). In line with this, in mice,
DNMT3A is recruited to shores of H3K27me3-promoters by the histone modification itself
(Manzo et al., 2017). However, EZH2-mediated DNMT recruitment is not sufficient for de
novo methylation at H3K27me3-positive promoters (Rush et al., 2009). In fact, both epigenetic
modifications are frequently mutually exclusive, with de novo methylation restricting
H3K27me3 and preventing its spread into those CGIs which are methylated (Lynch et al.,
2012). In line with this, 5hmC displays particular accumulation at PRC2-occupied promoters,
implying target-specificity of TETs to silenced promoters (Wu et al., 2011b). Furthermore,
TET1 associates with components of the Sin3a corepressor complex, such as Sin3a itself and
HDAC1, which mediates transcriptional silencing through histone deacetylation (Williams et
al., 2011). Intriguingly, murine Dnmt3a has also been shown to interact with the histone
deacetylase HDAC1 (Fuks et al., 2001; Taunton et al., 1996). This interaction can be disrupted
by a post-translational modification of Dnmt3a, namely sumoylation, which can even impact
Dnmt3a’s repressive transcriptional effect (Ling et al., 2004). Thus, promoter silencing
involves a complex and intertwined relationship between histone modifiers, DNA

methyltransferases and demethylases.

Furthermore, DNA methylation at promoters, and also enhancers, can hinder the binding of
certain TFs to their DNA binding motifs, as revealed by various in vitro and in vivo studies
(Mann et al., 2013; Gaston & Fried, 1995; Watt & Molloy, 1988; Yin et al., 2017; Domcke et
al., 2015). For instance, members of the bHLH, bZIP, and ETS families, along with NRF1,
exhibit reduced binding to methylated DNA. Conversely, factors from the NFAT,
homeodomain, POU, and NKX families, among others, tend to prefer methylated DNA, while
other TFs, like YY1, show no preference for either methylated or unmethylated DNA (Mann
et al., 2013; Gaston & Fried, 1995; Watt & Molloy, 1988; Yin et al., 2017; Domcke et al.,
2015).
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Active promoters

In certain genomic contexts, DNA demethylation is sufficient to activate gene expression,
while others remain repressed. In a genome-wide study conducted in peri-implantation mouse
embryos, repressed germline genes and one pluripotency gene were activated through promoter
hypomethylation in the absence of DNMT3B, while the loss of promoter methylation of other
pluripotency and hematopoietic genes did not lead to gene activation (Borgel et al., 2010).
Moreover, actively transcribed genes are often marked by H3K4 trimethylation, a modification
that is typically mutually exclusive with DNA methylation, just as the repressive H3K27me3
(Barski et al., 2007; Lynch et al., 2012). The presence of H3K4me3 on active promoters can
explain their hypomethylation, given DNMT3’s autoinhibitory mechanism as a consequence
of their incapability to bind to H3K4me3 (Baubec et al., 2015). Furthermore, TET1 frequently
occupies H3K4me3-promoters in mice to enhance transcriptional activity (Wu et al., 2011a).
In line with this, 5ShmC occurs in a bimodal pattern at active promoters, with depletion directly
over transcription start sites and accumulation at its neighboring regions (Szulwach et al.,
2011a). Interestingly, genes expressed at intermediate levels are more enriched for 5ShmC than
those with the highest expression levels, which is in line with the loss of 5hmC at promoters
devoid of the repressive PRC2 (Szulwach et al., 2011a; Wu et al., 2011b). Similar to DNA
demethylation, depletion of H3K4me3 was shown to only have minor effects on gene activity
(Clouaire et al., 2012). Furthermore, histone H3 and H4 acetylation at promoters correlate with
transcriptional activity (Bernstein et al., 2002). Apart from epigenetic modifications, promoter
activity depends on TF availability and their DNA binding, the latter of which is facilitated by
nucleosome depletion (Lee et al., 2004; Zaret & Carroll, 2011).

Bivalent promoters

The so-called bivalent domains carry the repressive histone mark H3K27me3, while they are
simultaneously enriched for the active histone mark H3K4me3 and TET-mediated 5hmC,
together with DNA hypomethylation (Barski et al., 2007; Bernstein et al., 2006; Pastor et al.,
2011; Wuetal., 2011a). In contrast to promoters enriched for H3K4me3-only, genes associated
with bivalent promoters exhibit low expression levels. Further, rather than promoting activity
as seen for H3K4m3-only promoters, TET1 binding at bivalent promoters facilitates EZH2
recruitment, leading to gene repression (Wu et al., 2011a). Interestingly, as for H3K4me3- and
H3K27me3-only promoters, bivalent CGIs are usually unmethylated and, conversely,
methylated CGls largely lack H3K27me3 and H3K4me3 (Lynch et al., 2012).
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DNA methylation at gene bodies

During gene transcription, SETD2 catalyzes trimethylation of H3K36 (H3K36me3) within the
coding region (Sun et al., 2005; Krogan et al., 2003). Further, H3K36me3 is recognized and
bound by the PWWP domain of DNMT3s, leading to DNA methylation at actively transcribed
gene bodies (Dhayalan et al., 2010). Within gene bodies, exons exhibit higher levels of DNA
methylation in comparison to introns, a pattern that persists beyond methylation in the CpG
context (Lister et al., 2009; Laurent et al., 2010). Several studies investigated the relationship
between DNA methylation and gene expression, uncovering DNA methylation-dependent
exon exclusion or inclusion in different genomic contexts based on the sensitivity of TFs to
DNA methylation (Maunakea et al., 2013). Moreover, DNA methylation of intragenic CGls
regulates tissue-specific alternative promoter usage (Maunakea et al., 2010). Detailed
localization and de novo activity analysis have highlighted that primarily DNMT3B, rather than
DNMT3A, binds to gene bodies and orchestrates their DNA methylation, a process that relies
on the presence of H3K36me3 (Baubec et al., 2015). In contrast, DNMT3A demonstrates a
higher sensitivity to di-methylated H3K36 in intergenic regions of euchromatin (Weinberg et
al., 2019). Additionally, genes with high expression levels and correspondingly elevated
H3K36me3 exhibit lower levels of 5ShmC within their gene bodies in hPSCs, as compared to
genes with intermediate expression levels (Szulwach et al., 2011b). Conversely, in the mouse
brain, the enrichment of 5hmC within gene bodies is positively correlated with gene expression
(Szulwach et al., 2011b). Of note, the oxidation of methylcytosine in gene bodies is mainly
catalyzed by TET2 in mESCs (Huang et al., 2014).

DNA methylation at enhancers

Enhancers are among the most variable regions in the genome when it comes to tissue-specific
differential methylation (Figure 6) (Hon et al., 2013; Ziller et al., 2013). Moreover, enhancer
hypomethylation positively correlates with the expression of their associated target genes
(Stadler et al., 2011). Traditionally, the presence of tissue-specific H3K4mel and H3K27Ac
marks indicate active enhancers, while those marked with H3K4mel-only are considered
poised enhancers (Rada-Iglesias et al., 2011; Heintzman et al., 2007; Creyghton et al., 2010;
Heintzman et al., 2009). However, exceptions exist where enhancers deemed active lack
H3K27Ac enrichment, and conversely, enhancers rich in H3K27Ac might not always be active
(Heintzman et al., 2009; Zhu et al., 2013). A subgroup of enhancers carries H3K27me3 in

addition to H3K4mel, which downregulates the expression of associated genes below the
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levels of genes linked to enhancers with H3K4mel-only (Zentner et al., 2011). Notably, adult
tissue-specific enhancers lack H3K27me3 (Zentner et al., 2011; Rada-Iglesias et al., 2011).
Certain H3K27Ac-positive enhancers, whether located within a gene or outside, additionally
possess H3K36me3. Furthermore, H3K27me-positive enhancers are also marked with
H3K9me3 (Zentner et al., 2011). Unlike promoters, active enhancers generally show minimal
or no presence of H3K4me3. Moreover, enhancers are enriched for 5hmC in ESC, which is
diminished in the absence of TET2, leading to reduced enhancer activity (Stroud et al., 2011;
Szulwach et al., 2011a; Pastor et al., 2011; Hon et al., 2014).

Of note, unmethylated enhancers in adult tissues are not necessarily active, but can also be a
remnant of embryonic development where hypomethylation of certain enhancers was
functionally relevant (Hon et al., 2013; Jadhav et al., 2019). Interestingly, these so-called
‘decommissioned’ enhancers can be reactivated in the absence of PRC2 (Jadhav et al., 2019),

indicating that a final shutdown might only be accomplished through gaining methylation.

hPSCs
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Figure 6: Cell type-specific DNA methylation at enhancers. The schematic displays cell type-
specific DNA methylation patterns at enhancers. While some enhancers a constitutively demethylated,
others only become demethylated upon differentiation into a specific cell type. Similarly, enhancers
which are active and unmethylated in PSCs are hypermethylated upon differentiation.
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DNA methylation at imprinting control regions

DNA methylation plays a pivotal role in genomic imprinting, where imprinted genes are mono-
allelically expressed in a parental-origin-specific manner (Ferguson-Smith, 2011). These genes
are organized in clusters, each of which is controlled in cis- by an imprinting control region
(ICR). Maternally expressed genes are linked with maternally methylated ICRs located in
promoters that repress noncoding RNAs and other multifunctional transcripts, eventually
allowing expression of the protein-coding genes (Bartolomei et al., 1993; Stoger et al., 1993;
Ferguson-Smith et al., 1993; Sleutels et al., 2002; Mancini-DiNardo et al., 2006). Conversely,
hypomethylation at the corresponding paternal ICR and expression of the non-coding transcript
lead to silencing of paternal protein-coding alleles. On the other hand, the paternal expression
of imprinted genes is associated with paternally methylated ICRs located in intergenic regions
(Bell & Felsenfeld, 2000; Hark et al., 2000). Remarkably, even during global hypomethylation
in the pre-implantation embryo, ICRs remain methylated due to selective DNA binding of
ZFP57-KAP1 (Li et al., 2008; Olek & Walter, 1997). Imprints are erased only in the germline
to enable the re-establishment of male or female patterns during gametogenesis, occurring in
the late fetus or postnatally, respectively, through the combined activity of DNMT3A and
DNMT3L (Kaneda et al., 2004; Bourc’his et al., 2001; Yamaguchi et al., 2013). Other imprints
are only established after fertilization in a tissue-specific manner (Feil et al., 1994). The critical
role of DNA methylation in genomic imprinting was underscored by the loss of DNMT1, which
leads to the de-repression of imprinted genes in mouse embryos, ultimately resulting in
embryonic lethality at E11 (Li et al., 1994).

A unique example of genomic imprinting is X-chromosome inactivation (XCI). Occurring
shortly after fertilization, in the four- to eight-cell stage, the paternal X chromosome undergoes
imprinted XCI, primarily due to the expression of the noncoding RNA Xist, while the maternal
Xist allele is silenced by H3K27me3 (Okamoto et al., 2004; Inoue et al., 2017). Xist coats its
chromosome of origin, namely the paternal X chromosome, which comes along with the
removal of activating histone marks, such as H3K4me3, H3K9ac, and H4ac. Concurrently,
repressive modifications, such as H3K27me3, are added, eventually resulting in the silencing
of X-linked genes (Okamoto et al., 2004, 2005). Upon developmental progression, the
reversion of these epigenetic alterations reactivates the paternal X chromosome in the inner
cell mass which gives rise to the embryo proper (Mak et al., 2004; Loda et al., 2022).
Subsequent random XCI is also initiated by monoallelic Xist expression from either the

maternal or paternal X chromosome. This process is also associated with a transition from
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active to repressive histone marks (Chaumeil et al., 2006; Zylicz et al., 2019). However,
random XCI is not reversed throughout development; on the contrary, Xist silencing on the
active chromosome is maintained by DNA methylation. Loss of DNMT1 activity leads to the
reactivation of Xist on the active X chromosome, subsequently resulting in the silencing of

respective X-linked alleles in somatic cells (Panning & Jaenisch, 1996; Beard et al., 1995).

DNA methylation at transposable elements

Transposable elements constitute nearly half of the mammalian genome (International Human
Genome Sequencing Consortium, 2001; Mouse Genome Sequencing Consortium, 2002). The
most prevalent class of transposons are retrotransposable elements, which are categorized into
long terminal repeats (LTRs), long interspersed elements (LINES), and short interspersed
elements (SINES), based on their evolutionary origin (Figure 7) (Goodier & Kazazian, 2008).
LTRs and LINEs encode their own machinery for retrotransposition, regulated by promoters
situated in their LTR or the 5’UTR, respectively (Goodier & Kazazian, 2008). In contrast,
SINEs are non-autonomous and rely on proteins encoded by LINE1s for their own mobilization
(Goodier & Kazazian, 2008). In addition to transposons, the mammalian genome also contains
simple repeats, also referred to as microsatellites, constituting ~3% of the human genome.
Simple repeats typically consist of 1- to 6-mer nucleotide tandem repeats that, when mutated,
can contain interruptions in their tandem structure (To6th et al., 2000; International Human

Genome Sequencing Consortium, 2001; Taylor et al., 1999; Ellegren, 2004).

Retrotransposable elements exhibit varying degrees of enrichment for the repressive marks
H3K9me2/H3K9me3 and DNA methylation (Meissner et al., 2008; Martens et al., 2005; Bulut-
Karslioglu et al., 2014). In mESCs, ERVK LTRs are notably enriched for SETDB1-mediated
H3K9me3. The loss of SETDBL1 or its recruiting factor KAP1 results in de-repression of ERVK
LTRs (Matsui et al., 2010; Karimi et al., 2011; Rowe et al., 2010). Similarly, ERVL-LTRs are
suppressed through G9a/GLP-mediated H3K9me2, while Suv39h-dependent trimethylation of
H3K9 silences intact LINES in pluripotent cells (Maksakova et al., 2013; Bulut-Karslioglu et
al., 2014). Additionally, certain human-specific LINE-1 elements, which emerged after the
human-chimpanzee divergence, are targeted by KAP1 and are de-repressed upon its depletion
(Castro-Diaz et al., 2014). In contrast to LTRs and LINEs, SINEs exhibit relatively modest
H3K9me3 signals (Bulut-Karslioglu et al., 2014).
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Furthermore, the CpGs within LTRs and LINEs are often highly methylated, whereas
methylation levels at SINEs tend to correlate with CpG-density (Meissner et al., 2008).
However, the precise role of DNA methylation in transposon silencing is complex. During the
reprogramming of primed mESCs into a more naive state, the majority of LTRs, LINEs, and
SINEs undergo demethylation, which initially comes along with de-repression in all classes.
However, subsequently, retrotransposons are alternatively silenced through the targeted
placement of H3K27me3 (Walter et al., 2016). Still, the loss of DNMTSs in mESCs leads to the
upregulation of LINEL but only to minor de-repression of the evolutionarily youngest mouse
LTRs, namely IAP ERVK (Matsui et al., 2010; Karimi et al., 2011; Hutnick et al., 2010). Of
note, in mESCs depleted of DNMTs, IAP ERVKs and the 5’UTRs of certain LINE1 elements
are protected from complete demethylation, likely due to the presence of H3K9m3 (Leung et
al., 2014). In line with this, IAP activation is more pronounced in the absence of SETDBI,
suggesting a stronger role for H3K9me3-mediated IAP silencing (Matsui et al., 2010). In
hPSCs, particularly the evolutionarily youngest human-specific L1HS elements were shown to
be repressed by DNA methylation (Castro-Diaz et al., 2014).

In somatic and germ cells, the role of DNA methylation for transposon repression becomes
more apparent. Loss of DNMT1 in mouse embryos leads to widespread expression of 1AP
ERVKSs throughout the embryo (Walsh et al., 1998). Of note, DNMT1 also operates as de novo
methyltransferase in this particular genomic context, which makes DNMT3s dispensable for
IAP methylation in mouse embryos (Haggerty et al., 2021). In line with this, during in vitro
differentiation of DNMT1-deficient mESCs, IAP expression is activated, compared to its
modest upregulation during pluripotency (Hutnick et al., 2010). Of note, cell commitment is
accompanied by a reduction of H3K9me3, the primary IAP-silencing mechanism during
pluripotency, suggesting a transition towards alternative silencing mechanisms, such as DNA
methylation (Bulut-Karslioglu et al., 2014). In mouse male germ cells, DNMT3L-mediated
methylation is crucial for the silencing of LINE and IAP transposons (Bourc’his & Bestor,
2004).
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Figure 7: Structure of retrotransposon families and simple repeats. The schematic displays the
structure of all class 2 transposons, which are retrotransposable elements, including LTR and non-LTR
families (LINE1, SINEs-Alu, SINE-MIR). Further, the tandem repeat structure of simple repeats
(microsatellites) is shown. LTR (long terminal repeat). Gag (group-specific antigen), Pro (protease),
Pol (polymerase). RT (reverse transcriptase), INT (Integrase), Env (envelop). ORF1/2 (open reading
frame 1/2). EN (endonuclease). A and B (tandem monomers). Adapted from (Mills et al., 2007; Goodier
& Kazazian, 2008).

Centromeric and pericentromeric satellite repeats

Major and minor satellite repeats are tandem repeats located in the pericentromeric and the
centromeric regions, respectively. In humans, major satellites can extend over several
megabases, whereas minor satellites are typically found in the kilobase range (Thakur et al.,
2021).

The heterochromatic environment of pericentromeric regions is marked by H3K9me3,
H3K27mel, and H3K9me3-dependent H4K20me3, alongside with high levels of DNA
methylation (Lehnertz et al., 2003; Liao et al., 2015; Peters et al., 2003; Schotta et al., 2004).
Depletion of the histone lysine methyltransferase Suv39h results in accumulation of
H3K27mel and H3K9mel, along with a modest upregulation of major satellite expression
(Peters et al., 2003; Schotta et al., 2004; Lehnertz et al., 2003). Interestingly, loss of Suv39h
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also leads to DNA hypomethylation of major satellite repeats (Lehnertz et al., 2003).
Conversely, H3K9me3 deposition at pericentromeric regions do not depend on DNMTSs
(Lehnertz et al., 2003). Furthermore, depletion of DNMT1 or DNMT3A/B does not result in
reactivation of major satellites in vitro, suggesting that DNA methylation is not the primary

mechanism for their repression (Lehnertz et al., 2003).

Like major satellites, minor satellite repeats exhibit enrichment of H3K27mel and H3K9me3,
although the latter is absent in human cells (Schotta et al., 2004; Sullivan & Karpen, 2004).
The loss of SUV39H does not lead to a decrease in DNA methylation at centromeric repeats,
which is in contrast to major satellites (Lehnertz et al., 2003). Of note, deficiency of DNMT3B
is associated with chromosomal mispairing during mitosis and the immunodeficiency,
centromeric instability and facial anomaly (ICF) syndrome, which is characterized by complete

loss of methylation at satellite repeats (Gopalakrishnan et al., 2009; Xu et al., 1999).
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Methods to study DNA methylation and hydroxymethylation

Bisulfite (BS) conversion followed by sequencing is considered the gold standard method for
studying DNA methylation and was first established in 1992 using human DNA (Frommer et
al., 1992). This technique involves treatment of DNA with sodium bisulfite, which deaminates
all cytosines into uracil except for 5mC and 5hmC (Figure 8). Formyl and carboxyl groups on
cytosines do not protect from conversion. Subsequent PCR amplification manifests the
conversion by pairing adenines with the uracils. When the sequenced bisulfite-treated DNA is
aligned to a non-treated reference genome, it reveals the cytosines with and without

methylation/hydroxymethylation.

To distinguish between 5mc and 5hmC, an additional step of oxidation before bisulfite
treatment (oxBS) converts 5hmC into 5fC, which is not protected from deamination into uracil
by bisulfite treatment (Booth et al., 2013). Thus, oxBS reveals the true DNA methylation
signal, and the difference between oxBS and BS further allows to identify 5ShmC.

While BS/oxBS sequencing provides a detailed map of DNA methylation on a single-base
level, methylated-DNA immunoprecipitation (MeDIP) followed by sequencing locates DNA
methylation on a larger scale of around 100-150bp (Weber et al., 2005). Additionally, 5hmC-,
5fC- and 5caC-specific antibodies allow for their genomic location to be studied as well
(Williams et al., 2011).

However, both BS-seq and MeDIP-seq are based on DNA isolation and provide only a snapshot
of the DNA methylation landscape at a specific moment in the life of a cell population. The
only current method for tracking DNA methylation dynamics in living cells involves a genetic
system in which a fluorescent protein is expressed under the control of a DNA methylation-
sensitive minimal promoter (Stelzer et al., 2015). Changes in the DNA methylation level are

reported by altered expression of the fluorescent protein.
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Figure 8: Bisulfite and oxidative bisulfite conversion. The schematic displays the molecular changes

that happen to the different cytosine modifications during bisulfite conversion (BSC) and BSC with a
preceding oxidation step (0xBSC). The differences in the DNA sequence after BSC and oxBSC allows

to distinguish between 5mC and 5hmC.

27



Aims of the project

Given the intricate target-specificity of the DNA methylation turnover, the work of this thesis
aims to explore the functional role of the DKO-DMRSs, the association of the DNA methylation
turnover with cellular differentiation and its selectivity for evolutionarily young

retrotransposons. The main goals are summarized by the following core objectives:

Clarify enhancer functionality: Given the histone modification patterns at DKO-DMRs
observed at DKO-DMRs, and their strong overlap with potential somatic enhancers, an
investigation into the functional role of DKO-DMRs as enhancers in differentiated cells is

undertaken.

Examine the relationship between the DNA methylation turnover in hPSCs and
differentiation-related hypomethylation: Due to the pronounced overlap with potential
somatic enhancers, the research is focused on dissecting the potential correlation between DNA
methylation turnover and the demethylation events that occur during differentiation. This
involves a qualitative and quantitative analysis, initially focusing on in vitro differentiated cells
across the three germ layers and subsequently extending to more mature cell types and adult

tissues.

Investigate the DNA methylation turnover in differentiated cells: Building upon the
insights gained in the second aim, the objective of the third aim is to investigate the continuity
of the DNA methylation turnover from hPSCs into differentiated cells and explore the

possibility of the de novo establishment of the turnover in differentiated cells.

Explore retrotransposon target specificity: The thesis’s second focus is to delve into the
target-specificity of the DNA methylation turnover among various retrotransposon subfamilies.
Identifying more differentially targeted subfamilies potentially opens avenues to learn about

potential mechanisms guiding the DNA methylation turnover.

Establishing cellular systems for investigations of the mechanism and function of the
DNA methylation turnover in the future: To investigate and understand the mechanism
governing the DNA methylation turnover and its functional role in-depth, | aimed to create
various cellular systems, encompassing knockout cell lines and lineages with tagged

methylation and demethylation players.
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By addressing these aims, this work endeavors to contribute to a better understanding of the
DNA methylation turnover phenomenon and its significance for cellular differentiation,
ultimately enriching our knowledge of epigenetic regulation and its implications for

development.
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MATERIAL AND METHODS

Experimental Methods and Approaches

Each experiment in this study used the human induced pluripotent stem cell (hiPSC) line
Z1P34K14, which was generated from adult male fibroblasts by the Miller Lab at the Zentrum
fiir Integrative Psychiatrie (unpublished) as previously described (Tandon et al., 2018).

Culturing of hiPSCs

The hiPSCs were cultured in mTeSR Plus medium (STEMCELL Technologies, 100-0276),
supplemented with a final concentration of 100 U/ml Penicillin/Streptomycin (Thermo Fisher
Scientific, 15140122). The cells were cultured on Matrigel-precoated plates (Corning, 354234)
under standard conditions of 37°C and 5% CO2. The Matrigel coating was prepared by diluting
itataratio of 1:100 in Knockout DMEM (Gibco, 10829-018), followed by an incubation period
of at least 45 minutes at 37°C, and subsequent washing with DPBS.

For routine maintenance, cells were passaged every 2-3 days in clumps. This was achieved by
incubating the cells with a final concentration of 5mM EDTA pH 8.0 (Thermo Fisher
Scientific, 15575-038) in DPBS for 5 minutes at 37°C and 5% CO?2. After aspirating the EDTA
solution, cells were detached through gentle scraping with a spatula, and a portion was
transferred to a new plate. During experiments and for generating new cell lines, cells were
incubated in mTeSR Plus supplemented with 10uM Y-27632 (Tocris, 1254) prior to single-cell
passaging using Accutase (Sigma-Aldrich, A6964) supplemented with 10uM Y-27632.
Accutase treatment was performed for 10 minutes at 37°C and 5% CO2, followed by quenching
the reaction with twice the volume of mTeSR Plus. The resulting cell suspension was then
centrifuged at 300 x g for 5 minutes at room temperature (RT), and the pellet was re-suspended
in mTeSR Plus for subsequent procedures. Cell counting was carried out by diluting a cell
sample 1:1 in 0.4% Trypan Blue staining solution (Thermo Fisher Scientific, 15250061) and
utilizing the Countess Il automated cell counter (Thermo Fisher Scientific). The desired cell

number was plated onto new wells coated with Matrigel in mTeSR Plus/10uM Y-27632.

For freezing cells, they were detached from the plate in clumps using EDTA, gently scraped,
centrifuged, and resuspended in 10% DMSO in Knockout-serum replacement supplemented

with 10uM Y-27632. The cell suspension was then stored in a freezing container at -80°C for
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a minimum of 24 hours before being transferred to liquid nitrogen for long-term storage. The

freezing medium was pre-sterilized and supplemented with Y-27632 before use.

During thawing, cells were placed in a 37°C water bath until most of the ice was melted.
Subsequently, at least three times the volume of mTeSR media was added, and centrifugation
at 300 x g for two minutes was performed. In order to maintain the clumps, the cell pellet was
gently re-suspended in mTeSR media with 10uM Y-27632. The clumps were then plated on a
Matrigel-coated dish.

Generation of genetically modified hiPSC cell lines

Molecular cloning

All constructs, including donor plasmids and Cas9/sgRNA-targeting plasmids, were
synthesized using Gibson Assembly (NEB, E2621L) at 50°C for 1 hour in a heat block, unless
stated otherwise. Following synthesis, the plasmids were introduced into DHS5o bacteria.
Individual colonies were selected, and plasmid purification was carried out using Mini-Prep

(QIAGEN, 27106), followed by Sanger sequencing to validate the accuracy of the sequence.

Molecular cloning of the DNMT3B-FLAG construct

For the donor plasmid intended for homology-directed repair, a Gibson Assembly approach
was employed, involving the assembly of five PCR products along with the linearized pUC19
plasmid backbone (Xbal digested; NEB, R0145S) (Figure 9). The FLAG-sequence was
amplified using PCR primers containing homology overhangs to the GS-linker sequence or to
the homology arm downstream of the DNTM3B stop codon, respectively. Amplification of the
FLAG sequence was performed using PCR primers containing overhangs to the GS-linker
sequence on one end and the homology arm downstream of the DNMT3B stop codon on the
other end. The GS-linker sequence was amplified using PCR primers that incorporated
overhangs corresponding to the genomic sequence upstream of the DNMT3B stop codon and
the FLAG sequence, respectively (Table 1). Further, to prevent the re-cutting of the genomic
target site post-successful homology-directed repair, an artificial oligo was amplified,
containing silent mutations for the PAM and sgRNA sequence, using PCR primers with
overhangs corresponding to the homology arm upstream of the DNMT3B stop codon or the
GC-linker sequence, respectively. The two homology arms were amplified using genomic
DNA from ZIP34K14 and PCR primers containing overhangs for the sequences upstream and
downstream of the homology arms (Table 1). To facilitate the linearization of the repair
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construct and its genomic integration post-transfection, the same PAM and sgRNA used for
Cas9-targeting of the endogenous DNMT3B locus were included in the PCR primers for
amplifying the homology arms. The PCR products and the linearized pUC19 were subjected

to gel extraction and subsequently assembled using Gibson assembly.

The DNA oligo encoding the sgRNA for Cas9-mediated targeting of the C-Terminus of
DNMT3B with overhangs homology overhangs to px458 was cloned into px458 by Gibson
Assembly. To this end. px458 was linearized by Bbsl-HF (NEB, R3539L) and gel extracted.
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Figure 9: Gibson Assembly for generating the DNMT3B-FLAG donor construct. The schematic
illustrates the approach utilized for constructing the DNMT3B-FLAG donor plasmid by Gibson
Assembly. The five input fragments were obtained via PCR using distinct primers and templates (

Table 1). The repair construct is flanked by the identical sRNA and PAM sequences employed for
Cas9-mediated targeting of the endogenous DNMT3B locus. Further, the repair construct includes
mutations in the PAM and sgRNA sequences (denoted by light grey and light orange breaks in the PAM
and sgRNA, respectively) to prevent re-cutting after successful genomic integration.
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Primer/oligo name

Sequence 5°-3°

Left HA 3B_F

Left HA 3B_R
Right HA_3B_F
Right HA_3B_R

FLAG
(used as PCR template)

FLAG_GC_Linker_F

FLAG_R

GC_Linker_overhangs
(used as PCR template)

GC_Linker_F

GC_Linker_R
mutated_CRISPR_target 3B
(used as PCR template)

mutated_CRISPR_target F

mutated_CRISPR_target R
GA_sgRNA_3B_FLAG

sgRNA

ACGCCAAGCTTGCATGCCTGCAGGTCGACTGCGGGCACCACG
GCCCATGTTGGTTGGTGCAGATGGCTGACA

TGTGTAGTGCACAGGAAAGCC
TTCCAGCCAGGCCCCAA

ATTCGAGCTCGGTACCCGGGGATCCTCTAGGCGGGCACCACG
GCCCATGTTGGGAGCTCCCCAGAGGGTTCTA

GACTATAAGGACCACGACGGAGACTACAAGGATCATGATATT
GATTACAAAGACGATGACGATAAG

GGTGGCGGTGGCTCGGGCGGTGGTGGGTCGGACTATAAGGAC
CACGAC

CCCAGTGGGCTTGGGGCCTGGCTGGAACTACTTATCGTCATCG
TCTTTG

AGGACTACTTTGCATGTGAAGGTGGCGGCGGATCTGGTGGCG
GTGGCTCGGGCGGTGGTGGGTCGGACTATAAGGACCACGACG

AGGACTACTTTGCATGTG
CGTCGTGGTCCTTATAG

CTAATATGGGACGAGGTGCCCGTCAGAAGCTGCTGGGAAGGT
CCTGGAGCGTGCCTGTCATCCGACACCTCTTCGCCCCTCTGAA
GGACTACTTTGCATGTGAA

CTTTGGCTTTCCTGTGCACTACACAGACGTGTCTAATATGGGA
CGAGGTG

CGCCGCCACCTTCACATGCAAAGTAGTCC

TTATATATCTTGTGGAAAGGACGAAACACCGCGGGCACCACG
GCCCATGTGTTTTAGAGCTAGAAATAGCAAGTTAAAAT

Sequence Cloned into Published

DNMT3B-FLAG

GCGGGCACCACGGCCCA  px458 -
TGT

Table 1: Cloning primers/oligos and sgRNA sequences for generating DNMT3B-FLAG hiPSCs.
The table lists the sequences of all primers and oligos used to amplify the fragments for Gibson
assembly of the DNMT3B-FLAG donor construct (top). Further, it displays the sgRNA sequence used
for Cas9-mediated homology repair (bottom).
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Molecular cloning of the TET1-FKBP-FLAG construct

The TET1-FKBP-FLAG repair plasmid was assembled by Gibson Assembly (NEB, E2621L)
using the linearized pUC19 as backbone and three fragments, resulting in the incorporation of
the following sequences: left homology arm (upstream of Cas9-target site) - mutated Cas9 -
target site - GS-linker - FLAG-sequence - GS-linker - FKBP-domain - right homology arm
(Figure 10). In particular, the individual fragments were obtained through PCR amplification
from either oligonucleotides or genomic DNA as template, and pUC19 was linearized through
Xbal digest (NEB, R0145S).

For the Cas9-mediated targeting of the N-Terminus of TET1, the DNA sequence encoding the
SgRNA was cloned into px459 (linearized by Bbsl-HF (NEB, R3539L)), as previously
described for incorporating the SJRNA sequence into px458 (Addgene #48138) for generating
the DNMT3B-FLAG hiPSC line.
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Figure 10: Gibson Assembly for generating the TET1-FKBP-FLAG donor construct. The
schematic illustrates the approach utilized for constructing the TET1-FKBP-FLAG donor plasmid by
Gibson Assembly. The three input fragments were obtained via PCR using distinct primers and
templates (Table 1). The repair construct is flanked by the identical sgRNA and PAM sequences
employed for Cas9-mediated targeting of the endogenous TET1 locus. Further, the repair construct
includes mutations in the PAM and sgRNA sequences (denoted by light grey and light orange breaks
in the PAM and sgRNA, respectively) to prevent re-cutting after successful genomic integration.
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Primer/oligo name

Sequence 5°-3°

TETL_FKBP_HA_Left F

TET1_FKBP_HA_Left F

TET1_FKBP_first GS_Link_F

TET1_FKBP_first GS_Link R

TET1_FKBP_HA_Right F

TET1_FKBP_HA_Right R

SgRNA

CCAAGCTTGCATGCCTGCAGGTCGACTTGTCTCGATCCCGCCA
TGCAAGGCTGGTCTCAAACTCCTGACCTC

AGAGTAGGAAAAAATGAAAGGGCGCAGGAAACAGAGTCATT
GGTCCTTTGGA

GCGCCCTTTCATTTTTTCCTACTCTGTAGCTATGGACTATAAG
GACCACGACGGAGAC

CGACCCACCACCGCCCGAGCCACCGCCACCAGATCCGCCEGCCe
ACCTTCCAGTTTTAGAAGCTCCACATCG

CGGTGGCTCGGGCGGTGGTGGGTCGTCTAGATCTCGCCATGC
AAGACCTTCCAGATTAGTCAGGAAGGAAG

TTCGAGCTCGGTACCCGGGGATCCTTGTCTCGATCCCGCCATG
CAAGGGGTCGCTTGTTTTGAGCCTG

Sequence Cloned into Published

TET1-FKBP-FLAG

Table 2: Cloning primers/oligos and sgRNA sequences for generating TET1-FKBP-FLAG
hiPSCs. The table lists the sequences of all primers and oligos used to amplify the fragments for Gibson
assembly of the TET1-FKBP-FLAG donor construct (top). Further, it displays the sgRNA sequence

TGTCTCGATCCCGCCATG  px459 -
CA

used for Cas9-mediated homology repair (bottom).
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Molecular cloning of the TET1/2/3 knockout constructs

To establish the TET-TKO hiPSC line, the DNA sequences encoding the sgRNAs designed for
the Cas9-mediated targeting of TET1, TET2 and TET3 were integrated into px459 or 2xpx459
using Gibson Assembly (Table 3) (Verma et al., 2018). While px459 (Addgene #62988) holds
a single gRNA scaffold, 2xpx459 contains a second gRNA scaffold for incorporating an
additional sgRNA within a single vector (unpublished by Dr. Alexandro Landshammer). The
linearization of px459/2xpx459 was achieved by Bbsl digestion, followed by gel extraction for
further processing. In the case of integrating the second sgRNA sequence into 2xpx459, the
vector containing the first SgRNA was subjected to Sapl digestion (NEB, R0569S), followed

by gel extraction and a subsequent round of Gibson Assembly.

sgRNA Sequence Cloned into Published

TET1lex5_1 TATTATACACACCTTGGGGC  2xpx459 (with TET1 ex5_2) (Vermaet al., 2018)
TET1ex5_2 GGCCCATATTATACACACCT  2xpx459 (with TET1 ex5_1) (Vermaet al., 2018)
TET2 ex3 CTTATGGTCAAATAACGACT  px459 (Verma et al., 2018)
TET3ex5 1 GTCATCTACACGGGGAAGGA  2xpx459 (with TET3 ex5_2) (Verma et al., 2018)
TET3 ex5_2 GATCGAGAAGGTCATCTACA  2xpx459 (with TET3 ex5_1) (Vermaet al., 2018)

Table 3: sgRNA sequences for generating TET-TKO hiPSCs. The table lists the sequences of the
sgRNA sequences used for establishing TET1/2/3-triple knockout in hiPSCs by Cas9-mediated
targeting (Verma et al., 2018).
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Molecular cloning of the DNMT3A/B knockout constructs

The DNA sequence corresponding to sgRNAs utilized to induce mutations in the DNMT3A
and DNTM3B genes were integrated into the px458 or 2xpx458 vector, employing the same
methodology as previously described for the TET knockout constructs. Analogous to 2xpx459,
2xpx458 contains two gRNA scaffolds allowing integration of two sgRNASs into a single vector

(unpublished by Dr. Alexandro Landshammer).

SgRNA Sequence Cloned into Published

DNMT3A GATGCTGTGGAAGAAAACCAG 2xpx458 Simon Lauer
ex7_1 (with DNMT3A ex19) (unpublished)
DNMT3A GTGACCCCGCATCCCCCACTG  2xpx458 Simon Lauer
ex7_2 (with DNMT3A ex19) (unpublished)
DNMT3A GCATGATGCGCGGCCCAAGG 2xpx458 Simon Lauer
ex19 (same vector as DNMT3A ex7_1) (unpublished)
DNTM3B GAGACTCGATCCTCGTCAACG  2xpx458 Simon Lauer
ex2_1 (with DNMT3B ex21) (unpublished)
DNMT3B GCGACTCGCCCCCAATCCTGG  2xpx458 Simon Lauer
ex2_2 (with DNMT3B ex21) (unpublished)
DNMT3B GAATGATAAACTCGAGCTGC 2xpx458 Simon Lauer
ex21 (with DNMT3B ex2_1 or ex2_2) (unpublished)

Table 4: sgRNA sequences for generating DNMT3-DKO hiPSCs. The table lists the sequences of
the sgRNA sequences used for establishing DNMT3A/B-double knockout in hiPSCs by Cas9-mediated
targeting.

Transfection

The respective hiPSC line underwent single-cell passaging (as described previously), and was
subsequently plated into individual wells of a 6-well plate coated with Matrigel, in mTeSR
Plus/10uM Y-27632, at a density of 300k-500k cells per well. Following attachment to the
plate, cells were allowed to grow for 24h. On the subsequent day, the culture medium was
changed to a mixture of fresh mTeSR Plus and conditioned mTeSR Plus in a 1:1 ratio,
supplemented with 10um Y-27632. The conditioned medium was obtained by allowing the
medium to incubate on ZIP34K14 cells for a minimum of 24h, followed by filtration through
a 0.2um filter (Sarstedt, 831826001).

The transfection mixture was prepared as follows: Plasmid DNA was introduced into Opti-
MEM (Thermo Fisher Scientific, 31985062), with a final volume of 250ul per 6well, prepared
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as a master mix to be used across all wells. The amount of plasmid utilized varied among
different experiments (Table 5). In parallel, 5ul Lipofectamine Stem Transfection reagent
(Thermo Fisher Scientific, STEMO0003) was added to 245ul of Opti-MEM, similarly set up as
a master mix. The DNA/Opti-MEM mixture was added into the Lipo/Opti-MEM mixture,
gently mixed by flipping, and incubated for 15min at RT. Each well was exposed to 500ul of
the transfection mixture at 37°C, 5%CO2, overnight for a maximum of 24h. For each
transfection experiment, between 2 to 6 6xwells were transfected, with an additional control

well, lacking plasmid DNA.

Cell line Amount of plasmid DNA (per 6xwell)
DNMT3AKO 1.25ug 2xpx458_sgRNA_DNMT3A 1
1.25ug 2xpx458_sgRNA_DNMT3A_2
Or
2.5ug 2xpx458_sgRNA_DNMT3A_1
DNMT3BKO 1.25ug 2xpx458_sgRNA_DNMT3B_1
1.25ug 2xpx458_sgRNA_DNMT3B_2
Or
2.5ug 2xpx458_sgRNA_DNMT3B_1
TET1+TET3-DKO 2.5ug 2xpx459 sgRNA_TET1 ex5
2.5ug 2xpx459 sgRNA_TET3_ex5
TET-TKO 5ug px459_sgRNA_TET2_ex3
DNMT3-FLAG 1.7ug px458_sgRNA_DNMT3_CTerm

0.8ug donor DNMT3B_FLAG

TET-FLAG-FKBP 2ug px459_sgRNA_TET1_NTerm
3ug donor_TET1_FLAG_FKBP

Table 5: Amount of transfected plasmid DNA for each transfection experiment. Listed is the
amount of plasmid DNA that ZIP34K14 cells have been transfected with in order to generate the
different knockout and knockin cell lines.
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FACS sorting

Following transfection with either px458 or 2xpx458, the cells were allowed to grow for an
additional two days. During this period, the culture medium was exchanged daily, maintaining
a mixture of 1:1 fresh and conditioned mTeSR Plus, supplemented with 10uM Y-27632. On
the third day post-transfection, the cells were detached from the plate using Accutase treatment,
followed by a single wash in DPBS. Subsequently, the cells were resuspended in FACS buffer
containing 0.5mM EDTA and 2%FBS in DPBS, with an additional supplementation of 20um
Y-27632. The subsequent FACS sorting procedure took place at 4°C, utilizing the Aria Il or
Avria Fusion (Becton Dickinson). The negative control well was utilized to set the sorting gate.

Following FACS sorting, the single-cell suspension was plated onto dishes that had been pre-
coated with Matrigel. The culture medium consisted of a mixture of 1:1 fresh and conditioned
mTeSR Plus/20uM Y-27632. Subsequently, the concentration of Y-27632 was gradually
reduced over the following days to 10uM and 5uM, eventually transitioning the cells to fresh
mTeSR Plus without Y-27632.

Puromycin selection

For cells transfected with px459/2xpx459, the process of selection for puromycin resistance
was initiated on the day following transfection. Puromycin-Dihydrochloride was added to the
culture medium at a concentration of 2ug/ml (Thermo Fisher Scientific, A1113802), in a
mixture of 1:1 fresh and conditioned mTeSR Plus/10uM Y-27632. Based on the observed
survival rate of the control cells that had not been transfected with plasmid DNA, the
puromycin concentration was either maintained at 2ug/ml or lowered to 1ug/ml the following
day. On the third day after selection began, the culture medium was changed to a mixture of
1:1 fresh and conditioned mTeSR Plus/10uM Y-27632, excluding the usage of Puromycin-
Dihydrochlorid. Starting the next day, the cells were grown in fresh mTeSR Plus sans Y-27632.

Genotyping

Selected clones were carefully isolated and distributed for both genotyping and further
cultivation. For genotyping purposes, genomic DNA was extracted from the clones and
genotyping PCR was carried out using the Phire Animal Tissue Direct PCR Kit (Thermo Fisher
Scientific, F140WH). The resulting PCR products were loaded onto a 2% agarose gel, and
those of interest were extracted from the gel and sent for Sanger sequencing. The obtained
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sequencing data were analyzed using the online tool Synthego Performance Analysis, ICE
Analysis. Alternatively, PCR products with the desired size were cloned into the pJET1.2
vector (Thermo Fisher Scientific, K1231) and subsequently transformed into DH5a bacteria.
From the transformed bacteria, ten colonies were selected for Mini-Prep, followed by Sanger

sequencing of the inserted PCR product.

Western Blot

To prepare protein samples for Western blot analysis, cultured cells were incubated with a final
concentration of 5mM EDTA pH 8.0 (Thermo Fisher Scientific, 15575-038) in DPBS for 5
minutes at 37°C and 5% CO2. Afterwards, the cells (approximately 3mio) were scraped off the
culture plate, followed by a single wash with DPBS, centrifugation at 300 x g for 5min at 4°C
and aspiration of the supernatant. Subsequently, the cells were lysed in RIPA buffer (Thermo
Fisher Scientific, 89900), supplemented with 1x Halt Protease/Phosphatase inhibitor (Thermo
Fisher Scientific, 78443). This lysis step was performed for 30min on ice, followed by
centrifugation at 12,000 x g, 10min at 4°C. The protein concentration in the resulting
supernatant was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,

23225), following the manufacturer’s instructions.

For the subsequent Western Blot, 20ug of each protein sample was denatured by boiling in a
final 1x Laemmli Buffer (BioRad, 1610747), containing 10% 2-Mercaptoethanol (Sigma-
Aldrich, M6250) for 10min at 95°C and subsequently cooled on ice for 5min. The prepared
samples were then loaded onto a NUPAGE 4-12% Bis-Tris Mini Protein Gel (Thermo Fisher
Scientific, NP0322BOX). An initial voltage of 80V was applied for 10min, followed by a 1h
run at 130V, and an additional 15min at 130V in 1x NUPAGE MOPS SDS Running Buffer
(Thermo Fisher Scientific, NP0001) supplemented with 1:400 NuPAGE Antioxidant (Thermo
Fisher Scientific, NPO005). Subsequently, separated proteins were transferred from the gel to
a PVDF membrane using the iBlot 2 Starter Kit (Thermo Fisher Scientific, IB21002S) with the

PO program, following the manufacturer’s instructions.

Following the transfer, the membrane was blocked with blocking buffer consisting of 5%
Blotting-Grade Blocker (BioRad, 1706404) in 1x TBST (Thermo Fisher Scientific, 28360) for
1h at RT. Subsequently, the membrane was incubated with the primary antibody diluted in the
blocking buffer overnight at 4°C (Table 6). On the following day, the primary antibody was
washed off with three 10-minute washes at RT using TBST. The membrane was then incubated
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with a secondary antibody coupled to horse radish peroxidase, diluted in blocking buffer for
1lh at RT (Table 6). After three washing steps with TBST a 10min at RT, the membrane was
exposed to SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific,
34075). The chemiluminescence signal, catalyzed by the horse radish peroxidase, was imaged
using the BioRad ChemiDoc XRS+ system.

Antibody name Company Catalog number Dilution

Primary antibodies

Rabbit anti-DNMT3B Cell Signaling Technologies ~ #67259 1:1000
Rabbit anti-DNMT3A Abcam ab188470 1:2000
Mouse anti-beta Actin Abcam ab8226 1:1000

Secondary antibodies

Donkey anti-rabbit 1gG Jackson Immunoresearch 711-035-152 1:10000
(H+L) Peroxidase
AffiniPure

Donkey anti-mouse 1gG Jackson Immunoresearch 715-035-152 1:10000
(H+L) Peroxidase
AffiniPure

Table 6: Antibodies used for Western Blots. The table lists all primary and secondary antibodies used
for western blot detection of DNMT3A and DNMT3B and their dilutions in blocking buffer. Anti-beta
Actin was used as loading control.

Directed differentiation into CD184+ endoderm and FACS sorting

Directed endoderm differentiation was performed using the STEMdiff Trilineage
Differentiation Kit Medium (Stemcell Technologies, 05233). Initially, hiPSCs cultured in
mTeSR Plus were treated with Accutase for 10min at 37°C and 5%CQO2 to obtain a single-cell
suspension. Subsequently, 100k or 1mio cells per well were seeded into 24-well or 6-well
plates, respectively, in mTeSR Plus/10uM Y-27632. Control wells, maintained in mTeSR
Plus/10uM Y-27632 throughout the differentiation process, were seeded with 50k or 125k

cells, respectively.

The following day, differentiation was initiated by switching to STEMdiff Trilienage
Endoderm Medium, and the media was refreshed daily for the next three days, according to the
manufacturer’s protocol. On the fifth day of differentiation, the cells were harvested by
Accutase treatment for 10min at 37°C and 5% CO2.
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The Accutase reaction was quenched by dilution in FACS-buffer (0.5mM EDTA, 2%FBS in
DPBS) and the single-cell suspension was centrifuged at 300 x g for 5min at 4°C; after which
the supernatant was discarded. A small fraction of the differentiated, along with the
undifferentiated control cells, were stained with an igG control antibody diluted in FACS-
buffer (1:200; igG2A ,k-ISO-PE antibody (Biolegend, 400218)). The majority of cells was
stained with an antibody against CXCR4-PE (1:200, Biolegend, 306506), an endoderm surface
marker. Each antibody staining was combined with a DAPI staining (final concentration
5ug/ml) to distinguish between dead and live cells. The cells were incubated with the staining
solutions for 15min at 4°C. Afterwards, the cells were washed once in FACS-buffer and

resuspended in FACS-buffer in preparation for the final FACS sorting.

FACS sorting was performed as previously described. Briefly, the sorting was conducted at
4°C using the Aria Fusion (Becton Dickinson). The undifferentiated hiPSCs stained for
CXCR4 and the igG controls were employed for setting the negative gate for CXCR4-positive
sorting. Following FACS sorting, the cells were used in the oxBS/BS Amplicon-Sequencing
protocol.

0xBS/BS Amplicon-Sequencing

Bisulfite-Primers were designed using MethPrimer2.0 and reviewed for potential unspecific
PCR products using BiSearch (Table 7). The genomic DNA from both hiPSCs and CXCR4-
positive endoderm cells was isolated using the GeneJET Genomic DNA Purification Kit
(Thermo Fisher Scientific, KO722) and then eluted in water.

The bisulfite (BS) and oxidative bisulfite (0xBS) conversion were performed using the
TrueMethyl oxBS Module kit (Nugen/Tecan, 0414-32) according to the manufacturer’s
instructions. After the final elution step of the cleaned-up oxBS/BS-converted DNA, each
region of interest was amplified in 4-5xPCR reactions of 27cycles utilizing the bisulfite-
primers and the EpiTaq (Takara, R110A). The PCR products from each region of interest were
subsequently pooled and subjected to purification using the MinElute PCR Purification Kit
(Qiagen, 28004). Eventually, next-generation sequencing libraries were prepared using the
NEBNext Ultra Il DNA Library Kit (NEB, E7645L), and sequencing was performed using
MiSeq.
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Genomic location Closest Size Primer F 5°-3° Primer R 5°-3°
gene [bp]
chr5:112539019-112539305 MCC 173 TTTAGTAGTTTTTTA AAAACAAAATAATCT
ATGAATTTAGTGATT AATCTAAACC
chr11:68147852-68148077 LRP5 281 GAGGTAGGTTGGTTT CTCCAAAAAACCTCA
TTTATAGTTG TACAAACAA
chr7:101741050-101741616 CUX1 197 TTGTGGATATATTAA AAAAATTCCTTTATTC
GGTTTTAGATATATT TTCCCTAAC
chr9:137326607-137327145 RXRA 210 GGGTATTTTTTGGTT ACTACCTACCACCCC
TTTTGATTTT CTCCTAT

Table 7: Selected genomic loci for oxBS/BS Amplicon-Seq. The table lists the genomic location
(hg19), and the primer pairs used to amplify the genomic regions of interest after bisulfite conversion.

Luciferase enhancer assay

Molecular cloning of Luciferase-enhancer constructs

In the pGL4.27[luc2P/minP/Hygro] (Promega, E845A), regions of interest were inserted
upstream of a Firefly luciferase gene driven by a minimal promoter. In particular, pGL4.27 was
linearized by EcoRV-HF (NEB, R3195S) digestion and the regions of interest were amplified
by PCR from genomic DNA of ZIP34K14, using primers with homology overhangs for
pGL4.27 (Table 8). The final Luciferase-enhancer constructs were synthesized for 1h at 50°C
using Gibson Assembly (NEB, E2621L). The control pGL4.27-constructs containing eSOX17
or NANOG-3UTR were provided by Dr. Alexandro Landshammer. Following synthesis, all
constructs were transformed into DH5a bacteria and individual colonies were selected for

plasmid purification, followed by Sanger-sequencing to confirm the sequence.

Performing the luciferase assay
The enhancer assay was conducted differently based on whether it was performed in hiPSCs

or endoderm cells:

For performing the enhancer assay in pluripotent cells, hiPSCs were single-cell passaged using
Accutase treatment for 10min at 37 °C and 5%CO2. For each region of interest cloned into
pGL4.27, 3x24wells were seeded with 200k cells each, to obtain three biological replicates.
These cells were cultured overnight in mTeSR Plus/10uM Y-27632. The next day, they were
co-transfected with the pGL4.27-construct and pRL-TK (Promega, E2241) which contains a

constitutively expressed Renilla luciferase gene for normalization, along with a transfection
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control plasmid constitutively expressing mCherry. On the next day, the Dual-Glo Enhancer
Assay (Promega, E2940) was performed according to the manufacturer’s instructions. In
particular, each biological replicate was split into three technical replicates. Luminescence was
measured using the pre-installed DualGlo protocol of the GloMax-Multi Detection System

(Promega).

Prior to conducting the enhancer assay, a test sample of differentiated endoderm cells was
stained for CXCR4-PE (1:200, Biolegend, 306506) and an IgG2a, k-control (1:200, Biolegend
400218) in order to examine differentiation efficiency. The unprocessed data was then analyzed
using FlowJo (Beckton Dickinson, v10.7.2). As the proportion of CXCR4-positive cells was
remarkably high, differentiated cells were not sorted before carrying out the enhancer assay.

For performing the enhancer assay in endoderm differentiated cells, hiPSCs cultured in mTeSR
Plus were single-cell passaged using Accutase treatment for 10min at 38°C and 5%CQO2.
Subsequently, 3x24wells were seeded a 100k cells for each pGL4.27-construct. These cells
were maintained in mTeSR Plus/10um Y-27632 until the following day. Then, directed
endoderm differentiation was performed using the STEMdiff Endoderm Differentiation
Medium (Stemcell technologies, 05233) was performed, in accordance with both previous
descriptions and the manufacturer’s instructions up until day 4. On day 4 of differentiation,
cells were co-transfected with the pGL4.27-construct, pRL-TK, and the plasmid of
constitutively expressing mCherry, as outlined earlier. On day 5 of differentiation, the Dual-
Glo Enhancer assay (Promega, E2940) was performed, according to the manufacturer’s
protocol. Luminescence was measured using the pre-installed DualGlo protocol of the

GloMax-Multi Detection System (Promega).
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Name Genomic location (hg19) Primer F Primer R

Hypo_endol chr4:6138918-6139386 ACCTGAGCTCGCTAG TTGGCCGCCGAGG
CCTCGAGGATGGAA  CCAGATCTTGATAG
TCGAGCCACATGCA  CCTCCGCATTTCAG
G GATA

Hypo_endo3  ¢hr13:111193420-111194023 ACCTGAGCTCGCTAG TTGGCCGCCGAGG
CCTCGAGGATCCACG CCAGATCTTGATGA
CTTCAGCCTCTCATC AGCTGAGCCCCAG

GCAG

eSOX17 chr8:55,136,923-55,138,19 - -

NANOG- chr12:7,951,265-7,951,899 - -

3UTR

Table 8: Selected genomic loci for the Luciferase enhancer assay. The table lists the genomic
location (hgl19), and the primer pairs used to amplify the genomic regions of interest for subsequent
cloning into the Firefly-Luciferase plasmid.

Data processing

Initially, the ratio between the Luciferase and the Renilla activity was calculated for each
technical replicate (Figure 11). Subsequently, the technical replicates were averaged within
each biological replicate. Next, the average across the three biological replicates was calculated
to obtain one ratio (Firefly/Renilla activity) for each region of interest. Finally, the relative
Luciferase activity ratio (LAR) was determined by comparing each vector containing a specific

region of interest to the empty vector. A ratio exceeding 1 indicates an enhanced Luciferase

expression resulting from the presence of the respective region of interest.
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step1 step2 step3

for each for each for each
technical replicate biclogical replicate ROI

mean(biological replicates

Luciferase activity (ROI))

mean(technical replicate1

+ technical replicate2 ] ] ]

+ technical replicate3) mean(biological replicates
(empty vector))

Renilla activity

Figure 11: Calculation to obtain the enhancer-based relative luminescence activity ratio (LAR).
For each technical replicate, Luciferase and Renilla firefly activity have been experimentally measured.
For each technical replicate, the Luciferase activity was divided by the Renilla activity and
subsequently, the mean of the technical replicates gives the biological replicate. This procedure was
repeated for each region of interest (ROI) and for the empty vector. Eventually, the ratio between the
mean of the biological replicate of the ROI and the empty vector informs about the enhancer potential
of the ROLI.

Computational Methods and Approaches

oxXWGBS/WGBS data processing

Published WGBS and oxWGBS data sets were downloaded from the Gene expression
Omnibus and underwent a defined processing pipeline (Table 9). Initially, raw reads were
subjected to quality-filtering and trimming of Illumina adapters using cutadapt (version 2.4;
parameters: --quality-cutoff 20 --overlap 5 --minimum-length 25 --adapter illumine) (Martin,
2011). The filtered reads were then aligned to the human genome reference hg19 using BSMAP
(version 4.1.4.1.; parameters: -V 2 -v 0.1 -s 16 -q 20 -w 100 -S 1 -u -R) (Xi & Li, 2009).
Subsequently, duplicate reads were removed using MarkDuplicates from GATK (version
41.4.1, parameters: coordinate --REMOVE_DUPLICATES true --
VALIDATION_STRINGENCY LENIENT) (McKenna et al.,, 2010). Next, the mcall
command from MOABS was employed to compute methylation levels for individual CpGs
(version 1.3.2.; default parameters) (Sun et al., 2014). Eventually, CpGs located on
chromosome X, Y, or M were excluded, as were those with a coverage below 10 and greater
than 150.
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GEO accession

Cell type Cell line Data type number Paper
hESC WT HUES64 WGBS GSM4458668 (Charlton et al., 2020)
hESC WT HUES8 WGBS GSM3618718 (Charlton et al., 2020)
hESC DKO HUES64 WGBS GSM4458669 (Charlton et al., 2020)
hESC DKO HUES64 WGBS GSM4458670 (Charlton et al., 2020)
hESC DKO HUESS8 WGBS GSM4458672 (Charlton et al., 2020)
varez-Dominguez et al.,
DE HUES8 WGBS GSM4221047 (Al Doming ., 2020)
PP1 HUESS8 WGBS GSM4221048 (Alvarez-Dominguez et al., 2020)
PP2 HUESS8 WGBS GSM4221049 (Alvarez-Dominguez et al., 2020)
varez-Dominguez et al.,
EN HUES8 WGBS GSM4221050 (Al Doming ., 2020)
cbeta varez-Dominguez et al.,
Scb HUES8 WGBS GSM4221051 (Al Doming ., 2020)
hESC H9 WGBS GSM1521762 (Ziller et al., 2015)
NE H9 WGBS GSM1521763 (Ziller et al., 2015)
ERG H9 WGBS GSM1521764 (Ziller et al., 2015)
MRG H9 WGBS GSM1521765 (zZiller et al., 2015)
ECTO HUES64 WGBS GSM1112820 (Gifford et al., 2013)
ENDO HUES64 WGBS GSM1112848 (Gifford et al., 2013)
MESO HUES64 WGBS GSM1112839 (Gifford et al., 2013)
MN day16 HUES64 WGBS GSM4368689 (Charlton et al., 2020)
MN day16 HUES64 oxWGBS GSM4368690 (Charlton et al., 2020)
MN day60 HUES64 WGBS GSM4368691 (Charlton et al., 2020)
MN day60 HUES64 oxXWGBS GSM4368692 (Charlton et al., 2020)
Liver Adulttissue WGBS GSM1058027 (Roadmap Epigenomics Consortium
etal., 2015)
Lung Adult tissue WGBS GSM983647 (Roadmap Epigenomics Consortium
et al., 2015)
Spleen Adulttissue WGBS GSM983652 (Roadmap Epigenomics Consortium
etal., 2015)
Small intestine  Adult tissue WGBS GSM983646 (Roadmap Epigenomics Consortium
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https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4458668
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM3618718
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4458669
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4458670
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4458672
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4221047
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4221048
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4221049
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4221050
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4221051
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1521762
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1521763
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1521764
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1521765
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1112820
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1112848
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1112839
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4368689
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4368690
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4368691
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4368692
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1058027
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM983647
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM983652
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM983646

Table 9: Utilized published WGBS data sets. The table lists the cell types, originating cell lines and
the GEO accession number of publicly available WGBS data sets which have been used in this thesis.
hESC (human embryonic stem cells).

0xBS/BS Amplicon-Seq data processing

0xBS/BS Amplicon-Seq data were processed using the same workflow that has been employed
for oxXWGBS/WGBS processing, except for the last step, which removes all CpGs with
coverage greater than 150 (see previous paragraph).

Calculating 5hmC levels

To determine 5hmC levels in both whole-genome or Amplicon-Seq data, the levels derived
from oxBS (5mC) were subtracted from those of BS (5mC+5hmC). This calculated difference
corresponds to 5hmC levels.

Calling of DKO-DMRs

First, WGBS data for HUES64 WT, HUES8 WT, HUES64 DKO-cloneA, HUES64 DKO-
cloneB and HUES8 DKO were filtered to include only CpGs which were covered in all the
data sets. Next, differentially methylated regions (DMRs) were called using METILENE (vO0.2-
8; parameters: -d 0.2 -c 2) and only regions with FDR<0.05 were retained (Juhling et al., 2016).
Lastly, among the hypomethylated DMRs, those with a WT DNA methylation >=0.7 and

Ameth of <-0.6 were selected.

Calling of tissueDMRs and splitting them according to their DNA methylation turnover
behavior

The primary procedure to identify DMRs between hPSCs and in vitro differentiated cell types,
as well as adult tissues, followed the same methodology as the identification of DKO-DMRs.
Initially, WGBS data from the specific differentiated cell type and from the respective
progenitor hPSC line was merged into a single file. The average methylation levels of HUES64
WT and HUES8 WT were used as the hPSC reference in the adult tissue comparison. For
calling tissueDMRs between day 16 and day 60 of MN differentiation, the WGBS of those two
cell states were integrated instead of hPSC data. Only CpGs that were covered in both datasets

were retained. Subsequently, DMRs were called using METILENE (v0.2-8; parameters: -d 0.2
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-c 2)and those meeting the criteria of FDR <0.05, a WT methylation level >= 0.3, and a Ameth
of <-0.3 were selected for further analysis (Juhling et al., 2016). Further, for in vitro stepwise
differentiated cell types, | omitted DMRs called in a given cell type that had already emerged
in progenitor cells. To achieve this, | called a set of DMRs for each cell type of the pancreatic
and radial glial protocol, applying less stringent criteria (FDR<1.0; WT DNAmeth >=0.3;
Ameth <-0.3). Using bedtools intersect (v2.30.0; parameters: -v), | excluded those DMRs from
the set of tissueDMRs of a given cell type, which were identified as “loose DMR” in any
progenitor cell type (Quinlan & Hall, 2010). Moreover, bedtools intersect was generally used
to determine overlaps between tissueDMRs of different cell types (v2.30.0; parameters: -u),
such as for the three germ layers, and to identify DMRs that are specific to a cell type cell t

(v2.30.0; parameters: -v).

To identify those tissueDMRs which are targeted by the DNA methylation turnover in hPSCs,
| determined the average DNA methylation level in WT and DKO hPSCs at each DMR, using
the UCSC tool bigWigAverageOverBed (v2; default parameters). By calculating the difference
between DKO-WT hPSCs, | categorized tissueDMRs into “turnover” (Ameth<-0.3), “no
turnover” (Ameth>-0.2) and “in between” (Ameth>=-0.3 and <=-0.2); except for MN-D60-

DMRs, which were split into “turnover” (Ameth<-0.3), “no turnover” (Ameth>=-0.3).

Calculating Amethylation at DKO-DMRs between two cell types

To determine the rate of DNA methylation loss at DKO-DMRs during differentiation, I utilized
the UCSC tool bigWigAverageOverBed (v2; default parameters) to determine the average
DNA methylation level in hPSCs and a differentiated cell type or adult tissue. As described
above, | then determined the delta between the differentiated cell type-hPSCs.

Determining the proportion of repeats with DNA methylation turnover within a family
or subfamily of retrotransposons

All analyses regarding retrotransposons and simple repeats are based on the UCSC
RepeatMasker annotations for hg19. Repeats were filtered for containing at least two CpGs
and those which have, were split into “methylated” (DNAmeth WT hPSCs >0.3) and
“unmethylated” (DNAmeth WT hPSCs <=0.3) using the UCSC tool bigWigAverageOverBed
(v2; default parameters). Next, | excluded all subfamilies with less than 30 methylated repeat
elements. Further, the average DNA methylation level in DKO hPSCs at repeats was
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determined and for further analysis, the proportion of elements with turnover (DKO-WT hPSC

Ameth<-0.3) was considered.

In the special case of LINE1, I additionally extracted full-length elements with a size of at least
4.5kb. The filtering was slightly less stringent, as full-length elements often range between
5kb-7kb (Swergold, 1990). The first sixth of each full-length element was defined as 5’end.

The CpG-density at repeat elements was determined using the countPattern function from the
Biostrings package in R (v2.66.0) (Pages et al., 2022). The GC content (excluding CpGs) was
calculated by first deleting CpGs from the fasta sequences using the gsub function in R,

followed by counting Gs and Cs.

ATAC-seq data processing

Raw reads of one ATAC-seq replicate for hiPSCs (Philine Guckelberger, unpublished data)
were subjected to quality and adaptor trimming using cutadapt (version 2.4; parameters: --
quality-cutoff 20 --overlap 5 --minimum-length 25) (Martin, 2011). Alignment of the filtered
reads to the human genome reference hg19 was done using the ‘mem’ command of the BWA
software package (version 0.7.17; default parameters) (H. Li & Durbin, 2009). Duplicates were
filtered out using GATK (version 4.1.4.1.; parameters: --REMOVE_DUPLICATES true --
VALIDATION_STRINGENCY LENIENT) (McKenna et al., 2010). Narrow peaks were
called using MACS2 (version 2.1.2; default parameters) (Zhang et al., 2008). To identify DKO-
DMRs overlapping at least one ATAC-peak, | utilized bedtools intersect (version 2.30.0;
parameters: -u). For generating profile plots of the ATAC-seq signal, the signal was normalized
to genomic features using the function ‘normalizeToMatrix’ from the R package
EnrichedHeatmap (parameters: extend = c¢(1500, 1500), mean mode = “wo”, w = 10,

target_ratio = 0.25) (Gu et al., 2018).

ChlP-seq data processing

ChlP-seq data sets were downloaded from the Gene expression omnibus and processed
according to the procedure described for ATAC-seq data, with the exception of calling broad
instead of narrow peaks using the additional parameter ‘--broad’ in MACS2 (version 2.1.2)
(Table 10) (Zhang et al., 2008). To determine intersections between DKO-DMRs and
GSM1521721 or GSM772800, | utilized bedtools intersect (version 2.30.0; parameters: -u).
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Target Cell type Cell line GEO accession number Publication

H3K27Ac hESC H1 GSM466732 (Heintzman et al., 2009)

(Roadmap Epigenomics
Consortium et al., 2015)

H3K27Ac ENDO HUES64 GSM1112831 (Gifford et al., 2013)

H3K27Ac hESC H9 GSM1521721

(Roadmap Epigenomics

H3K4mel hESC HUES64 GSM772800 Consortium et al., 2015)

Table 10: Utilized published ChlP-seq data sets. The table lists the cell types, originating cell lines
and the GEO accession number of publicly available ChlP-seq data sets which have been used in this
thesis.

Data visualization
Violin plots, boxplots, scatter plots, bar graphs, and pie charts were created using the R package
ggplot2 (Wickham, 2016).
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RESULTS

DKO-DMRs are functional enhancers in hepatic endoderm cells

Regions that become actively demethylated by TETs in the absence of de novo DNA
methyltransferases in hPSCs (DKO-DMRSs), co-recruit DNMT3s and TETs in wildtype hPSCs,
resulting in the DNA methylation turnover. The majority of DKO-DMRs overlap with putative
somatic enhancers, while the overlap with pluripotent-specific enhancers is minor (Charlton et
al., 2020). Here, the definition of putative somatic enhancers is based on the presence of the
active enhancer mark H3K27Ac in a somatic cell context, often cell type-specific (Hnisz et al.,
2013). In contrast, only a minority of DKO-DMRs are enriched for H3K27Ac in hPSCs,
indicating an inactive status of DKO-DMRs in hPSCs but a potential activation in certain
somatic tissues. Further, the enrichment of H3K4mel points towards a poised chromatin state
at DKO-DMRs in hPSCs (Charlton et al., 2020). In line with this, high levels of DNA
methylation, which is one characteristic of DKO-DMRs, are generally associated with inactive
enhancers (Stadler et al., 2011). Moreover, in the context of DNA methylation turnover, the
loss of DNMT3s in hPSCs was shown to cause changes in the transcriptome, with two-thirds
of differentially expressed genes being associated with DKO-DMRs (Charlton et al., 2020).
However, H3K27Ac is only a predictor of enhancer activity and it has been shown that some
H3K27Ac-positive regions do not enhance gene expression in an experimental setup (Zhu et
al., 2013). To investigate whether DKO-DMRs have the potential to drive gene expression, |
conducted a Luciferase enhancer assay for three selected DKO-DMRs in human pluripotent
stem cells (hPSCs) and in vitro differentiated cells.

The DKO-DMRs were selected based on their DNA methylation levels, H3K27Ac signal, and
chromatin accessibility in hPSCs and in vitro differentiated hepatic endoderm cells (ENDO)
(Figure 12). Based on publicly available WGBS data sets for hPSCs and ENDO, | selected
DKO-DMRs which are hypomethylated upon differentiation, indicative of potential enhancer
activation (Charlton et al., 2020; Gifford et al., 2013). A second indicator for somatic enhancer
activity is the opening of chromatin upon differentiation, suggesting facilitated transcription
factor binding. Based on ATAC-seq data, | refined the selection of candidate DKO-DMRs to
those situated within accessible chromatin linked to ENDO differentiation (data unpublished,
generated by Philine Guckelberger) (Figure 12). Furthermore, two of the three selected DKO-
DMRs display an increased enrichment of H3K27Ac upon differentiation based on publicly
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available H3K27Ac ChiIP-seq data for hPSCs and ENDO (DKO-DMR1+3) (Heintzman et al.,
2009). The DKO-DMRs1-3 that were ultimately chosen are situated in the first intron of
JAKMIP1 (DMR1), 80kb/155kbp upstream of DTWD1/ATP8B4 (DMRZ2), and the RAB20
intron (DMR3), respectively. (Figure 12). None of these genes are known to play a specific
role for endoderm differentiation; however, enhancers do not necessarily regulate the most
proximal gene promoter (Tang et al., 2015b; Rao et al., 2014). Instead, JAKMIP1 is involved
in neuronal translation regulation and RAB20 plays a role in controlling neurite outgrowth,
while DTWD1 is a tumor suppressor (Oguchi et al., 2018; Ma et al., 2015; Berg et al., 2015).
However, long-range promoter-enhancer interactions can occur and thus, the potential
enhancer function of the selected DKO-DMRs might affect other genes than their nearest
neighbor. Along with DMR1-3, a confirmed enhancer in hPSC-derived ENDO cells located
240kb upstream of the SOX17 gene served as a positive control for enhancer activity (referred
to as eSOX17) (Landshammer et al., 2023) (Figure 12). As a potential positive control in
hPSCs, I included a region located in NANOG's 3'UTR (referred to as NANOG-3UTR) that is
substantially enriched for H3K27Ac and exhibits an ATAC-peak in hPSCs. The regions of
interest were tested for enhancer activity in a Dual-Luciferase assay to assess their enhancer-
based relative luminescence activity ratio (LAR) in hPSCs and hPSC-derived ENDO cells
(Figure 11).

DKO-DMR1 DKO-DMR2 DKO-DMR3 eSOX17 NANOG-3UTR
chr4: chri5: chri3: chrg: chri2:
6,132,874-6,145,000 49,995,188-49,995,390 111,187,864-111,248,972 55,128,128-55,145,000 7,947,162-7,957,327
hPSC WT 1] e LR B SR PR A B R Ay S S RIS
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WGBS | hPSC DKO ;] et = *
1
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0
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Figure 12: Selection of DKO-DMRs for enhancer assay based on epigenetic features. The browser
tracks display the location of DKO-DMRs within the genome (light-grey bars) and the DNA
methylation levels, ATAC-signal and H3K27Ac-signal at the DKO-DMRs and their flanking regions
in hPSCs (black) and hPSC-derived ENDO cells (grey). Further, the second WGBS track (purple)
displays hypomethylation at DKO-DMRs in DKO hPSCs as confirmation for the local DNA
methylation turnover.
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Figure 13: Schematic of the luciferase enhancer assay. The schematic displays the two vector
systems of the Luciferase assay. One contains the Firefly luciferase gene, fused to a PEST domain and
driven by a minimal promoter (minP). The PEST-sequence fused to the Firefly luciferase destabilizes
the enzyme for assessing the current enhancer activity (Rechsteiner & Rogers, 1996). The regions of
interest (ROI) are cloned upstream of the minP to assess their enhancing activity onto the minP. In
parallel, an empty vector without a region of interest was used to measure the leakiness of the minP.
For normalizing differences in transfection efficiency of different ROI-Firefly-vectors, a second vector
with a Renilla luciferase gene under the control of the constitutively active HSV-TK-promoter was co-
transfected with each test vector. See also Figure 11 for a detailed explanation on how to calculate the
relative luminescence activity ratio (LAR).

NANOG-3UTR shows an increased LAR in hPSCs but only by 3.34-fold. Compared to ENDO-
enhancer eSOX17 which doubles reporter gene activity in hPSCs, NANOG-3UTR enhancer
activity is only slightly higher, indicative for NANOG-3UTR being a weak enhancer in hPSCs
(Figure 14). To assess enhancer activity in hPSC-derived ENDO cells, | efficiently
differentiated hPSCs into ENDO (97.7% CXCRA4+ cells), and performed luciferase enhancer
assay (Figure 14 A). As expected, eSOX17 enhanced reporter activity immensely (LAR 109)
in ENDO cells (Figure 14 B). In contrast, NANOG-3UTR displayed minor enhancer activity
in ENDO, similar to the LAR observed in hPSC (Figure 14 B), suggesting a generally weak
enhancer potential of the NANOG-3UTR.

Similar to NANOG-3UTR, DKO-DMR?2 increases reporter activity almost equally (3.02
LAR), indicating a weak enhancer activity in hPSCs as well (Figure 14 B). In contrast, reporter
activity is almost unchanged between the presence and absence of DKO-DMR1 and DKO-
DMR3 (1.28 and 1.27, respectively), speaking against them being enhancers in hPSCs (Figure
14 B). Interestingly, in ENDO cells, all three DKO-DMRSs increase reporter gene activity more
than NANOG-3UTR does. Most strikingly the presence of DKO-DMR1 upregulates reporter
gene activity by 88-fold which lays below the enhancer potential of eSOX17 but substantially
exceeds NANOG-3UTR, indicating a strong enhancing capability of DKO-DMR1 in ENDO
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(Figure 14 B). DKO-DMR2 and DKO-DMR3 enhance reporter gene activity as well but to a
lesser extent (12 LAR and 19 LAR, respectively) (Figure 14 B).

In conclusion, the in vitro enhancer experiment demonstrated that all three DKO-DMRs have
substantial enhancer activity in ENDO. In contrast, only DKO-DMR1 functions as a weak
enhancer in hPSCs. This observation shows that DKO-DMRs may operate as somatic rather
than pluripotency enhancers, which is consistent with enrichment for the poised enhancer mark
H3K4m1 at DKO-DMRs in hPSCs.

A hPSC ENDO B
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Figure 14: DKO-DMRs display enhancer activity in ENDO cells. A The FACS plot displays the
efficiency of in vitro differentiation of ENDO cells derived from hPSCs. B The bar graph displays the
relative luminescence activity ratio (LAR) (log10) of the Firefly luciferase activity over the transfection
control in comparison to the empty plasmid over the transfection control, in hPSCs and ENDO cells.
Error bars display the standard deviation.
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Investigating the relationship between the DNA methylation turnover in
hPSCs and differentiation-related hypomethylation

Upon three germ layer differentiation local hyper- and hypomethylation events are happening,
of which the majority is lineage-specific, showing that pluripotent DNA methylation patterns
are plastic during development and can already undergo changes upon the first lineage
decisions (Gifford et al., 2013). Interestingly, DNA demethylation mainly occurs at intergenic
regions and regions enriched for H3K4mel or H3K27Ac which coincides with DKO-DMRs
features (Charlton et al., 2020). This opens the hypothesis that DKO-DMRs might undergo
demethylation upon trilineage differentiation as well. Moreover, since the DNA methylation
turnover is defined by the competition between TETs and DNMT3s at highly methylated
regions this DNA methylation dynamic could serve as the driving motor to maintain local DNA
methylation plasticity in hPSCs. Beyond, local alterations of the DNA methylation landscape
are not restricted to early differentiation but also occur later during development (Lowdon et
al., 2014; Alvarez-Dominguez et al., 2020) which expands the question of association between
the DNA methylation turnover in hPSCs and differentiation-related hypomethylation to later

stages of development.

To investigate the relationship between the DNA methylation turnover in hPSCs and
hypomethylation upon differentiation, | pursued a two-sided approach. First, | focused on
DKO-DMRs aiming to reveal potential DNA methylation changes upon differentiation into
cell types that arise early after the exit of pluripotency and in mature tissues, using published
WGBS data of in vitro differentiated cells of the three germ layers and in vivo adult tissues. On
the other hand, I investigated to which extent regions which become hypomethylated upon
differentiation (referred to as tissueDMRSs) happen to be subject to the DNA methylation
turnover in hPSCs. Here, | focused on the three germ layers and on stepwise differentiated
more mature cell types. For consistency and comparability, 1 re-called DKO-DMRs (in the
following DKO-DMRs refers to the new set) and tissueDMRs of the different cell types and
tissues using the published pipeline METILENE (Juhling et al., 2016). The original calling
strategies distinguish by the use of diverse statistical tests for examining significant DNA
methylation changes, as well as varied criteria for merging DMRs and the minimum number
of CpGs contained in a DMR (Gifford et al., 2013; Ziller et al., 2015; Alvarez-Dominguez et
al., 2020; Charlton et al., 2020).
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Identification of a refined set of DKO-DMRs and differentiation-induced
hypomethylated regions

Calling DKO-DMRs with METILENE reveals a larger set of DNA methylation turnover
regions in hPSCs

As a quality check for the newly called DKO-DMRs using METILENE, | examined chromatin
features that are characteristic of DKO-DMRs, like the strong overlap with putative somatic
enhancers, an increased chromatin accessibility and enrichment of poised enhancer marks
(Charlton et al., 2020).

Both sets of DKO-DMRs contain ~ 11k regions (Figure 15 A). Interestingly, even though the
original and the new sets were both filtered for a minimum loss of 0.6 DNA methylation, only
half of the regions of each set were also found in the other. Thus, with the new approach, I was
able to identify ~5k turnover regions in hPSCs that were not included in the original set,
suggesting that the DNA methylation turnover targets far more genomic loci than initially
proposed. This reveals that based on the calling strategy for DMRs, other sets of regions are
defined to become significantly hypomethylated in early passage DKO hPSCs, suggesting that
the DNA methylation turnover targets far more genomic loci than initially proposed (Figure
15 A) (Charlton et al., 2020). Yet, both sets display a highly similar frequency to overlap with
peaks of H3K4mel, H3K27Ac, or both, suggesting a similar chromatin context (Figure 15 B).
In line with the strong enrichment for H3K4mel in both DKO-DMR sets, more than 85% of
the DMRs are located in a putative somatic enhancer, indicative of the DKO-DMRs of both
sets being in a poised enhancer state (Figure 15 C). Additionally, around half of the regions of
the original DKO-DMR set and 40% of the new set overlap with an ATAC-peak (Figure 15
D). However, the ATAC-signal at both DKO-DMR sets is relatively weak compared to the
signal of ATAC-peaks at unmethylated loci (Figure 15 E).

First of all, the newly called DKO-DMRs display similar chromatin features and a strong
overlap with putative somatic enhancers and thus, represent the original DKO-DMRs well.
However, calling DKO-DMRs with the METILENE pipeline revealed a more frequent
occurrence of immediate strong loss of DNA methylation upon DNMT3 depletion, indicative

of a broader TET activity in hPSCs than initially assumed.
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Figure 15: The new set of DKO-DMRs lies in putative somatic enhancers. A The bar chart displays
the overlap between the original set of DKO-DMRs (Charlton et al., 2020) and the ones called with
METILENE and vice versa. B+C+D The bar graphs compare the overlap of the two DMR sets with
ChlP-seq peaks of H3K4mel, H3K27Ac and both (B), putative somatic enhancers (C) (Hnisz et al.,
2013) and ATAC-seq peaks (D). E The profile plot displays the ATAC-signal of all ATAC-peaks and
their neighboring regions 1.5kb up- and downstream. Furthermore, the plot displays the ATAC-signal
at ATAC-peaks specifically overlapping with DKO-DMRs (Charlton et al., 2020), the METILENE-
DKO-DMRs, and at unmethylated loci.

Re-called three germ layer tissueDMRs reproduce hypomethylation bias towards ECTO
cells

As a basis to dissect the relationship between the DNA methylation turnover in hPSCs and
early differentiation-related hypomethylation, | called DMRs which become hypomethylated
(<-0.3) upon differentiation of hPSCs into the three germ layers, CD56+ ectoderm (ECTO),
CD184+ endoderm (ENDOQ) (the same as hepatic ENDO) and CD56+ mesoderm (MESO)
(Figure 16).

ECTO displays more than twice as many hypomethylated DMRs as ENDO and MESO (1,564,
586, and 718, respectively), with only a minority found in all three lineages (262) (Figure 16
B) (Gifford et al., 2013). Similarly, a small number of tissueDMRs is only found in two of the
three germ layers (ECTO/ENDO: 113; ECTO/MESO: 152; MESO/ENDO: 59), showing that
the number of shared tissueDMRs is similar between the three germ layers. The strong
difference in the total number of ectoDMRs compared to endoDMRs and mesoDMRs arises
from loci which are uniquely hypomethylated in one lineage only (Figure 16 B). In ECTO, the
unique tissueDMRs represent the biggest group with 66.1% (1037), while ENDO and MESO
have 23.7% (152) and 33.8% (245) uniquely hypomethylated loci, respectively (Figure 16 B)
(Gifford et al., 2013).
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In line with the originally called trilineage tissueDMRs, the new sets reproduce that ECTO
cells most frequently undergo local demethylation as compared to ENDO and MESO where
the majority of hypomethylated DMRs are shared with at least one other of the three germ
layers (Gifford et al., 2013).
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Figure 16: Frequent hypomethylation upon ECTO differentiation. A The timeline displays the
differentiation protocols for obtaining hPSC-derived CD56+ ectoderm (ECTO), CD184+ endoderm
(ENDOQ), and CD56+ mesoderm (MESO) cells. B The bar graph shows the number of hypomethylated
DMRs in each of the three germ layers and indicates which ones are shared between lineages and which
are unique to only one lineage.

Accumulation of hypomethylated DMRs in adult tissues

As a counterpart to investigate DNA methylation changes at DKO-DMRs upon early
differentiation represented by the three germ layers, | further examined the methylome of adult
human tissues. To this end, I called hypomethylated DMRs, utilizing published WGBS data
sets of liver, lung, spleen, and the small intestine (Roadmap Epigenomics Consortium et al.,
2015).

In each of the investigated tissues, 24.5k-28k regions were defined to be hypomethylated
compared to hPSCs, which indicates an accumulation of hypomethylation events over
development when comparing to the three germ layers (Figure 16 B, Figure 17 A). Further, at
least 20% of adult tissueDMRs are unique to their respective tissue wherein tissue specificity

is again shown.

In summary, adult tissueDMRs were successfully defined and can be used for analysis
regarding DNA methylation changes at DKO-DMRs in mature cells.
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Figure 17: Calling hypomethylated DMRs in adult human tissues. A The bar graph displays
hypomethylated DMRs called between hPSCs and adult tissues, with the colors indicating whether a
DMR is found in one or multiple tissues. B The genome browser images display examples of
tissueDMRs, which are shared between the adult tissues (left) and which are unique to only one of them

(right).

Calling tissueDMRs for stepwise in vitro differentiation of pancreatic and radial glial cells

To investigate whether the relationship between differentiation-related hypomethylation and
DNA methylation turnover in hPSCs is dependent on the developmental progress of the
differentiated cell type, I called hypomethylated DMRs for stepwise differentiation of hPSCs
into mid radial glial cells (MRG) and stem cell-derived beta cells (SCheta), representing
neuroectodermal and endodermal lineage decisions, respectively (Ziller et al., 2015; Alvarez-
Dominguez et al., 2020). For adequate correlation between DNA methylation turnover and
distinct states of cell maturation, I only included hypomethylated DMRs that can be properly

attributed to one step of differentiation.

In the earliest measured step of radial glial differentiation, between hPSCs and neuroepithelial
cells (NE; 12 days), ~300 regions are hypomethylated. A similar number of hypomethylated
DMRs occur between hPSCs and early radial glial cells (ERGs), which are differentiated for
two more days (14 days total). However, only eight of the ERG-DMRs can be assigned as de
novo hypomethylated in ERG, while the majority already undergoes slight demethylation in
NE which was however not sufficient to be called as NE-DMR (Figure 18 B). In contrast, ~2k
genomic loci significantly lose DNA methylation between hPSCs and MRG cells (35 days), of
which ~700 are de novo hypomethylated from ERG to MRG (Figure 18 B, C). During in vitro
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pancreatic differentiation, almost 200 regions become hypomethylated during the first three
days of differentiation into pancreatic endoderm (DE; 3 days), while the majority of DMRs
between hPSCs and the intermediate cell types pancreatic progenitor 1 (PP1; 8 days),
pancreatic progenitor 2 (PP2; 14 days) and endocrine cells (EN; 18 days) either already occur
in their respective progenitors or become demethylated over multiple differentiation steps
(Figure 18 B, C). Eventually, in the last step of stem cell-derived beta cell (SCbeta; 25+ days)
derivation, an additional 340 DMRs were demethylated. A minority of all DMRs between
hPSCs and SCbeta or MRG, respectively, overlap with each other (4.5% and 1.7%,
respectively), indicating cell type-specific DNA methylation changes (Figure 18 B).
Importantly, the cellular identity of pancreatic endoderm (DE) differs from the previously
investigated hepatic endoderm (ENDO) (Alvarez-Dominguez et al., 2020; Gifford et al., 2013;
Toivonen et al., 2013).

In summary, for two independent successive differentiation systems, | defined lists of regions
which become uniquely hypomethylated during one of the differentiation steps but in none of
the prior ones. This will allow to reveal whether there is a bias for early or late differentiation-
related hypomethylation to be associated with the DNA methylation turnover in hPSCs.
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Figure 18: Cell type-specific hypomethylation during pancreatic and radial glial differentiation.
A The timeline displays the differentiation protocols of hPSCs into mid radial glial (MRG) and stem-
cell derived beta cells (SCheta) with their respective intermediate cell types. Precursor cell types are
neuroepithelial (NE) or definitive endoderm (DE), pancreatic progenitors 1/2 (PP1/PP2), and endocrine
cells (EN), respectively. B The bar graph displays the number of all tissueDMRs called between hPSCs
and SCheta or MRG, respectively, and their overlap. C The bar graph displays the number of
tissueDMRs which are uniquely assigned to the cell types of pancreatic and radial glial differentiation.

The DNA methylation turnover in hPSCs and its relationship to three germ layer
differentiation

The majority of DKO-DMRs remain highly methylated in the three germ layers

DKO-DMRs are characterized by their permanent TET occurrence which allows them to
switch from high to low levels of DNA methylation in hPSCs within a few days after DNMT3
depletion (Charlton et al., 2020). However, the switch in methylation could potentially happen
even faster. In mESCs, the velocity of DNA demethylation by the catalytic domain of TET3
revealed an increase in 5ShmC already after 6h (Ravichandran et al., 2022). In contrast, passive
demethylation is replication-dependent and since hPSCs divide every 30-37h, the first possible
time point to lose DNA methylation is after this time only (Yong et al., 2008). Since the first
lineage decision of hPSCs after exit from pluripotency comes along with local DNA
methylation changes, it might be that the DNA methylation turnover in hPSCs prepares DKO-
DMRs for immediate hypomethylation when differentiation into one of the three germ layers
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is initiated. To investigate this hypothesis, | examined to which extent DKO-DMRs become

demethylated upon trilineage differentiation.

Surprisingly, only 7% of DKO-DMRs (806 out of 11,089) are overlapping at least one of the
trilineage tissueDMRs, indicating that the majority of DKO-DMRs stably maintain high DNA
methylation levels upon trilineage differentiation (Figure 19 A). Indeed, only 379 of those
DKO-DMRs which do not overlap with any trilineage tissueDMR lose more than 0.3 DNA
methylation in at least one of the three differentiated cell types, confirming that the majority of

DKO-DMRs are not demethylated upon trilineage differentiation (Figure 19 B).

Further, | found that DKO-DMRs which overlap a tissueDMR show a bias towards being
hypomethylated in ECTO. More than half overlap with tissueDMRs unique for ECTO, and an
additional 5%, 8%, and 11% with ECTO+ENDO, ECTO+MESO, and ECTO+ENDO+MESO
tissueDMRs, respectively (Figure 19A). Least, DKO-DMRs overlap with tissueDMRs unique
to ENDO or ENDO+MESO (3% each). However, these biases mostly disappear when
considering the group size of each tissueDMR category, except for a remaining slightly smaller
overlap of DKO-DMRs with tissueDMRs unique to ENDO (Figure 19A). This could imply
that the preference for overlapping ectoDMRs is purely coincidental and has no biological

meaning.

In summary, the great majority of DKO-DMRs do not lose DNA methylation upon
differentiation into the three germ layers, indicating that trilineage differentiation-related
hypomethylation is not necessarily a consequence of the DNA methylation turnover. However,
this does not exclude that the DNA methylation turnover maintains plasticity of a genomic
region and might be necessary to enable a quick switch in DNA methylation upon

differentiation.

63



all DKO-DMRs DKO-DMRs
DKO-DMRs overlapping tissueDMRs not overlapping tissueDMRs
n=11,089 n=806 n=10,283
absolute proportional Ly
0.2
0.0
_02 -
_04 -
-0.6 1
-0.8
M overlap B ECTO+ENDO [0 unique to ENDO -1.01
[ no overlap [ ECTO+MESO [ unique to MESO ’

Il unique to ECTO W all three
] ENDO+MESO

Ameth
diff. cells—hPSCs

ECTO -
ENDO -
MESO -

sum -

Figure 19: DKO-DMRs mostly remains highly methylated in the three germ layers. A On the left:
The pie chart displays the number of DKO-DMRs overlapping with at least one tissueDMR. On the top
right, top: The pie chart displays with which tissueDMRs the DKO-DMRs overlap. On the right,
bottom: Pie chart displaying the overlap of DKO-DMRs with the different groups of tissueDMRs in
proportion to the absolute number of tissueDMRs in each group. B The violin plot shows the DNA
methylation difference between hPSCs and the respective differentiated cell type for those DKO-DMRs
which do not overlap a tissueDMR. A negative value means loss of DNA methylation upon
differentiation. Sum displays the strongest level of hypomethylation observed between hPSCs and the
differentiated cell types for each DKO-DMR.

The majority of trilineage tissueDMRs are subject to the DNA methylation turnover in
hPSCs

The majority of regions which do lose DNA methylation upon trilineage differentiation are
enriched for the enhancer marks H3K4mel and H3K27Ac in their respective differentiated
states, indicating that hypomethylation frequently happens at putative enhancers (Gifford et al.,
2013). Considering the DNA methylation turnover as some kind of poised DNA methylation
state opens the question of whether differentiation-related demethylation is associated with
local DNA methylation turnover occurring in the progenitor cell type. To this end, |

investigated the trilineage tissueDMRs for their DNA methylation turnover potential in hPSCs.

Corresponding to those DKO-DMRs previously reported to become hypomethylated in at least
one of the three germ layers, more than one-third of tissueDMRs are overlapping at least one
DKO-DMR, (Figure 20 A, B). In accordance with the fact that DKO-DMRs are most
frequently hypomethylated in ECTO, ectoDMRs have the greatest overlap (43%) with DKO-
DMRs, followed by mesoDMRs (39%), and finally endoDMRs (32%). Interestingly, the
hypomethylation rate from WT to DKO hPSCs at those tissueDMRs which do not overlap a
DKO-DMR is bimodally distributed with a bottleneck at ~-0.2 and an accumulation of
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tissueDMRs with a loss bigger than 0.2 (Figure 20 D). Specifically, non-DKO-DMR-
overlapping ectoDMRs and mesoDMRs display similarly high rates of demethylation (-0.545
and -0.535, respectively), while endoDMRs have marginally better DNA methylation
maintenance (-0.480) (Figure 20 D). In line with this, endoDMRs have the highest average
DNA methylation level in WT hPSCs (0.079) and also retain the highest level in DKO hPSCs
(0.216) (Figure 20 C). Further, the great majority of ectoDMRs, endoDMRs, and mesoDMRs
lose more than <-0.3 DNA methylation in DKO hPSCs (91.4%, 82.1%, and 90.9%,
respectively), indicating that trilineage-related hypomethylation is strongly associated with the
DNA methylation turnover in hPSCs (Figure 20 E).
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Figure 20: DNA methylation turnover at tissueDMRs of the three germ layers. A The bar graph
displays the proportion of ECTO, ENDO, and MESO tissueDMRs overlapping at least one DKO-DMR.
B+C The violin plots show absolute DNA methylation levels in WT and DKO hPSCs at tissueDMRs
overlapping DKO-DMRs (B) and not-overlapping DKO DMRs (C). D The violin plot shows the
absolute change in DNA methylation between WT and DKO hPSCs at tissueDMRs which do not
overlap a DKO-DMR (negative value means hypomethylation from WT to DKO). E The bar graph
displays the proportion of tissueDMRs which lose >0.3 DNA methylation (red), <=0.2, and those in
between upon DNMT3 depletion.

Even though tissueDMRs of all three germ layers strongly associate with the DNA methylation
turnover in hPSCs, there is a slight bias against endoDMRs. Indeed, only 19% of tissueDMRs
unique to ENDO are overlapping with DKO-DMRs, while this is more than twice as frequent
for tissueDMRs specific to ECTO or MESO (Figure 21 A). In line with this, endoDMRs
become on average less demethylation (-0.407), as compared to ectoDMRs (-0.642) and
mesoDMRs (-0.623) (Figure 21 B). Further, only two-thirds of endoDMRs lose <-0.3 DNA
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methylation in DKO, while this is the case for almost all tissueDMRs unique to ECTO or
MESO (Figure 21 B, C). TissueDMRs shared between two or all three lineages have a similar
association with the DNA methylation turnover in hPSCs as tissueDMRs unique to ECTO or
MESO (Figure 21 A, B).

In conclusion, the DNA methylation turnover in hPSCs does not determine which regions
become hypomethylated upon three germ layer differentiation, indicated by the modest number
of DKO-DMRs demethylated in ECTO, MESO, or ENDO. However, trilineage-related
hypomethylation is strongly linked to the DNA methylation turnover in hPSCs. Thus, the DNA
methylation turnover may still play a role for differentiation, with a character being more about
preserving the ability to transition to low levels of DNA methylation rather than dictating.
Furthermore, endoDMRs are slightly more resistant to demethylation in DKO hPSCs, implying
that DNA methylation turnover in hPSCs may be more crucial for ECTO and MESO
differentiation than for ENDO.
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Figure 21: DNA methylation turnover at shared and unique tissueDMRs of the three germ layers.
ECTO, ENDO, and MESO tissueDMRs are grouped by their shared or unique occupancy. A Bar graph
displays the proportion of the categorized tissueDMRs overlapping at least one DKO-DMR (ECTO
only: 45%; ENDO only: 19%; MESO only: 39.5%). B Violin plot shows the absolute change in DNA
methylation between WT and DKO hPSCs at grouped tissueDMRs (negative value means
hypomethylation from WT to DKO). C Bar graph displays the proportion of grouped tissueDMRs
which lose >0.3 DNA methylation (red), <=0.2 and those in between upon DNMT3 depletion (ECTO
only: 92%; MESO only: 92%; ENDO only: 60%).
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The DNA methylation turnover in hPSCs and its association to hypomethylation in more
advanced cell types

Additional DKO-DMRs are lowly methylated in adult tissues

The majority of DKO-DMRs remains highly methylated in the three germ layers. However,
local demethylation events are not restricted to the earliest steps of differentiation but are also
observed in more mature cell types (Lowdon et al., 2014; Alvarez-Dominguez et al., 2020).
Further, changes in DNA methylation in somatic cells happen in a lineage-specific manner
(Lowdon et al., 2014). Thus, the DNA methylation turnover at DKO-DMRs might be
associated with differentiation-related hypomethylation in general, rather than being confined
to cell states that are developmentally close to hPSCs. To this end, | investigated potential
hypomethylation of DKO-DMRs in adult tissues (liver, lung, spleen, and small intestine), as

representatives for mature cell types (Roadmap Epigenomics Consortium et al., 2015).

Remarkably, almost one-fourth of the DKO-DMRs overlap at least one lung tissueDMRs and
similar observations can be made for the small intestine (23%), spleen (20%), and liver (19%)
tissueDMRs (Figure 22 A). In total, almost 40% of DKO-DMRs overlap with at least one of
the adult tissueDMRs, with the majority being hypomethylated in more than one tissue (63%)
(Figure 22 B). However, only a minority of DKO-DMRs is demethylated in all four
investigated tissues, indicating lineage-and tissue-specificity. Notably, the actual loss of DNA
methylation at DKO-DMRs does not necessarily happen in the final steps of adult tissue
maturation, but in any developmental stage between hPSCs and the mature tissue. Still,
compared to the small number of DKO-DMRs becoming hypomethylated upon trilineage
differentiation, this indicates that DKO-DMRs tend to lose DNA methylation in more mature
cell types rather than immediately upon exit of pluripotency (Figure 22 C). Together with the
DKO-DMRs which overlap trilineage tissueDMRs, almost half of the DKO-DMRs become
hypomethylated in at least one of the investigated differentiated cell types (Figure 22 D).
Noteworthy, more than half of those DKO-DMRs demethylated in one of the three germ layers
maintain low levels of DNA methylation in adult tissues (Figure 22 D)

In summary, investigating adult tissues to reveal differentiation-related DNA methylation
changes at DKO-DMRs substantially increased the number of DKO-DMRs that are
demethylated in a cell-type specific manner during development. This suggests that including
more differentiated cell types into this analysis may reveal additional DKO-DMRs that are
hypomethylated in some context of cellular differentiation. However, it is uncertain whether

this will eventually encompass the majority of DKO-DMRs.
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Figure 22: A substantial number of DKO-DMRs is hypomethylated between hPSCs and adult
tissues. A The bar graph shows the overlap between DKO-DMRs and tissueDMRs of each adult tissue
type. B The pie chart displays whether a DKO-DMR overlaps tissueDMRs of more than one tissue or
whether it is specific to only one tissue. C The pie chart displays all DKO-DMRs and whether they
overlap adult tissueDMRs, trilineage tissueDMRs, or both.

Early differentiation-related hypomethylation is more frequently associated with the DNA
methylation turnover in hPSCs than late

The DNA methylome alters locally in more mature cell types, just as it does in the three germ
layers, emphasizing the need to maintain DNA methylation flexibility later in development as
well (Lowdon et al., 2014; Alvarez-Dominguez et al., 2020). The prior observation that
plasticity of the DNA methylation landscape is significantly related to DNA methylation
turnover in hPSCs during three germ layer differentiation provides a similar possibility for later
stages of development... Furthermore, the fact that some adult tissueDMRs are subject to DNA
methylation turnover in hPSCs suggests that late hypomethylation events in general may be
related to the DNA methylation turnover in hPSCs (Figure 22 D). To compare the relationship
between the DNA methylation turnover in hPSCs and early versus late hypomethylation events,
| evaluated hypomethylated DMRs of stepwise-in vitro differentiated progenitor cell types and
their respective derivatives (Figure 18) (Ziller et al., 2015; Alvarez-Dominguez et al., 2020).
Due to the small number of tissueDMRs gained in the intermediate cell types of pancreatic and
radial glial differentiation, | focused the analysis on the first and last cell types of each

differentiation protocol.

69



Upon radial glial differentiation, a similar number of NE- and MRG-DMRs overlap with at
least one DKO-DMR (134 and 118, respectively) (Figure 23 A). However, the total number
of tissueDMRs found in NE is lower than in SCheta which is why proportionally more NE
tissueDMRs are associated with the DNA methylation turnover in hPSCs. This is also reflected
on the level of average demethylation rate of NE- (-0.655) and MRG-DMRs (-0.363) in DKO
hPSCs and strikingly, almost all NE-DMRs are hypomethylated by <-0.3 in DKO hPSCs,
compared to around half of MRG tissueDMRs, supporting that proportionally early
tissueDMRs are more associated with the DNA methylation turnover in hPSCs, but not on an
absolute level (Figure 23 C, D). Of note, in WT hPSCs, NE-DMRs have a slightly lower
average DNA methylation level (0.774) as compared to MRG (0.822), suggesting that early
tissueDMRs are generally more susceptible to DNA demethylation in hPSCs (Figure 23 B).
In contrast to radial glial differentiation, only a small number of DE- and SCbeta-DMRs
overlap at least one DKO-DMR (10 (5.8%) and 23 (6.7%), respectively), indicative of a smaller
association between the DNA methylation turnover in hPSCs and pancreatic-related
hypomethylation (Figure 23 A). Still, just as for NE and MRG, DE-DMRs are on average
stronger demethylated in DKO hPSCs than SCheta-DMRs (-0.300 and -0.166, respectively)
(Figure 23 A). In line with this, the proportion of SCheta-DMRs which are hypomethylated <-
0.3 in DKO hPSCs is lower) as compared to DE-DMRs (21% and 49%, respectively) (Figure
23 D). However, this bias for a link between the DNA methylation turnover in hPSCs and early
pancreatic DMRs is again only proportionally, whereas the total number of DE-DMRs and
SCheta-DMRs with DNA methylation turnover is similar (83 and 73, respectively). Of note,
early hypomethylated regions during pancreatic differentiation are on average slightly lower
methylated in WT hPSCs as compared to later (DE-DMRs: 0.777; SCbeta-DMRs: 0.884), as it

was observed for radial glial differentiation (Figure 23 B).

In summary, demethylation at later stages is less commonly related to DNA methylation
turnover in hPSCs along both examined differentiation trajectories; nonetheless, the absolute
occurrences are similar between early and late. Still, this may indicate a more important role
for the DNA methylation turnover in hPSCs during early differentiation. Furthermore, radial
glial differentiation is more frequently connected with the DNA methylation turnover in hPSCs
than pancreatic differentiation, suggesting that the DNA methylation turnover is less crucial

for certain lineages.
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Figure 23: DNA methylation turnover at early and late tissueDMRs. A The bar graph displays the
overlap between tissueDMRs of pancreatic and radial glial differentiation with DKO-DMRs. B+C
Violin plot shows absolute DNA methylation levels in WT and DKO hPSCs at cell type-specific
tissueDMRs (B) and the DNA methylation difference between DKO and WT (C) (negative value means
hypomethylation from WT to DKO). D Bar graph displays the proportion of tissueDMRs which lose
>0.3 DNA methylation (red), <=0.2, and those in between upon DNMT3 depletion.

Exploring the connection between the rate of differentiation-related hypomethylation
and the DNA methylation turnover in hPSCs

By pre-targeting TETs in hPSCs, tissueDMRs with DNA methylation turnover set themselves
apart from other highly methylated genomic sites that undergo hypomethylation upon
differentiation. Considering this, along with the assumption that TETs are necessary for
demethylating tissueDMRs with DNA methylation turnover, these tissueDMRs may
experience stronger hypomethylation upon initiation of differentiation, while other genomic
regions might require de novo TET recruitment prior or even depend on passive demethylation.
In order to analyze the relationship between the DNA methylation turnover in hPSCs and the
rate of demethylation upon differentiation, | examined tissueDMRs with and without DNA
methylation turnover and further put their differentiation-related hypomethylation rates into
correlation with the rate of demethylation in DKO hPSCs. To this end, tissueDMRs of each
investigated cell type were split by their rate of demethylation between WT and DKO hPSCs
(referred to as tissue DMRs “with turnover” and “without turnover”) (see Material and Methods

for cutoffs).
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Differentiation-related hypomethylation of tissueDMRs is stronger when associated with
DNA methylation turnover during pluripotency

Interestingly, the average rate of hypomethylation upon differentiation at tissueDMRs with
DNA methylation turnover tends to be higher as compared to tissueDMRs without DNA
methylation turnover, except for DE- and SCbheta-DMRs (Figure 24 A, B). Especially in the
neuroectodermal lineages tissueDMRs with DNA methylation turnover lose more DNA
methylation upon differentiation as compared to respective tissueDMRs without DNA
methylation turnover, with an average increased loss by 0.069, 0.130, and 0.133 in ETCO, NE
and MRG, respectively, suggesting an impact of the DNA methylation turnover in hPSCs on
the rate of differentiation-related hypomethylation. This effect is weaker in ENDO (delta:
0.040) and MESO (delta: 0.016) (Figure 24 B). Vice versa, DE- and SCheta-DMRs without
DNA methylation turnover tend to lose more DNA methylation upon differentiation as
compared to those associated with DNA methylation turnover in DE and SCheta (DE: without
turnover -0.511, with turnover -0.455; SCbeta: without turnover -0.572, with turnover -0.540 )
(Figure 24 B). This is in line with the rarer targeting of pancreatic tissueDMRs by the DNA
methylation turnover in hPSCs, further supporting a lineage-specific bias of the DNA

methylation turnover in hPSCs.

Three germ layer-DMRs, as well as NE-DMRs without DNA methylation turnover, tend to
have higher methylation levels in WT hPSCs as compared to their counterparts with DNA
methylation turnover (Figure 24 A, C). Conversely, MRG-DMRs show the opposite pattern
(Figure 24 C). This suggests that TET activity not only leads to DNA methylation turnover in
hPSCs but might also reduce DNA methylation levels, consistent with higher local DNA
methylation levels in TET-TKO hPSCs (Charlton et al., 2020). This trend towards higher DNA
methylation levels for tissueDMRs with DNA methylation turnover continues in their
respective differentiated cell type, with MRG-DMRs following a similar pattern (Figure 24
C). Particularly noteworthy are the substantial differences in DNA methylation levels between
tissueDMRs with and without DNA methylation turnover for NE-DMRs (with turnover: 0.233;
without turnover: 0.494), followed by ECTO- and ENDO-DMRs. However, while the average
DNA methylation levels in hPSCs at DE -and SCbeta-DMRs follow the same trend as the other
tissueDMRs, with elevated levels in tissueDMRs without DNA methylation turnover, the
levels in their respective differentiated cell types are very similar, forming the basis inversed
trend of increased hypomethylation at pancreatic DMRs without DNA methylation turnover

upon differentiation (Figure 24 C).
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In summary, tissueDMRs which are associated with the DNA methylation turnover in hPSCs
lose slightly more DNA methylation as compared to tissueDMRs without DNA methylation
turnover; most strongly observed for MRG, followed by NE and ECTO. This supports the
hypothesis that premature presence of TETs may increase demethylation efficiency upon
induction of differentiation. In contrast to cell types of ectodermal origin, DE and SCheta
tissueDMRs display the opposite tendency, supporting previous observations that the targeting

and function of the DNA methylation turnover might be lineage-specific.
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Figure 24: Differentiation-related hypomethylation at tissueDMRs with and without DNA
methylation turnover. TissueDMRs of the three germ layers, as well as DE, SCheta, NE, and MRG,
are separated by having DNA methylation turnover in hPSC or not. A All tissueDMRs are summarized
and the violin plots display their DNA methylation levels in WT hPSCs and the respective differentiated
cell type (right), as well as the rate of hypomethylation upon loss of DNMT3s in hPSCs (left); (negative
value means hypomethylation from WT to DKO). Important to note, that the method for determining
tissueDMRs only considers CpGs that are covered by both data sets, as opposed to computing the DNA
methylation difference between two cell types that bases on all CpGs covered in the WGBS of hPSCs
and MRG. As a result, average DNA methylation loss during differentiation at a tissueDMR can
potentially be lower than the cutoff of -0.3 that was utilized for DMR calling. The violin plots in B and
C distinguish between tissueDMRs of the different cell types. Dark red/ dark blue highlights the three
groups of tissueDMRs with the biggest difference in the hypomethylation rate or DNA methylation
level in differentiated cells between those with and without DNA methylation turnover in hPSCs,
respectively. TissueDMRs underlaid with grey do not follow the general trend of increased
hypomethylation upon differentiation at tissueDMRs with DNA methylation turnover in hPSCs.
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The upper limit of hypomethylation during differentiation is comparable to the level of
TET activity during pluripotency

The observation of a trend for categorized tissueDMRs to become more demethylated during
differentiation when subjected to the DNA methylation turnover in hPSCs prompted the
investigation of a potential linear correlation between the hypomethylation rate associated with
differentiation and the one associated with DNMT3-depletion in hPSCs. The following

analysis includes only tissueDMRs with DNA methylation turnover in hPSCs.

However, the rate of demethylation upon differentiation does not linearly increase with the rate
of hypomethylation in DKO hPSCs in any of the cell types, revealing that there is no linear
relationship between the level of TET activity at tissueDMRs in hPSCs and its prospective
activity during differentiation (Figure 25 A). Still, it is interesting that the majority of ECTO-
(92%), ENDO- (84%), and MESO-DMRs (91%) do not lose more DNA methylation upon
differentiation than they do in DKO hPSCs, while the opposite can occur (Figure 25 B). This
observation that the rate of differentiation-related hypomethylation is at most equal to or below
the demethylation rate upon DNMT3-depletion in hPSCs, suggests that TET activity in hPSCs
limits demethylation activity upon differentiation. In contrast, in later cell types like MRG and
SCbeta, tissueDMRs frequently lose more DNA methylation upon differentiation as compared
to DKO hPSCs (MRG: 65%; SCbeta: 77%), while tissueDMRs of their progenitor cell types,
NE and DE, rather follow the trend observed for the three germ layers (20% and39%,
respectively) (Figure 25 A).

In summary, though hypomethylation during differentiation is not linearly related to
demethylation in DKO hPSCs, the analysis revealed that the rate of differentiation-related
hypomethylation rarely exceeds the demethylation rate upon DNMT3-knockout in hPSCs.
Assuming that TET activity is responsible for demethylation upon differentiation, TET activity
in hPSCs might create a range of possible hypomethylation rates occurring during early

differentiation.
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Figure 25: Relationship between the DNA methylation turnover and hypomethylation upon
differentiation. A The scatter plots display ECTO, ENDO, MESO, NE, MRG, DE, and SCbeta
tissueDMRs and their level of hypomethylation from WT hPSCs to DKO hPSCs (x-axis) and from WT
hPSCs to the respective differentiated cell types (y-axis). The rainbow color scale indicates the DNA
methylation level in WT hPSCs. Further, the diagonal is drawn into each plot. B The bar graph displays
the proportion of tissueDMRs with stronger hypomethylation in DKO hPSCs compared to the
differentiated cells (red) and vice versa (yellow).

The DNA methylation turnover dynamic in differentiated cells

The DNA methylation turnover continues at highly methylated DKO-DMRs in ENDO
cells

The two studies which investigated the DNA methylation turnover primarily focus on the
pluripotent state (Ginno et al., 2020; Charlton et al., 2020). Nevertheless, in adult mouse
tissues, still a small number of genomic loci were shown to be demethylated in the absence of
DNMT3s and similarly, a small fraction of the DKO-DMRs called in hPSCs continue to turn
over in differentiated human motor neurons (Charlton et al., 2020). This indicates that even in
mature tissues the DNA methylation turnover still takes place, even though to a smaller extent.
However, so far, no insights have been gained into DNA methylation turnover dynamics in the

three germ layers, as the lineage decision closest to pluripotency where the DNA methylation
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turnover was primarily described. In this work, the majority of DKO-DMRs was shown to
maintain high DNA methylation levels in the three germ layers (Figure 19). Still, many of
them lose methylation later in development, revealed by low DNA methylation levels at DKO-
DMRs in adult tissues (Figure 22). This indicates that the DNA methylation switch at DKO-
DMRs happens during various developmental time points and thus raises the question of
whether the DNA methylation turnover continues until the switch in DNA methylation levels
happens. Considering the DNA methylation turnover as a way to prepare regions for possible
demethylation during later stages of differentiation, DKO-DMRs that become demethylated in
one lineage but remain highly methylated in another may maintain their turnover until the cell
has committed to one of them. Only after this decision has taken place, the DNA methylation
turnover might stop in the lineage where the region does not become demethylated in any later
stage of development. As a first step towards investigating this hypothesis, | examined TET
activity at selected DKO-DMRs in in vitro differentiated ENDO cells, which represent an early

stage of embryonic development after exiting pluripotency.

To examine DNMT and TET activity during pluripotency and upon differentiation, | conducted
oxBS/BS-amplicon-seq for a selection of DKO-DMRs in hPSC and hPSC-derived ENDO
cells. Based on published WGBS data of WT hPSCs (HUES8 and HUES64), | chose two DKO-
DMRs which remain highly methylated upon ENDO differentiation but become
hypomethylated in adult liver tissue, showing that the DNA methylation switch is
developmentally still ahead (Figure 26) (Charlton et al., 2020). Both DKO-DMRs are located
in an intron of RXRA or LRP5, respectively. Additionally, | included two DKO-DMRs that
already lose DNA methylation in ENDO cells to examine different levels of 5mC and 5hmC.
These two lie in introns of CUX1 or MCC, respectively (Figure 26).
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Figure 26: Selection of DKO-DMRs for investigating the DNA methylation turnover in ENDO.
The browser tracks display WGBS data for WT hPSCs, DKO hPSCs, ENDO, and LIVER, as well as
the 5hmC signal in WT hPSCs at the selected DKO-DMRs. Those CpGs covered by the Amplicon-seq
are highlighted with a brown background. DKO-DMR (RXRA) and DKO-DMR (LRP5) remain highly
methylated in ENDO while demethylation at the control DKO-DMRs (MCC and CUX1) is already
initiated in ENDO.

In hPSCs, all four DKO-DMRs are highly methylated (between 0.592 and 0.894) and exhibit
varying levels of hydroxymethylation (between 0.021 and 0.1). The highest and lowest 5ShmC
levels, respectively, are found at DKO-DMR (RXRA) and DKO-DMR (LRP5) (Figure 27 B).
Furthermore, within DKO-DMRs, there are major differences in the 5mC and 5hmC levels
between individual CpGs. Here, DKO-DMR (CUX1) exhibits the widest range of methylation
(0.562-0.816), whereas DKO-DMR (RXRA) displays the greatest variations in
hydroxymethylation (0.032-0.183). These findings are consistent with WGBS and oxWGBS
data of hPSCs (Charlton et al., 2020).

In hPSC-derived CXCR4+-ENDO cells, DKO-DMR (MCC) is fully demethylated (0.006) and
simultaneously loses nearly all 5hmC (0.004) (Figure 27 A, B). Similarly, DKO-DMR (CUX1)
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only retains low 5mC levels at two of four covered CpGs (0.056) (Figure 27 B). However, the
hydroxymethylation level at DKO-DMR (CUX1) is not only maintained between hPSCs and
ENDO but even slightly increases from 0.063 to 0.077. In particular, the distribution of high
and low 5hmC levels over the CpGs changes, indicating that the DNA methylation turnover is
still ongoing even though methylation levels decreased (Figure 27 B). In contrast to DKO-
DMR (MCC) and (CUX1), DKO-DMR (RXRA) only slightly lose 5mC during the transition
from hPSCs (0.592) to ENDO (0.481) (Figure 27 B). Strikingly, DKO-DMR (RXRA\) retained
its average 5hmC level between hPSCs (0.1) and ENDO (0.122), indicating that the DNA
methylation turnover is locally maintained upon differentiation. Of note, on the single CpG-
level, the DKO-DMR (RXRA) experiences 5mC and 5hmC alterations. Particularly, the
observed 5mC loss in ENDO is mainly due to strong hypomethylation of two out of seven
CpGs, which have the highest levels of 5hmC in hPSCs, suggesting that accumulation of 5hmC
may play a role for subsequent demethylation (Figure 27 B). Additionally, those CpGs within
DKO-DMR (RXRA) that exhibit the most constant 5mC values upon differentiation, gain
5hmC alongside. Compared to all other tested DKO-DMRs, DKO-DMR (LRP5) maintains
5mC levels between hPSCs (0.894) and ENDO (0.878) best (Figure 27 B). Furthermore, even
though the average 5hmC level at DKO-DMR (LRP5) in hPSCs is relatively low (0.0212), it
is maintained on a very similar level in ENDO (0.0212), with a similar range over single CpGs
(hPSCs: 0.004-0.054; ENDO: -0.011-0.068), indicating that the local DNA methylation
turnover is continued at DKO-DMR (RXRA) in ENDO.

In conclusion, both of the examined DKO-DMRs that exhibit sustained high methylation in
ENDO, while undergoing demethylation in the adult liver, maintain hydroxymethylation in
ENDO cells, indicating continuous TET activity. Furthermore, the persistence of high 5mC
levels despite the TET activity implies the presence of DNMT3s at these DKO-DMRs in
ENDO cells. Thus, this work supports the idea that the DNA methylation turnover plays a role
in maintaining DNA methylation flexibility also after the first lineage decision and during other
developmental stages following the pluripotent state
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Figure 27: DNA methylation and hydroxymethylation at DKO-DMRs upon differentiation. A The
FACS-plot displays the sorting strategy for CXCR4-positive ENDO cells, gated in comparison to an
igG2Ak-PE control. B The boxplots display the distribution of DNA methylation and
hydroxymethylation levels at individual CpGs within one DKO-DMR (MCC, CUX1, LRP5, RXRA)
in hPSCs and hPSC-derived ENDO cells. C The bar graphs show DNA methylation and
hydroxymethylation on the single CpG-level for each DKO-DMR in hPSCs and hPSC-derived ENDO
cells. DNA methylation levels are obtained from oxBS-Amplicon sequencing, while
hydroxymethylation was calculated as the difference between BS- and oxBS-Amplicon sequencing.

Increased hydroxymethylation in differentiated cells prior to differentiation-related
demethylation

As of yet, we have learned that the link between differentiation-related hypomethylation and
the DNA methylation turnover in hPSCs is decreased as development progresses (Figure 23).
However, in theory, the factors required for co-targeting DNMT3s and TETS are not restricted
to pluripotency and are present in differentiated cells as well (Figure 27). According to the
idea that DNA methylation plasticity is generally associated with the DNA methylation
turnover, regions that become demethylated later in development might be co-targeted by
DNMT3s/TETSs in more progressed progenitor cells rather than already in hPSCs. To this end,
| investigated whether regions that are hypomethylated on day 60 of motor neuron (MN)
differentiation and are not subject to the DNA methylation turnover in hPSCs establish the
dynamic de novo in day 16 progenitor cells, prior to the actual demethylation (Charlton et al.,
2020).
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In particular, | determined genomic regions that are significantly demethylated from day 16 to
day 60 of MN differentiation (MN-D60-DMRs) and distinguished between those with and
without DNA methylation turnover in hPSCs, based on published WGBS data (Charlton et al.,
2020). Further, | utilized oxXWGBS data for hPSCs and day16 MN to analyze changes in 5hmC
levels as an indicator for TET activity (Charlton et al., 2020). Here, Moreover, | called a set of
background regions that are comparable in size and CpG-density to the MN-D60-DMRs but
are neither demethylated during MN differentiation nor subject to the DNA methylation
turnover in hPSCs (Figure 28 B-E).
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Figure 28: Increased hydroxymethylation in MN-D16 at MN-D60 hypomethylated DMRs. A Pie
chart displays the proportion of MN-D60 DMRs with and without DNA methylation turnover in hPSCs.
B The violin plot shows similarly high levels of DNA methylation in MN (day 16) at the different
regions and strong demethylation at MN-D60 DMRs in MN (day 60), but not at the background regions
(BG). C+D Violin plots display the similarities in size (C) and CpG-density (D) of MN-D60 DMRs
with and without DNA methylation turnover in hPSCs and the background regions.

Between MN day 16 and day 60 653 genomic loci become significantly demethylated, the
majority (74%) of which are not targeted by the DNA methylation turnover in hPSCs (Figure
28 A, B). As expected, MN-D60 DMRs without DNA methylation turnover in hPSCs have on
average lower 5hmC levels in hPSCs (0.034) than those with DNA methylation turnover
(0.059), confirming that the DNA methylation turnover causes an enrichment of 5hmC (Figure
29). Hydroxymethylation at the background regions is similarly low as at MN-D60 DMRs
without DNA methylation turnover in hPSCs (0.036).
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Strikingly, on day16 MN, 5hmC substantially accumulates at MN-D60 DMRs without DNA
methylation turnover in hPSCs (0.132), while the background regions retain similarly low
levels as compared to hPSCs (0.037) (Figure 29). This does suggest that the DNA methylation
turnover was established de novo in dayl6 MN Additionally, MN-D60 DMRs with DNA
methylation turnover in hPSCs exhibit a similar increase in average 5hmC level in day16 MN
(0.167) as seen for MN-D60-DMRs without DNA methylation turnover in hPSCs (Figure 29).
This indicates that 5ShmC may generally accumulate prior to demethylation.

In summary, regions that undergo demethylation in progressed cell types newly establish the
DNA methylation turnover in progenitor states. Additionally, TET activity also rises at loci
with DNA methylation turnover in hPSCs when approaching the developmental state in which
it becomes demethylated. The broader question of whether differentiation-related

hypomethylation generally involves accumulation of 5hmC before hypomethylation requires

further investigations in the future.
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Figure 29: Increased hydroxymethylation in MN-D16 at MN-D60 hypomethylated DMRs. A
Scatter plots display the 5hmC levels in hPSCs (x-axis) and MN (day16) (y-axis) at individual MN-
D60 DMRs with and without DNA methylation turnover in hPSCs, as well as at background regions
(BG). The dotted line marks the diagonal on which the levels are unchanged from hPSCs to MN (day
16). B The violin plot shows the increase of 5ShmC levels from hPSCs to MN (day 16) at MN-D60
DMRs with and without DNA methylation turnover (TO) but not at the background regions.
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tissueDMRs without DNA methylation turnover are enriched for simple repeats and
SINE-Alus

TissueDMRs of the same cell type share a key characteristic: they experience hypomethylation
related to the same differentiation step, possibly due to similar DNA-sequence features that
respond to common differentiation signals. However, despite this, these regions exhibit
substantial differences in terms of the DNA methylation turnover in hPSCs, raising the question
of the genetic background responsible for these variations. The molecular and genetic
mechanisms that control the DNA methylation turnover remain largely unknown. In addition
to H3K4mel enrichment, DKO-DMRs are located in slightly open chromatin in hPSCs and
also exhibit a higher CpG-density compared to the background (Figure 15) (Charlton et al.,
2020). However, none of these features are unique to DKO-DMRs. When delving deeper into
the sequence context, it was discovered that the 5’UTRs of evolutionarily young LINE1
retrotransposons tend to be targeted by the DNA methylation turnover more frequently than
older ones (Charlton et al., 2020). This is currently the most notable and well-described
connection between a genomic element and the DNA methylation turnover in hPSCs.
Additionally, other DKO-DMRs were found to overlap with retrotransposons from the SINE
and LTR families (Charlton et al., 2020). In order to determine whether repeat elements could
be the foundation for variations in DNA methylation turnover-targeting between the ECTO-,
ENDO-, and MESO-DMRs, | analyzed their intersections with different repeat classes.

Across all germ layers, tissueDMRs with DNA methylation turnover less frequently overlap
any type of repetitive element (37-51%), as compared to those without (76-78%), suggesting
that the majority of repeats are not associated with the DNA methylation turnover in hPSCs
(Figure 30 A). Interestingly, the proportion of simple repeats (33%) and SINE-Alus (50%) is
higher in repeats intersected by ECTO-DMRs without DNA methylation turnover than in
repeats overlapping ECTO-DMRs with DNA methylation turnover (9% and 22%, respectively)
(Figure 30 B). Notably, simple repeats account for the smallest proportion of nucleotides in
the genome among all repeat classes (1.7%), making the substantial overlap considerably less
likely to occur merely by chance (Figure 30 B). Similarly, SINE-Alus only contribute to 20%
of the genomic nucleotides associated with repeat elements, despite their high copy number,
due to their small individual size., This implies, that SINE-Alu abundance in ECTO-DMRs
lacking the DNA methylation turnover is not a random occurrence. Of note, the absolute
number of SINE-Alus located within ECTO-DMRs without DNA methylation turnover is
smaller (n=70) as compared to with (n=162), which might be due to the smaller count of ECTO-
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DMRs without DNA methylation turnover than with. In contrast, ECTO-DMRs without DNA
methylation turnover have a lower percentage of intersected repeats that are LTR
retrotransposons (6%) compared to ECTO-DMRs with DNA methylation turnover (20%)
(Figure 30 B). Given the proportion of nucleotides covered by LTR retrotransposons genome-
wide (17%), this is an unusually low prevalence of LTRs in ECTO-DMRs without DNA
methylation turnover compared to other repeat classes. On the other hand, SINE-MIRs are
proportionally strongly enriched in ECTO-DMRs with DNA methylation turnover (17%)
(Figure 30 B). Similar trends can be observed for ENDO- and MESO-DMRs, except for the
fraction of SINE-Alus being comparable between MESO-DMRs with and without DNA
methylation turnover (Figure 30 B).

In summary, especially simple repeats and SINE-Alus are enriched in the trilineage
tissueDMRs without DNA methylation turnover, whereas those with DNA methylation
turnover more frequently contain LTRs and SINE-MIRs. This suggests that LTRs and SINE-
MIRs may tend to be targets of the DNA methylation turnover, in addition to the 5’UTRs of
young LINE1 elements, while SINE-Alus and simple repeats are more resistant.

©
w©
A B o
«©
o 3 8
® o = o] S N~
IV588 0 2eNagsn2E
1.00 n:100r-\—m‘—mwc:‘—
- o g - [ other repeats
2,_«5 0.75 s} & 075 B LINE-L3
=] E [[] no overlap -5 X MILINE-L2
£ 09 050 : 20 050 M LINE-L1
8_ 3 with repeat 8. = HLR
g_ g 0.25 M overlap with repeat 2] ‘w 025 [l Simple Repeats
= SACS M SINE-MIR
0.00 8_ 0.00 {2 CISINE-Alu
C CCccCc cCc c®w @ ccococococwo
222222=s 332333§'§
e 2 28 3 88 0
[ [ [ O — e
O o o ¥ o o oX¢g
= ] n O = o (2] )
Q pd L O Z W
| w = Ll L =

Figure 30: tissueDMRs with and without DNA methylation turnover are enriched for different
repeat classes. A+B TissueDMRs of the three germ layers are separated by having DNA methylation
turnover in hPSCs or not. The bar plots display the proportion of tissueDMRs that overlap at least one
repeat element (retrotransposons, DNA-transposons, simple repeats) (A) and to which repeat class the
intersected elements belong (B).
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Efforts towards dissecting the relationship between retrotransposons and
the DNA methylation turnover

The previous observation that the DNA methylation turnover in hPSCs has a preference for
5’UTRs of evolutionarily young L1 elements, together with the finding that tissueDMRs with
DNA methylation turnover are enriched for LTR and SINE-MIR retrotransposon, but rather
devoid of simple repeats and SINE-Alus, suggests a recruiting mechanism involving repeat-
associated features (Charlton et al., 2020). To identify the predominant subfamilies of repetitive
elements targeted by the DNA methylation turnover, | conducted a comprehensive analysis of

the DNA methylation turnover across repetitive elements genome-wide in hPSCs.

Minor variability in DNA methylation turnover at repeat families negatively correlates
with DNA methylation levels in hPSCs

Within the various repeat families, there are elements lacking CpGs and those with low levels
of DNA methylation (Figure 31 A). To determine families with significant DNA methylation
turnover, | excluded those elements with less than 2 CpGs or DNA methylation levels <=0.3
(see Material and Methods for details). Of note, the majority of the internal parts and LTRs of
the ERVK family (82.8%, and 94%, respectively), as well as SINE-Alus (85.5%), contain
CpGs, whereas simple repeats are notably depleted of CpGs (9%) (Figure 31 A). The
remaining repeat families fall within this range. Moreover, those elements containing CpGs are
almost universally highly methylated in hPSCs, independent of the repeat family (Figure 31
A).

Across each family, the vast majority of individual elements is independent of the DNA
methylation turnover in hPSCs (Figure 31 B). After SINE-MIR family members (11%), the
LTRs of ERVK and ERV1 are most likely to experience the DNA methylation turnover in
hPSCs. This underscores a potential biological meaning for the previously observed
enrichment of SINE-MIRs and LTR elements in tissueDMRs with DNA methylation turnover
(Figure 30 B). Furthermore, simple repeats display a similar trend towards a stronger
association with the DNA methylation turnover in hPSCs, as do L2 and CR1 elements (Figure
31 B). The least connection is seen for L1 elements and internal parts of ERVL and ERVL-
MaLR, together with SINE-Alus (all three 2%) (Figure 31 B). SINE-Alus’ independence from
the DNA methylation turnover is consistent with the observation of tissueDMRs lacking the
DNA methylation turnover, which revealed an increased enrichment of SINE-Alus as
compared to tissueDMRs targeted by the turnover (Figure 30 B). Interestingly, for each LTR
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family, the DNA methylation turnover tends to target the LTRs themselves more frequently
than the corresponding internal parts (Figure 31 B). This is in line with 5’ends of full-length
LINE1s being preferably subject of the turnover compared to the rest of the element, supporting
the idea that promoter sequences of transposable elements may be its main target (Charlton et
al., 2020).

Furthermore, the average DNA methylation level at elements of a repeat family and their
proportion of turnover are negatively correlated, with a notable exception for simple repeats
(Spearman’s p =-0.736, p=0.006, simple repeats excluded), which is in line with previous
observations for tissueDMRs (Figure 24 and Figure 31 B). This suggests that there is a
potential association between the DNA methylation turnover or related features and the

reduction of DNA methylation levels at repeat elements in hPSCs.

In summary, while some repeat families slightly more frequently display DNA methylation
turnover than others, these differences are generally minor. This indicates that either repeats
are not the primary targets of the DNA methylation turnover or, as found for the LINE1 family,
only specific subfamilies are. Nonetheless, these subtle differences are negatively correlated

with the DNA methylation levels at repeat families.
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Figure 31: SINE-MIRs and LTRs of ERVK and ERV1 are most strongly associated with the DNA
methylation turnover in hPSCs. A The bar graph displays the proportion of elements with less than 2
CpGs and of those being lowly methylated (<=0.3) or methylated (>0.3) in hPSCs for each repeat
family, sorted by the repeat classes (SINEs, LINEs, LTRs). B The scatter plot displays the proportion
of methylated elements that are subject to the DNA methylation turnover in hPSCs (Ameth DKO-WT
hPSCs<-0.3) (y-axis) compared to the average DNA methylation level of all elements with at least 2
CpGs (x-axis) for each repeat family. The regression line displays the linear model for all data points,
except for simple repeats.

DNA methylation turnover targeting substantially varies among subfamilies of ERVK
LTRs, ERV1 LTRs, simple repeats and 5’ends of LINE1s

Upon subdividing the repeat elements into their distinct subfamilies, substantial variations in
DNA methylation turnover targeting become apparent (Figure 32 A). Particularly, LTR
subfamilies of ERVK and ERV1 diverge the most, with the hominoid-specific ERVK LTR5-
Hs and ERV1 LTR7 being most frequently associated with the DNA methylation turnover, out
of all investigated repeat subfamilies (59.7% and 54%, respectively) (Figure 32 A-C). On the
contrary, subfamilies, such as ERVK MER11A, exhibit minimal dependence on the DNA
methylation turnover (0.2%) and ERV1 LTR12B elements are completely unaffected by the
DNA methylation turnover (Figure 32 A, B, C). Other subfamilies of ERVK and ERV1 range
between these extremes (Figure 32 B, C). Of note, even closely related subfamilies, like ERVK
LTR5-Hs and their evolutionary progenitors, LTR5A (0.4%) and LTR5B (10.5%), can display
pronounced discrepancies. In contrast, other clades like the HERV9 clade, including ERV1
LTR12B (0%), LTR12 (0.2%), LTR12_(0.4%), and LTR12D (0.5%), demonstrate consistency
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in showing substantial resistance against the DNA methylation turnover in hPSCs (Figure 32
B) (Subramanian et al., 2011; Kojima, 2018). In contrast to the subfamilies of ERV1 and ERVK
LTRs, those belonging to ERVL and ERVL-MaLR are similarly unaffected by the DNA
methylation turnover (Figure 32 D, E). In conclusion, the substantial effect of the DNA
methylation turnover on specific subfamilies of ERV1 LTRs and ERVK LTRs suggests a
subfamily-specific DNMTS3/TET recruiting mechanism.

Furthermore, the DNA methylation turnover targeting of the internal parts of ERVK and ERV1
LTR transposons is more similar between subfamilies as compared to the LTRs themselves,
underscoring a generally reduced association of internal fragments with the DNA methylation
turnover in hPSCs (Figure 32 B, C). In many cases, the targeting tendencies of internal
fragments and their respective LTRs align. For instance, HERVK22-int, displaying the highest
proportion of elements with DNA methylation turnover among all internal subfamilies of
ERVK, mirrors the strong association of LTR22B and LTR22C with the DNA methylation
turnover in hPSCs (Figure 32 C). (Kojima, 2018). Similarly, LTR7 and their related internal
subfamily HERVH-int are both more frequently targeted by the DNA methylation turnover
compared to other internal and LTR subfamilies (Figure 32 B). Further, the internal fragment
of ERV1 LTR12 (HERV9-int) ranks among the least associated internal parts, similar to the
pattern observed for LTR12. However, LTR14C and HERVK14C-int display opposite trends,
with none of the HERVK14C-int copies being subject to the DNA methylation turnover while
LTR14C was ranked within the highest associated LTRs of ERVK (Figure 32 C). Thus, these
observations indicate that internal fragments of LTR retrotransposons generally miss targeting

mechanisms for the DNA methylation turnover.
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Figure 32: ERVK LTR5-Hs and ERV1 LTR7 are substantially associated with the DNA
methylation turnover in hPSCs. A-E The scatter plots display the proportion of methylated elements
which are subject to the DNA methylation turnover in hPSCs (Ameth DKO-WT hPSCs<-0.3) (y-axis)
compared to the average DNA methylation level of all elements with at least 2 CpGs (x-axis) for all
repeat subfamilies, colored by their belonging to their respective repeat class (Alus, MIRs, L1, L2, CR1,
ERV1, ERVK, ERVL, ERVL-MaLR and simple repeats) (A) or for all subfamilies belonging to ERV1
(B), ERVK (C), ERVL (D) or ERVL-MaLR (E). Additionally, the plots in (B-E) include regression
lines for LTR and internal fragments. ERV1-LTRs: Spearman’s p =-0.730, p<0.0001. ERV1-int:
Spearman’s p =-0.479, p=0.0004. ERVK-LTRs: Spearman’s p =-0.482, p=0.018. ERVK-int:
Spearman’s p =-0.428, p=0.354. ERVL-LTRs: Spearman’s p =-0.786, p<0.0001. ERVL-int:
Spearman’s p =-0.537, p<0.028. ERVL-MaLR-LTRs: Spearman’s p =-0.647, p<0.0001. ERVL-MaLR-
int: Spearman’s p =-0.298, p=0.070.

Similar to prior observations, the 5’ends of full-length LINE1 elements from distinct
subfamilies exhibit varied targeting of the DNA methylation turnover in hPSCs (Figure 33 A)
(Charlton et al., 2020). Moreover, among L1PA subfamilies, there is a striking discrepancy,
with certain subfamilies showing pronounced association with the DNA methylation turnover,
while others a minimally targeted. In particular, nearly half of the L1PA2 5’ends are subject to
the DNA methylation turnover in hPSCs (43.4%), followed by L1HS (L1PA1) 5’ends (22.8%)
and L1PA3 (16.7%), whereas only a minority of e.g. LIPA16 (0.8%) and L1PA13 (0.8%) are.
Similar patterns are seen for the L1PB subfamilies, with some being slightly related to the DNA
methylation turnover (L1PB1) and others not at all (L1PB4) (Figure 33 A). Of note,
considering all the genomic fragments belonging to LINEL, subfamilies typically have
negligible associations with the DNA methylation turnover, with only minor variations among
them (Figure 33 A). This is consistent with all LINE1 element parts other than 5’UTRs being
rather independent of the DNA methylation turnover (Charlton et al., 2020). Furthermore, no
subfamily of LINE2 and LINE-CR1 exhibits a noticeably stronger relationship with the DNA
methylation turnover in hPSCs as compared to others, indicating that none of them is
specifically targeted by the DNA methylation turnover (between 7.1%-12.4% and 6.4%-
18.8%, respectively) (Figure 33 A).

Furthermore, among the 38 investigated SINE-Alu subfamilies, none displayed an
outstandingly high proportion of copies being subject to the DNA methylation turnover
(between 0.5%-7.1%) (Figure 33 B). This suggests that Alu elements are generally resistant to
demethylation in DKO hPSCs. The relatively short full length of SINE-Alus (average ~261bp)
makes it unlikely that studying isolated parts of Alu elements would yield divergent findings,

contrasting with LINE1 observations (Charlton et al., 2020). Similarly, turnover targeting to
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the four SINE-MIR subfamilies displays minor variations (between 8.2% for SINE-MIRs and
15.3% for SINE-MIR3). In contrast, subfamilies of simple repeats greatly vary in their
relationship with the DNA methylation turnover in hPSCs (Figure 33 B). Interestingly, as the
GC content within the repetitive unit of a subfamily rises, the proportion of simple repeats with
DNA methylation turnover follows (Spearman’s p =-0.67, p<0.0001) (Figure 33 C).

In summary, among all investigated subfamilies, elements of ERVK LTR5-Hs and ERV1
LTR7 are most frequently associated with the DNA methylation turnover in hPSCs. This

suggests that there may be specific mechanisms governing this preferential targeting.
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Figure 33: Subfamilies of LINE1-5’ends and simple repeats are differentially targeted by the
DNA methylation turnover. A+B The scatter plots display the proportion of methylated elements
which are subject to the DNA methylation turnover in hPSCs (Ameth DKO-WT hPSCs<-0.3) (y-axis)
compared to the average DNA methylation level of all elements with at least 2 CpGs (x-axis) for all
repeat subfamilies belonging to LINEL/LINE2/CR1 (A) or SINE-Alu/-MIR/simple repeats (B), with
additional regression lines. LINE1-5’ends: Spearman’s p =-0.441, p=0.013. LINE1: Spearman’s p =-
0.253, p=0.006. LINE2: Spearman’s p =-1, p=0.083. LINE1-CR1: Spearman’s p =-0.552, p=0.104.
SINE-Alu: Spearman’s p =-0.686, p<0.0001. SINE-MIR: Spearman’s p =-1, p=0.083. Simple repeats:
Spearman’s p =-843, p<0.0001. C The scatter plot displays the proportion of methylated elements to
the GC content within the repetitive sequence of simple repeats for all subfamilies of simple repeats.
(regression line: Spearman’s p =-0.67, p<0.0001).
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The DNA methylation levels at repeat subfamilies in hPSCs negatively correlate with the
DNA methylation turnover

Reflecting the pattern observed at the level of repeat classes, there is a general inclination for
subfamilies with higher rates of DNA methylation turnover to exhibit reduced DNA
methylation levels in hPSCs (Figure 32 and Figure 33). Particularly, subfamilies of ERV1-,
ERVL- and ERVL-MaLR-LTRs, as well as those of internal parts of ERV1, SINE-Alus and
simple repeats display a significant negative correlation between DNA methylation levels and
the proportion of elements with DNA methylation turnover (ERV1-LTR: Spearman’s p =-
0.730, p<0.0001; ERVL-LTRs: Spearman’s p =-0.786, p<0.0001; ERVL-MaLR-LTRs:
Spearman’s p =-0.647, p<0.0001; ERV1-int: Spearman’s p =-0.479, p=0.0004; SINE-Alu:
Spearman’s p =-0.686, p<0.0001; simple repeats: Spearman’s p =-843, p<0.0001).
Furthermore, subfamilies of other repeat classes display similar trends, however, statistical
significance is comparatively weak (Spearman’s p >-0.5- or p>0.01) (Figure 32 and Figure
33).

In summary, these observations suggest that the DNA methylation turnover may have an
impact on DNA methylation levels of repeat elements.

DNA methylation turnover at simple repeat and LINE1-5’end subfamilies positively
correlates with CpG-density and GC-content

In other genomic contexts, CpG-density and DNA methylation levels have been demonstrated
to be negatively linked, which means that regions enriched for CpGs are more likely to be
lowly methylated (Lienert et al., 2011; Weber et al., 2007; Illingworth et al., 2008).
Interestingly, DKO-DMRs have higher CpG-densities, which suggests it may contribute to
targeting of the DNA methylation turnover (Charlton et al., 2020). However, CpG density alone
is neither predictive for DNA methylation levels nor for the DNA methylation turnover at
DKO-DMRs (Lienert et al., 2011; Charlton et al., 2020). To rule out that repeat elements are
an exception and that the DNA methylation turnover does not locally correlate with CpG-
density, | looked into their relationship at different repeat families and subfamilies.
Additionally, | examined the relationship between the GC content of repeats, outside of the
CpG context, and the DNA methylation turnover, prompted by the observation that simple
repeat subfamilies with high GC enrichment in their repetitive unit are more frequently
associated with the DNA methylation turnover in hPSCs (Figure 33 C).
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The differential targeting of various repeat families by the DNA methylation turnover in hPSCs
does not correlate with either CpG-density or GC content (Spearman’s p =0.090, p=0.761)
(Figure 34). Notably, even though ERVK-LTRs and ERV1-LTRs display relatively strong
associations with the DNA methylation turnover, their CpG-densities fall within intermediate
ranges, indicating that high CpG densities are not a prerequisite for the DNA methylation
turnover (Figure 34). In line with this, SINE-Alus exhibit the highest average CpG-density
while being least subject to the DNA methylation turnover. Furthermore, the comparable CpG-
density shared between ERV1-LTR, LINE2, and LINE-CR1, which are yet distinctly targeted,
underscore that DNA methylation turnover and CpG-density at repeats do not follow a linear
correlation (Figure 34). Thus, this suggests that the CpG-density alone may not determine for

targeting by the DNA methylation turnover.

Similarly, the GC content at repeat families also does not correlate with their susceptibility to
the DNA methylation turnover (Spearman’s p =0.301, p=0.295) (Figure 34). In particular,
ERV1-LTRs and ERVK-LTRs display intermediate GC contents, which are similar to those of
ERVL-MaLR-ints and L2 elements - families with a strong and a weak link to the DNA
methylation turnover, respectively. Thus, as for the CpG-density, this implies that the GC

content alone is not the key factor guiding the DNA methylation turnover to its targets.
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Figure 34: DNA methylation turnover and CpG-density/GC content are not correlated on the
level of repeat families. The scatter plots display the proportion of methylated elements with DNA
methylation turnover (y-axis) compared to the average GC content (left) or CpG-density (right) at repeat
families, with additional regression lines (GC content: Spearman’s p =0.090, p=0.761; CpG-density:
Spearman’s p =0.090, p=0.761).
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However, among subfamilies of simple repeats, the proportion of repeats experiencing the
DNA methylation turnover strongly correlates with the GC content of the entire repeat
sequence, excluding CpGs, (Spearman’s p =0.679, p<0.0001) and moderately increases with
the CpG-density (Spearman’s p =0.369, p=0.0029) (Figure 35). Similar trends are observed at
subfamilies of LINE1-5ends, wherein a more pronounced positive correlation is seen with the
CpG-density compared to the GC content (CpG-density; Spearman’s p =0.623, p=0.00018; GC
content; Spearman’s p =0.547, p=0.00143) (Figure 35). In contrast, neither the GC content nor
the CpG-density of ERV1-LTR and ERVK-LTR subfamilies correlates with their levels of
association with the DNA methylation turnover in hPSCs (Figure 35).

In summary, these findings rule out that the CpG-density or GC content are general key factors
governing the target-specificity of the DNA methylation turnover to certain repeat elements in
hPSCs. Nevertheless, these DNA sequence features might still play a role for specific repeat

families, such as simple repeats and the 5’ends of LINEls.
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Figure 35: DNA methylation turnover and CpG-density/GC content positively correlate at simple
repeats and L1-5’ends. The scatter plots display the proportion of methylated elements with DNA
methylation turnover (y-axis) compared to the average GC content (left) or CpG-density (right) at
subfamilies of ERV1-LTR, ERVK-LTR, LINE1-5’ends, and simple repeats, with additional regression
lines. ERV1-LTR: GC content: Spearman’s p =-0.081, p=0.267; CpG-density: Spearman’s p =-0.082,
p=0.263. ERVK-LTR: GC content: Spearman’s p =-0.1365, p=0.523; CpG-density: Spearman’s p =-
0.245, p=0.247. L1-5’ends: GC content: Spearman’s p =-0.574, p=0.0014; CpG-density: Spearman’s p
=-0.623, p=0.00018. Simple repeats: GC content: Spearman’s p =0.679, p<0.0001; CpG-density:
Spearman’s p =0.369, p=0.0029.

Evolutionary young repeat subfamilies tend to be more associated with the DNA
methylation turnover in hPSCs

The DNA methylation turnover in hPSCs has been demonstrated to more frequently target
evolutionary young LINEL elements than older relatives. This is supported by the finding of
my analysis that the majority of the hominoid-specific ERVK LTR5-Hs exhibit substantial
susceptibility to the DNA methylation turnover in hPSCs, while the older predecessor
subfamily ERVK LTR5A is almost entirely independent of the turnover (Figure 35). To
investigate whether de novo repeat insertions tend to be accompanied by the establishment of
the DNA methylation turnover which may diminish over evolutionary time, | examined the
relationship between the evolutionary age of retrotransposons and the occurrence of the DNA
methylation turnover in hPSCs. In order to accomplish that, | analyzed the clades of L1PA and
L1PB (5’ends), as well as ERVK LTR5 and ERV1 LTRY7, the latter of which was recently
reclassified based on their predicted evolutionary ages (Carter et al., 2022; Subramanian et al.,
2011; Khan et al., 2006). Of note, the new categorization of LTR7 elements differs slightly
from the classical RepBase classification used in my previous analysis (Figure 34 and Figure
35).

Indeed, the DNA methylation turnover in hPSCs at the 5’ends of LINE1 L1PA subfamilies
displays a significant negative correlation with their evolutionary age (Spearman’s p =-0.718,
p=0.0036) (Figure 36) (Khan et al., 2006). Specifically, the youngest subfamilies of the L1IPA
clade, including L1HS, L1PA2, and L1PA3 (2.3-15.8mya), show a higher propensity for the
DNA methylation turnover, while older subfamilies are less frequently targeted (Figure 36).
Similarly, the association with DNA methylation turnover at the older L1PB clade (34.3-
121.6mya) declines from evolutionarily younger (L1PB1: 7.0%) to older subfamilies (L1PB4:
0%) (Figure 36) (Khan et al., 2006). However, for L1PB, this correlation lacks statistical
significance, likely due to the small number of subfamilies (Spearman’s p =-1, p=0.0833).
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As indicated by my previous analysis, the DNA methylation turnover in hPSCs targets LTR5-
Hs elements (6-8mya) substantially more frequently than their progenitors LTR5A (15-21mya)
or LTR5B (19-25mya) (Figure 36) (Subramanian et al., 2011). However, like for L1PB, this
association is not statistically significant (Spearman’s p =-0.5, p=1). Furthermore, despite the
older age predicted for LTR5B as compared to LTR5A, LTR5B’s slightly more pronounced
association with the DNA methylation turnover may not contradict the negative relationship
between the DNA methylation turnover and evolutionary age, considering that the predicted

time windows of both subfamilies overlap.

Consistent with the finding for LTR5 and L1PA-5’ends, the DNA methylation turnover at
LTR7 subfamilies also occurs less frequently with increasing evolutionary age (Figure 36). In
particular, the proportion of elements exhibiting the DNA methylation turnover increases from
the oldest subfamily, LTR7c (11.2%) (>25mya), to the most recent one, LTR7up2 (67.6%) (10-
14mya) (Figure 36) (Carter et al., 2022). Of note, LTR70 and LTR7bc arose at a similar time
as LTR7c (all three: >25mya), with LTR7bc likely being slightly younger than LTR70, which
itself was predicted to be younger than LTR7c (Figure 36) (Carter et al., 2022). Similarly,
LTR7upl’s predicted emergence, at 10-14mya, parallels that of LTR7up2 but is possibly
slightly delayed. These nuanced age predictions align with the diminishing DNA methylation
turnover targeting as evolutionary age increases (Figure 36). Similar as for other clades with a
small number of subfamilies, this relationship lacks statistical significance (Spearman’s p =-
0.866, p=0.058).

When examining subfamilies across all investigated clades collectively, the DNA methylation
turnover follows an exponential decline with increasing evolutionary age and is largely absent
at those which originated around 20mya and earlier (Figure 36). Of note, only LTR7bc and
LTR70, which were predicted to be older than 25mya, seem to defy this tendency.

In summary, for all investigated clades of retrotransposable elements, the DNA methylation
turnover in hPSCs at subfamilies decreases with an increased amount of time that the subfamily

is predicted to be present in the genome.
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Figure 36: Increased DNA methylation turnover at evolutionarily younger ERVK, ERV1 and
LINE1 subfamilies. A The plots display the time windows in which retrotransposon subfamilies are
predicted to have arisen (mya = million years ago). The number of methylated elements of each
subfamily is indicated above the plots. B The scatter plot displays the proportion of methylated elements
with DNA methylation turnover (y-axis) compared to their evolutionary age (mean-age of the predicted
time windows or the youngest predicted age for LTR7¢, LTR70, and LTR7bc which arose >25mya) at
subfamilies belonging to ERV1-LTR7, ERVK-LTRS5, and LINE1-5’ends of L1PA and L1PB, with
additional regression lines. L1PA-5’ends: Spearman’s p =-0.718, p=0.0036. L1PB-5’ends:
Spearman’s p =-1, p=0.0833. ERVK LTR5: Spearman’s p =-0.5, p=1. ERV1 LTRY:
Spearman’s p =-0.866, p=0.058.
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Further experimental efforts toward studying the role and mechanism of the
DNA methylation turnover

Shedding light on the complex relationship between DNA methylation turnover and
differentiation-related hypomethylation, as well as its differential occurrence at subfamilies of
retrotransposons, prompted a series of fundamental questions. Looking into these questions
promises a deeper understanding of the mechanisms and functional implications underlying the

DNA methylation turnover.

One crucial question revolves around the function of TET enzymes in differentiation-related
hypomethylation, both at regions with and without DNA methylation turnover. The extent to
which this depends on TET activity remains elusive. One way to shed light on this involves the
examination of hypomethylation during differentiation under conditions where TETs are
depleted. Furthermore, the importance of DNMT3s counteracting TETs and maintaining high
levels of DNA methylation at DKO-DMRs could be investigated in hPSCs depleted of
DNMT3s. Moreover, unraveling the mechanistic components behind the selective co-targeting
of TETs and DNMT3s could be achieved by investigating the DNA sequence contribution.
Alternatively, the identification of interaction partners of DNMT3s and TETs could offer

valuable insights into this intriguing selective mechanism.

As a next step towards dissecting the function and mechanism of the DNA methylation
turnover in the context of these particular questions, | generated TET1- and DNMT3B-tagged
lines in hiPSCs. Furthermore, | re-created a TET-triple knockout and DNMT3A/B-double

knockout in an isogenic background to ensure comparability across experiments.

Generating DNMT3A/B-DKO hiPSCs to study the role of DNA methylation at DKO-
DMRs

The absence of DNMT3s in hPSCs significantly impacts the cellular transcriptome, with a
majority of differentially expressed genes being linked to DKO-DMRs (Charlton et al., 2020).
This suggests that DNA methylation at DKO-DMRs plays a role in gene expression regulation.
Nevertheless, beyond its potential impact on the cellular transcriptome, the precise role of high
DNA methylation levels at DKO-DMRs remains enigmatic. Previous studies have shown that
DNA methylation counteracts chromatin opening at certain enhancers in mESCs (Kreibich et
al., 2022). Additionally, DNMT3A’s interaction with histone deacetylases suggests that

demethylation of DKO-DMRs could impact various chromatin features in these regions
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(Taunton et al., 1996; Fuks et al., 2001). Moreover, distinct TFs exhibit a preference for
methylated DNA binding sites, while DNA methylation prevents other TFs from DNA binding,
implying that loss of DNA methylation at DKO-DMRs could have complex consequences on
TF binding patterns (Yin et al., 2017; Kaluscha et al., 2022). With the ultimate goal to study
consequences of DKO-DMR demethylation, | engineered single-knockouts and a double-
knockout for DNMT3A and DNMT3B in hiPSCs using Cas9-mediated gene targeting, the
latter of which causes the initially observed local demethylation of DKO-DMRs (Charlton et
al., 2020).

Generating DNMT3AKO hiPSCs

For mutating DNMT3A in hiPSCs, exon7, and exon19 were co-targeted since the three major
protein-coding transcript variants of DNMT3A contain both of these exons; only the short
isoform of DNMT3A does not (Figure 37 A) (Simon Lauer, unpublished). After transfection
and selection, genotyping for exon7 revealed a high knockout rate, with four out of seven
clones carrying homozygous out-of-frame mutations (C2, C6, C7), implying pre-mature stop-
codons (Figure 37 B) (Table 11). Indeed, a western blot for DNMT3A confirmed depletion
on the protein level in C2 and C7, but not C6 (Figure 37 C) Precisely, except for one weak
band, all wildtype bands (>64kDa) disappeared in C2 and C7. Thus, the genotyping and
western blot results indicate successful knockout of DNMT3A in C2 and C7.
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Figure 37: Genotyping of DNMT3A knockout in hiPSCs. A The schematic displays the strategy
for mutating exon7 and exon19 of DNMT3A using Cas9-mediated targeting (design by Simon Lauer,
unpublished). B The sequencing tracks display a part of exon7 surrounding the targeting region of one
of the sgRNAs in WT and DNMT4A-KO clones C2, C6, and C7. The red labeling highlights
differences between WT and the respective knockout clone. C The western blot displays the loss of
DNMT3A bands in DNMT3A-KO C2 and C7, but not in C7. L: ladder.
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Generating DNMT3BKO hiPSCs

Disruption of DNMT3B was obtained by Cas9-targeting to exon2 and exon21 using the same
general strategy as for DNMT3A (design and confirmation by Simon Lauer, unpublished)
(Figure 38 A). Exon 2 is contained in all protein-coding transcript variants of DNMT3B and
thus, allows to deplete all DNMT3B isoforms simultaneously. Similar to the DNMT3A
knockout, the rate of homozygous frameshift mutations in exon2 was high (four out of nine
clones) (Figure 38 B) (Table 11). Subsequently, three potentially homozygous clones (C1, C5,
C6) were examined for DNMT3B depletion on the protein level in a western blot (Figure 38
C). In line with the genotyping results, each wildtype band of DNMT3B vanished in each of

the three knockout candidates, confirming the successful knockout.

Generating DNMT3A/B-DKO hiPSCs

To create the DNMT3 double-knockout in hiPSCs, DNMT3B was targeted by Cas9 in the
DNMT3A-KO(C2) using the same approach as for DNMT3B single-knockouts (Figure 37 A
and Figure 38 A). The efficiency to obtain homozygous out-of-frame mutations was high
(eight out of sixteen) and a subsequent western blot, confirmed successful depletion of the
DNMT3B protein in all three examined homozygous-knockout clones (C3, C7, C11) (Figure
38 C) (Table 11).

To summarize, | generated single-, and double-knockouts of DNMT3A/B in hiPSCs. These
cell lines may be used in comparative experiments with wildtype hiPSCs to reveal causal links
between DNA methylation levels at DKO-DMRs and other local chromatin features. Further,
for each genotype, multiple clones are available to rule out clone-specific effects.
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Figure 38: Genotyping of DNMT3B knockout in WT and DNMT3A-KO hiPSCs. A The schematic
displays the strategy for mutating exon2 and exon21 of DNMT3B using Cas9-mediated targeting (the
start codon is shown in exon2 because exonl is not contained in the majority of DNMT3B isoforms
including the majorly expressed ones). B The sequencing tracks display a part of exon2 surrounding
the targeting region of one of the sgRNAs for WT and DNMT3B-KO (single knockout) clones C1, C6,
and C7. The red labeling highlights differences between WT and the respective knockout clone. The
DNMT3B exon2 of DNMT3A/B-DKO hiPSCs have the same genotype as DNMT3B-KO C6 and C7
(not shown). C The western blot displays the loss of DNMT3B bands in all DNMT3B single-knockout
clones C1, C5, and C6 and the DNMT3A/B-DKO clones C3, C7 and C11 and C7. L: ladder.
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DNMT3A targeting in WT (7 genotyped)

WT hom het unclear
1 0 at least one iF 0iF 2
3 both with FS 1FS

DNMT3B targeting in WT (9 genotyped)

WT hom het unclear
0 1 at least one iF 0iF 4
4 both with FS 0FS

DNMT3B targeting in DNMT3A-KO (16 genotyped)

WT hom het unclear
4 0 at least one iF 0iF 2
8 both with FS 2FS

Table 11: Genotyping quantification of DNMT3A- and DNMT3B-single and -double knockouts.
The table displays the number of genotyped clones which did not display mutations in the targeted
exons (WT), those that either carry heterozygous (het) or homozygous (hom) mutations, and those with
unclear genotypes. Further, within the homozygous and heterozygous clones, I distinguished frameshift
(FS) mutations from those in frame (iF).

Efforts towards studying the role of TET activity for early and late differentiation
Genomic regions that undergo hypomethylation during differentiation are frequently subject to
DNA methylation turnover in hPSCs, particularly when demethylation occurs in early cell
types rather than more mature stages (Figure 23). Nevertheless, the necessity of TET activity
for demethylation during differentiation is limited to a handful of studies, including
investigations of hematopoietic cells, B-cells, and Purkinje cells (Orlanski et al., 2016; Suzuki
etal., 2017; Stoyanova et al., 2021). To examine the process of active demethylation upon exit
of pluripotency, | generated a triple-knockout of all three TETs in hiPSCs. This approach has
the potential to distinguish between TET-dependent and TET-independent passive
demethylation. However, investigating demethylation in later stages of differentiation is
limited within the TET-TKO hiPSC model, as early differentiation may already be
compromised. To circumvent this limitation, | additionally initiated the generation of an
inducible TET-triple-knockout system.
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Generating TET-TKO hiPSCs

Using the Cas9 system, the TET-triple knockout was generated in hiPSCs, employing
established sgRNAs (Figure 39 A) (Verma et al., 2018). Initially, the focus was on
simultaneously targeting TET1 and TET3, with subsequent efforts to disrupt TET2 (Figure 39
B) Remarkably, the rate of homozygous frameshift mutations in the TET1 or TET3 gene was
high (TETL1: 10 of 75; TET3: 13 of 26), of which seven occurred pairwise, resulting in seven
clones with homozygous frameshift mutations in both genes (Figure 39 C) (Table 12). To
establish the TET-TKO hiPSC line, TET2 was targeted in two TET1/3-DKO clones (Cp1#12
and Cp2#16). Similar to TET1 and TET3, the efficiency to obtain clones with homozygous
frameshift mutations was high (4 of 13 genotyped clones), resulting in the creation of four
TET-TKO hiPSC lines. Since TET2 and TET3 expression levels are relatively low in hPSCs,
only TET1 depletion on the protein level can be validated in these cells in the future.

In summary, the successful establishment of TET triple-knockout in hiPSCs was confirmed on
the genetic level across four clones. This enables the investigation of the role of TET activity
in shaping the DNA methylome during early lineage decisions of hPSCs.
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Figure 39: Genotyping of TET triple-knockout hiPSC lines. A+B The schematics display the
strategy for mutating TET1 exon5, TET2 exon3, and TET3 exon5 using Cas9-mediated targeting (A)
and the stepwise procedure of co-targeting TET1+TETS3 first, followed by TET2 (B). C displays the
Sanger-sequencing results for genotyping of TET1/3-DKO clones Cp1#12 and Cp2#16 evaluated by
Synthego ICE. Horizontally dashed lines display deletions and (N)n mark insertions. The wildtype
sequence is not shown. The black bars label the alignment of respective SgRNAs. In case a part of the
sequence has been deleted, the sgRNA is shortened. Further, for each TET1/3-DKO clone, one example
of additional TET2 knockout is shown.
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TET1+TETS3 targeting in WT

TETL1 (75 genotyped) TET3 (26 genotyped)
WT hom het unclear WT hom het unclear
31 4 at least one iF 4iF 16 5 1 at least one iF 0iF 3
10 both with FS 9FS 13 both with FS 4 FS

TET?2 targeting in TET1/3-DKO (13 genotyped)

WT hom het unclear
1 at least one iF 0iF 8
4 both with FS 0FS

Table 12: Genotyping quantification of TET1-3 triple knockout in hiPSCs. The table displays the
number of genotyped clones which did not display mutations in the targeted exons (WT), those that
either carry heterozygous (het) or homozygous (hom) mutations, and those with unclear genotypes.
Further, within the homozygous and heterozygous clones, | distinguished frameshift (FS) mutations
from those in frame (iF).

Efforts towards generating an inducible TET-TKO hiPSC line

The approach to create an inducible TET-TKO hiPSC line combines a system for the acute
depletion of TET1 and the full knockout of TET2 and TET3. Specifically, the objective was to
introduce an FKBP into the endogenous locus of TET1, in order to enable its degradation upon
the addition of dTag13 to the culture medium. Subsequently, the knockout of TET2 and TET3

has to be implemented in the future to complete the system.

To begin with the proposed strategy, Cas9-mediated homology-directed repair was employed
to knockin the FKBP-FLAG-cassette downstream of the TET1 start codon (Figure 40 A).
Genotyping via PCR identified potentially homozygous clones (6 of 46 clones), characterized
by a shifted band size in the absence of the wildtype band (Figure 40 B) (Table 13).
Additionally, many other clones displayed insertion bands; however, heterozygosity is
insufficient for complete degradation of TET1. Subsequently, three of the potentially
homozygous clones (C12, C18, C39) underwent genotyping by Sanger sequencing, confirming
the correct sequence of the integrated fragment and its integration site (not shown). In the
future, the functional degradation of TET1 through addition of dTagl13 requires verification,
followed by the knockout of TET2 and TET3. Once these steps are completed, this system will
allow the controlled regulation of TET activity to study their role for demethylation during
cellular differentiation.
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Figure 40: Genotyping of TET1-FKBP-FLAG candidate clones. A The schematic shows homology-
directed repair induced by Cas9-targeting of exonl, downstream of the TET1 start codon (green) (stop
codon in red). A repair construct with homology arms to the upstream and downstream sequence of the
start codon enables the insertion of the FKBP-FLAG-domain (yellow) by homology-directed repair.
Purple arrows indicate the annealing sites of the genotyping primers used in (B). B The agarose gel
contains the amplified exonl of TET1 of each clone. The wildtype band has a size of 2.2kb, while a
band size of 2.7kb indicates successful insertion of the FKBP-FLAG-cassette. Wildtype-like clones are
indicated with grey dots, potential heterozygous insertions with blue dots, and band patterns of unknown
origin with pink dots. Potential homozygous candidates are labeled with their clone number (except for
C4). L: ladder.

TET1-FKBP-FLAG (46 genotyped)

23WT
11 potential het
6 potential hom
6 unknown band patterns

Table 13: Genotyping quantification of TET1-FKBP-FLAG candidate hiPSCs. The table displays
the number of genotyped clones targeted for insertion of an FKBP-FLAG cassette behind the start codon
of the endogenous TET1 gene. The quantification is based on the agarose gel in Figure 40 and groups
the clones with a wildtype (WT) band pattern, a wildtype band plus integration band (heterozygous,
het) and integration band only (homozygous, hom)
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Generating a DNMT3B-FLAG hiPSC line to study DNMT3B interaction partners

Our current understanding of DNA methylation turnover is constrained by the lack of
knowledge concerning not only its functional relevance but also the mechanism that governs
the specificity of DNMT3/TET co-recruitment. Generally, insights into the DNA sequence
contribution or chromatin features of the target loci essential for DNMT3 and TET targeting
are limited (Zhang et al., 2010b; Ooi et al., 2007; Baubec et al., 2015; Loaeza-Loaeza et al.,
2020). Furthermore, the possibility exists that sequence-specific factors, such as transcription
factors or long non-coding RNAs, play a role in guiding DNMT3s/TETSs to their destination.
Supported by the fact that DKO-DMRs are enriched for multiple TF binding motifs, | pursued
finding protein interaction partners of DNMT3s and TETs (Charlton et al., 2020). In an effort
to identify the protein-interactome of DNMT3B in hiPSCs, I introduced an endogenous FLAG-
tag to DNMT3B, enabling a clean protein-pulldown procedure. In the future, co-
immunoprecipitation followed by mass spectrometry analysis will be conducted to determine
the protein interaction partners of DNMT3B. As for TETL, the previously generated TET1-
FKBP hiSPC line is suitable for this experimental strategy, as it already contains a FLAG-tag.

Once again, the knockin strategy for introducing a FLAG-sequence upstream of the DNMT3B
stop codon utilized Cas9-mediated homology-directed repair (Figure 41 A). Genotyping
identified a potential homozygous clone (C19) and five heterozygous clones (C22, C24 and
C5, C13, C15 are not shown) out of 24 clones in total (Figure 41 B) (Table 14). Subsequent
Sanger sequencing confirmed the correct sequence of the inserted fragment and insertion site
in the homozygous clone (not shown). Furthermore, the FLAG epitope was detected on a
western blot at a size similar to DNMT3B (>64kDa), validating the presence of the FLAG at
the endogenous DNMT3B ( Figure 41 C).

This achievement sets the foundation for future identification of the protein-interactome of
DNMT3B in hiPSCs, potentially providing valuable insights into mechanisms guiding
DNMT3B to specific genomic loci.
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Figure 41: FLAG-tagging of the endogenous DNMT3B. A The schematic shows the strategy for
inserting a FLAG-sequence before the stop codon (red) of the endogenous DNMT3B. Cas9-targeting
of exonl mediates homology-directed repair with a cassette consisting of the FLAG-sequence, nested
between homology arms to the upstream and downstream sequence of the cutting site. Colored arrows
indicate the annealing sites of the genotyping primers. (start codon in green) B The genotyping gel
contains the amplified exon23 (yellow primer pair in (A)) of an unmodified wildtype control (WT) and
multiple candidate clones. The wildtype band has a size of 695bp and successful insertion of the FLAG-
sequence shifts it to 804bp. C The western blot with an antibody against FLAG reveals the FLAG-
epitope in DNMT3B-FLAG(C19) but not wildtype hiPSCs (left). The second western blot against
DNMT3B shows the protein size of the endogenous DNMT3B protein (right). L: ladder.

DNMT3B-FLAG in hiPSCs (24 genotyped)

18 WT
5 potential het
1 potential hom

Table 14: Genotyping quantification of FLAG-tagging DNMT3B in hiPSCs. The table displays the
number of genotyped clones targeted for insertion of a FLAG-sequence before the stop codon of the
endogenous DNMT3B gene. The quantification is based on the agarose gel in Figure 41 and groups
the clones with a wildtype (WT) band pattern, a wildtype band plus integration band (heterozygous,
het) and integration band only (homozygous, hom)
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DiscussiON AND OUTLOOK

The study of DNA methylation and its role in various processes during mammalian
embryogenesis has been a subject of extensive research. However, despite this considerable
attention, generalizing its function and the underlying mechanisms guiding methyltransferases
and demethylases to their genomic targets remain enigmatic. The dynamic nature of the DNA
methylation turnover is particularly intriguing, given the simultaneous and balanced activity of
DNMT3s and TETs at co-targeted genomic locations. My project was motivated by the
significant overlap between DNA methylation turnover and putative somatic enhancers,
prompting an investigation into the role of this dynamic during cellular differentiation.
Moreover, the observed turnover at evolutionary young LINEL1 L1PA repeat elements led to
my in-depth exploration of the bias of DNA methylation turnover towards certain groups of
repeats. Overall, | found a remarkable association between local hypomethylation events
during early differentiation and the DNA methylation turnover in hPSCs. Notably, regions that
undergo hypomethylation in more mature cell types are less frequent targets of the DNA
methylation turnover in hPSCs. Instead, these regions tend to initiate turnover activity after
exiting from pluripotency, in what I defined as “de novo DNA methylation turnover”, an
important molecular dynamic that | present in this study for the first time. Moreover, the study
highlights specific differentiation systems, like stepwise in vitro derivation of mid radial glial
and pancreatic cells, that can be further utilized to dissect the function of the DNA methylation
turnover. Finally, | established novel cell systems to investigate the DNA methylation turnover
at the mechanistic level in the future. While studying this phenomenon at various genomic
locations, | confirmed the association between evolutionary young retrotransposons and the
DNA methylation turnover and extended this observation to encompass elements belonging to
LINE L1PB, ERV1 LTR7, and ERVK LTR5. Previously, evolutionary young LINE1 L1PA
subfamilies were shown to miss a specific DNA sequence motif, which occurs in older
elements, hypothesized to influence the DNA methylation turnover in this genomic
context(Charlton et al., 2020; Hermant & Torres-Padilla, 2021). Along this line, my in-depth
analysis, which includes all retrotransposon families and their subfamilies, offers a new lens to
identify potentially relevant sequences within the repeats which could be responsible for the
differential DNA methylation turnover observed in young and old repetitive elements.
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DNA methylation turnover: a potential mechanism to maintain DNA
methylation plasticity during development

The remarkable association between DNA methylation turnover and differentiation-related
hypomethylation, along with its biases towards early differentiation or against certain lineages
sparks speculation about its potential functions during differentiation. Furthermore, the overall
stable DNA methylation levels of DKO-DMRs in the three germ layers contribute to this

intriguing exploration of the DNA methylation turnover’s role in cellular differentiation.

The DNA methylation turnover precedes early differentiation-related hypomethylation

The first lineage decision of hPSCs is their commitment to one of the three germ layers.
Strikingly, the vast majority of hypomethylation events that take place during these transitions
occur at DNA methylation turnover targets in hPSCs, suggesting that the DNA methylation
turnover could play a role for differentiation-related hypomethylation, at least in some regions.
In contrast, | observed a decreased association between the DNA methylation turnover in
hPSCs and regions that become hypomethylated in more mature cells. These contradicting
findings could be explained by the diverse temporal dynamics with which DNA methylation
turnover is initiated. For instance, a minority of regions that become hypomethylated during
motor neuron differentiation between day 16 and day 60 are DNA methylation turnover targets
in hPSCs. However, the other regions tend to establish DNA methylation turnover de novo
after exiting pluripotency, in intermediate progenitor states. On the other hand, regions which
are subject to the DNA methylation turnover in hPSCs might maintain the dynamic in
subsequent progenitor states, before undergoing tissue-specific hypomethylation. Importantly,
| could confirm continued turnover for a subset of DKO-DMRs upon the first lineage decision
after exiting pluripotency. However, whether DNA methylation turnover rates are constant
until demethylation takes place is yet unknown and requires further and more time-resolved
investigation in the future. It is reasonable to think that targeted alterations of the methylation
landscape during differentiation could depend on other molecular features altered in a tissue-
specific manner, including the binding of tissue-specific transcription factors, remodeling of
chromatin accessibility and epigenetic state, as well as the action of long non-coding RNAs
(Tsankov et al., 2015; Chen & Dent, 2014; Stergachis et al., 2013; Fatica & Bozzoni, 2014).

My investigation of DNA methylation turnover during pancreatic differentiation revealed the
peculiarity of this lineage as compared to the other two germ layers and even hepatic endoderm.
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In fact, very few hypomethylated regions along the pancreatic trajectory show DNA
methylation turnover in hPSCs. Given that pancreatic endoderm emerges quickly, merely three
days after initiating differentiation, there is little opportunity for DNA methylation turnover to
potentially establish before tissue-specific hypomethylation. This implies that these regions
establish tissue-specific hypomethylation independent of the DNA methylation turnover and
that other mechanisms could be in place, including the ones mentioned above. Further, these
findings suggest that target-specificity of the DNA methylation turnover might be permitted by

factors involved in neuroectodermal development, but unrelated to pancreatic development.

Overall, my analysis revealed how DNA methylation turnover and differentiation-related
hypomethylation are associated, with variable behaviors of different regions within tissues and

temporal windows.

The DNA methylation turnover at the majority of DKO-DMRs starts long before
hypomethylation occurs

Another interesting finding are the largely stable DNA methylation levels at DKO-DMRs upon
three germ layer differentiation. Intriguingly, my analysis revealed a temporal discrepancy
between the initiation of the DNA methylation turnover at DKO-DMRs and their tissue-
specific demethylation later throughout development. One explanation might be that DKO-
DMRs also become hypomethylated in alternative earlier-entered lineages which were not
subject to my analysis. The idea that TETs target turnover regions prior to functional
demethylation because of potential difficulties in the de novo recruitment of TETs in a heavily
methylated environment is somewhat unlikely. Recent work has demonstrated that re-targeting
DKO-DMRs by TETs in cells deficient for the endogenous demethylases re-establish an almost
wildtype-like DNA methylation landscape (Charlton et al., 2020). However, not all DKO-
DMRs are being successfully re-targeted by TET1 and TET2, demonstrating that the de novo
establishment of the DNA methylation turnover at DKO-DMRs in hPSCs is constrained, at
least for TET1 and TET2. Anyhow, it appears that the DNA methylation turnover rather serves
as a mechanism to prime tissue-specific hypomethylation during differentiation, which itself is
likely to be governed by other variables. Further hints on the likelihood that the DNA
methylation turnover contributes to DNA methylation plasticity would be provided by
determining whether the DNA methylation turnover stops at locations unrelated to one lineage

upon entering that lineage.
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In conclusion, my investigations revealed that the DNA methylation turnover does not
necessarily entail immediate tissue-specific hypomethylation. Rather, my findings suggest a
role for priming those genomic locations which become hypomethylated in any lineage and

cell type during development.

Does the DNA methylation turnover play a role for the differentiation-related
demethylation rate?

Further, | revealed that tissue-specific demethylation is slightly more pronounced at regions
which are DNA methylation turnover targets in hPSCs, particularly severe for neuroectodermal
lineages. Moreover, TET activity during pluripotency at turnover targets seems to set the
boundary for their local DNA methylation loss upon differentiation. This suggests that the
DNA methylation turnover may impact the rate of differentiation-related demethylation due to
the local persistence of TET enzymes. In contrast, regions without DNA methylation turnover
might undergo passive demethylation, which could result in lower rates and speed of
demethylation given its dependency on replication and cell division speed. However, this is
highly speculative since comparative investigations of passive and active demethylation are
challenging, given that they largely differ in their genomic targets (Ginno et al., 2020). Further,
dependency on active or passive demethylation as the driving force of hypomethylation can
also be tissue-specific (Suzuki et al., 2017; Stoyanova et al., 2021; Vincenzetti et al., 2019).
However, we cannot exclude a direct contribution of the TET enzymes to turnover-independent
demethylation during three germ layer differentiation. To shed light on this, time-resolved
differentiation experiments of TET-TKO hPSCs into the three germ layers could reveal
whether TETSs are directly required for demethylation of early somatic enhancers, including

how their processivity can influence demethylation rates and speed.

In summary, my analysis reveals a slight association between DNA methylation turnover and
rates of differentiation-related hypomethylation, which implies a potential role of TET pre-

targeting for differentiation.

DKO-DMRs can act as somatic enhancers
The majority of DKO-DMRs in hPSCs intersect with putative somatic enhancers, are enriched
for histone marks canonically associated with poised enhancers (e.g. H3K4mel), exhibit slight

chromatin opening, and in hPSCs, they lack a chromatin landscape usually found at active
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elements (H3K27Ac) (Charlton et al., 2020). In this study, | tested the activity of DKO-DMRs
experiencing hypomethylation and increased chromatin opening during hepatic differentiation.
This experiment showed how these regions exhibit enhancer activity during in vitro
differentiation, providing functional evidence for the association between DKO-DMRs and
somatic enhancers. It is unclear, though, how enhancer activation is impacted by DNA
methylation turnover or whether the switch in DNA methylation levels (high in hPSCs and low
somatic cells) serve a direct role in enhancer activation. To this end, | engineered multiple cell
lines that will allow to investigate these questions in greater detail and in the context of human
early differentiation, providing a solid toolkit towards the functional characterization of DNA

methylation turnover at somatic enhancers in the future.

Importantly, my results provide functional evidence that DKO-DMRs can act as enhancers in

somatic cells, opening various avenues to dissect the role of DNA methylation turnover.

Potential molecular functions of the DNA methylation turnover at somatic enhancers

Transcription factor binding

DNA methylation is known to impact the binding of certain TFs to their sequence motifs, either
positively or negatively (Yin et al., 2017). Moreover, multiple studies in mice have also shown
how the TETs-induced oxidized derivatives of 5mC, including 5hmC, 5caC, and 5fC, influence
TF binding (lurlaro et al., 2013; Yang et al., 2019; Golla et al., 2014; Ray et al., 2020; Sayeed
et al., 2015; Verma et al., 2018; Wu et al., 2011b). In this specific context, DNA methylation
turnover may therefore facilitate the binding of certain TFs with special affinity for 5hmC,
5caC, or 5fC, as well as prevent the binding of others. Moreover, in hPSCs and differentiated
cells, DNA methylation turnover may orchestrate the controlled, defined, and time-sensitive
sequence of TF binding events at somatic enhancers, therefore playing a crucial role in

spatiotemporal gene activation during development (Parry et al., 2021).

An example of this comes from the TF TCF4 (TCF7L2), an effector of the WNT signaling
pathway and an important player in various differentiation processes, which was shown to
preferentially bind to unmethylated DNA and to have an affinity to carboxylated CpGs in
vitro(Glass et al., 2005; Trompouki et al., 2011; Yang et al., 2019; Yin et al., 2017).
Interestingly, TCF4 is slightly enriched at some DKO-DMRs in hPSCs (Charlton et al., 2020).
A possible explanation could be TCF4’s aversion against methylated cytosines, which may

prevent a stronger binding, and its preference for carboxylated cytosine on the other hand, still
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allowing weak binding in hPSCs. This idea would reinforce the necessity of a precise balance
between DNMT3 and TET activity at DKO-DMRs in hPSCs. Moreover, hypomethylation of
those regions during differentiation may allow rapid and strong binding of TCF4, due to the
loss of methylated CpGs and a TET-mediated enrichment of carboxylcytosine, which may
further support and drive lineage specification. DNA methylation turnover may therefore
prevent excessive binding of TCF4 to DKO-DMRs in hPSCs (high methylation levels), but
still preserve the necessary epigenetic priming for rapid accumulation upon differentiation. To
learn more about how the DNA methylation turnover affects TCF4 binding, one might examine
alterations in TCF4-binding patterns in DKO and TKO hPSCs where either CpGs are

unmethylated or the DNA methylation turnover is stopped, respectively.

In addition, asynchronous DNA methylation turnover among individual cells may produce cell-
to-cell variability of the 5mC pattern and its derivatives at DKO-DMRs, variably exposing TF
binding sites in differential modified CpG contexts (Parry et al., 2021). Therefore, DNA
methylation turnover could represent a molecular mechanism to create heterogeneity within a
cell population, allowing for differential responsiveness to differentiation stimuli and therefore
potentially instructing multi-lineage differentiation during development (Parry et al., 2021). In
line with this hypothesis, TF binding to certain motifs within a subset of active enhancers in
mESCs is specific to unmethylated DNA, which is diminished in the absence of TETS, as the
number of methylated molecules increases (Kreibich et al., 2023). This suggests DNA
methylation-heterogeneity on the single-molecule level, which causes differential TF binding
patterns. Furthermore, DNMTs and TETs at DKO-DMRs were shown to increase the number

of hemi-methylated DNA double-strands, thus promoting heterogeneity (Charlton et al., 2020).

Hence, in various systems and genomic contexts, cytosine modifications have an impact on TF
binding. These causalities could similarly extend to the DKO-DMRs. Considering their
enhancer functionality, the DNA methylation turnover may have a pivotal role in establishing
complex binding patterns, regulating and priming enhancer activity.

Chromatin accessibility

The majority of DKO-DMRs, even though heavily methylated, lay in open chromatin; yet, my
analysis revealed that unmethylated genomic loci display a greater level of chromatin opening
(Charlton et al., 2020). Typically, DNA methylation and chromatin accessibility are negatively
correlated (Clark et al., 2018; Thurman et al., 2012). Moreover, the depletion of all three
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DNMTs in mESCs leads to chromatin opening in specific genomic loci, including a subset of
active enhancers, suggesting a locus-specific causal relationship between the two epigenetic
features (Domcke et al., 2015; Kreibich et al., 2023). In line with this, TET activity has been
associated with chromatin accessibility genome-wide (Ginno et al., 2020). This suggests that
maintaining high DNA methylation levels at DKO-DMRs, through DNMT3s counteracting
TET activity, might be crucial in preserving their moderately opened chromatin from further
de-condensation. As proposed for TF binding, tissue-specific demethylation of DKO-DMRs
may increase their chromatin accessibility, further facilitating TF binding. Experiments like
ATAC-seq in TKO and DKO hPSCs are necessary to eventually identify a potential causal

relationship between DNMT3s, TETs and chromatin accessibility at turnover regions.

In summary, my results highlight a state of intermediate chromatin accessibility at DKO-

DMRs, which potentially depends on a balanced DNA methylation turnover.

DNA methylation turnover and its relationship with transposable elements

My analysis underscores a general tendency of the DNA methylation turnover to target
evolutionary young transposable elements, beyond the previously described bias for LINE1-
5’ends (Charlton et al., 2020). Specifically, young subfamilies of ERV1 LTR7, ERVK LTR5,
and LINE1 L1PA are major targets. Intriguingly, older subfamilies of these clades accumulated
changes in their DNA sequences during evolution, including TF binding motifs, which could
potentially be involved in their reduced DNA methylation turnover targeting (Carter et al.,
2022; Khan et al., 2006; Grow et al., 2015). Furthermore, evolutionary young LTR7, LTRS5,
and L1PA elements are transcribed in hPSCs, while their older relatives are usually inactive
(Smith etal., 2014; Grow et al., 2015; Carter et al., 2022). Thus, my finding opens new avenues
to dissect the mechanism permitting target-specificity and to speculate about the turnover’s

potential function at transposons, which will be discussed in the following.

Learning from transposons about a potential mechanism behind the target-specificity of
the DNA methylation turnover in hPSCs

In the previous section, | discussed the potential role of the DNA methylation turnover for the
binding of TFs that are sensitive to cytosine modifications. Vice versa, TFs may contribute to
guiding DNMT3s and TETs to specific genomic loci, thus shaping the DNA methylation

turnover landscape (Feldmann et al., 2013). However, among 63 TFs previously studied, none
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of them displayed consistent enrichment across all DKO-DMRs, suggesting multiple TFs to be
capable of orchestrating the turnover (Charlton et al., 2020). In addition to trying to identify
TF candidates from scratch, the differential recruitment of the turnover to retrotransposon
subfamilies could provide insights into targeting mechanisms (Charlton et al., 2020). Despite
the shared sequence similarities inherent to subfamilies within the same clade of repetitive
elements, discernable and focal DNA sequence differences persist (Hermant & Torres-Padilla,
2021). While the most conserved sequence segments are unlikely to play a role in the
differential targeting of the DNA methylation turnover among these subfamilies, subfamily-
specific motifs could potentially be involved. The following section undertakes a literature-
based exploration of potential TF candidates that exhibit association with distinct subfamilies

featuring or lacking DNA methylation turnover.

The LTR7up elements, which are frequently subject to the DNA methylation turnover, contain
a SOX2/3 binding motif that is missing in non-DNA methylation turnover-associated LTR7
subfamilies (Carter et al., 2022). Furthermore, the actual binding of the pluripotency factor
SOX2 is enriched at LTR7up elements compared to every other LTR7 subfamily. Similarly,
young LINE1 L1PA subfamilies harbor two SRY-binding sites—potential targets for SOX2
(Khan et al., 2006). Given that SOX2 acts as a pioneer factor, capable of opening condensed
chromatin and potentially supporting passive DNA demethylation, SOX2 could be
hypothesized to play a role in establishing the DNA methylation turnover at LTR7up and young
L1PA elements (Dodonova et al., 2020; Vanzan et al., 2021; Soufi et al., 2012).

In addition, the majority of LTR7up elements exhibit enriched binding of the pluripotency
factor KLF4 (Carter et al., 2022). The role of KLF4 as a pioneer factor during the
reprogramming of somatic cells back to pluripotency, coupled with its reported physical
interaction with TET2, suggests a potential function for KLF4 in recruiting the DNA
methylation turnover machinery to LTR7up elements (Sardina et al., 2018; Stadhouders et al.,
2018; Soufi et al., 2012).

Similarly, NANOG exhibits notable enrichment at LTR7up elements (Carter et al., 2022). In
line with this, another pluripotency-associated TF, OCT4, displays an affinity for LTR7up
elements, particularly for those with robust transcriptional activity (Carter et al., 2022). This
trend aligns with observations made for LTR5-Hs, where an OCT4-binding site distinguishes
them from LTR5A and LTR5B (Grow et al., 2015). Nevertheless, direct OCT4 enrichment at
LTR5-Hs is not evident in primed hPSCs, implying a limited role of OCT4 in establishing the
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DNA methylation turnover on these elements. Still, OCT4, just like NANOG, fulfills pioneer
functions in developmental processes of Xenopus tropicalis and zebrafish and during early
reprogramming, which implies a potential role for the chromatin opening at DNA methylation
turnover targets (Palfy et al., 2020; Veil et al., 2019; Soufi et al., 2012). Despite these insights,
the specific impacts of NANOG and OCT4 on DNA methylation are largely unexplored.

The strong enrichment of pluripotency factors at retrotransposons with DNA methylation
turnover is in line with previous observations in mESCs, where TET activity is substantially
elevated in the vicinity of genomic sites bound by OCT4, SOX2, and NANOG, as compared
to loci that are enriched for other TFs (Ginno et al., 2020). Intriguingly, murine NANOG was
shown to physically interact with TET1/ TET2 (Costa et al., 2013). Moreover, TET1 binding
to genomic targets is reduced upon NANOG depletion, suggesting a role for TET1 recruitment
(Costa et al., 2013). Additionally, given that many pluripotency factors are capable of binding
to compacted chromatin and facilitating nucleosome remodeling, this could potentially
enhance chromatin accessibility also for DNMT3s/TETs. Thus, this would suggest that
chromatin opening may be an important feature of turnover targets, rather than their association
with any specific TF (Ginno et al., 2020). Furthermore, chromatin accessibility as a key
prerequisite for the turnover would also be a possible explanation for the observation of the
DNA methylation turnover in differentiated cell types, where pluripotency factor expression is
typically diminished, or absent. Here, other pioneer factors expressed in somatic cell types
could de-compact the chromatin, permitting access for DNMT3/TET. However indications of
regulators other than pluripotency factors which are differentially enriched between
retrotransposons with and without DNA methylation turnover remain scarce (Hermant &
Torres-Padilla, 2021). In the future, assessing how pluripotency factors influence DNA
methylation turnover and conducting a more in-depth exploration of distinct motifs
distinguishing retrotransposon subfamilies with DNA methylation turnover from those lacking

it could potentially shed light on the enigma surrounding the underlying mechanism.

In conclusion, my discovery that the DNA methylation turnover substantially targets recently
evolved elements of ERVK LTR5 and ERV1 LTR7 and previous studies pointing out their
specific enrichment for binding motifs of pluripotency factors provides a basis to explore
pluripotency factors as potential drivers behind the target-specificity of the DNA methylation

turnover in hPSCs in the future.
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DNA methylation turnover: a byproduct of the transcriptional potential of
evolutionary young transposable elements?

Intriguingly, identifying LTR5-Hs and LTR7upl/2 as prominent targets of the DNA
methylation turnover, in addition to the previously found L1HS and L1PAZ2, aligns with their
transcriptional activity in hPSCs (Smith et al., 2014; Grow et al., 2015; Carter et al., 2022;
Charlton et al., 2020). This increases the likelihood of a link between transcriptional activity
and the occurrence of the DNA methylation turnover. In the subsequent discussion, I will delve
into the potential nature of their relationship and explore implications for the turnover’s

potential function arising from this connection.

| substantially observed the DNA methylation turnover at ERVK LTR5-Hs elements, which
are transcribed in hPSCs (Grow et al., 2015). In contrast, my analysis revealed that their older
relatives, LTR5A and LTR5B, are predominantly devoid of the DNA methylation turnover.
Simultaneously, LTR5A and LTR5B were shown to be largely inactive in hPSCs (Grow et al.,
2015). Given that chemically induced demethylation enhances transcription of ERVKSs, TET-
mediated demethylation of LTR5-HSs in the turnover context may serve their activation and
entail DNMT3 targeting only to counteract this process, aiming to maintain suppression (Grow
et al., 2015). Therefore, DNA methylation turnover could be a mere consequence of two
opposing mechanisms used by the transposable element and the human host cell. The inactivity
of LTR5A and LTR5B elements in hPSCs might suggest a lack of effective TET recruitment,
which could be caused by sequence-specific differences between evolutionary young and old

repeat families, as discussed previously.

This hypothesis could also apply to the LINE1 subfamilies. The DNA methylation turnover at
L1HS and L1PA comes along with their transcription in hPSCs, whereas my analysis revealed
that the repressed L1PA5, L1PAG, and L1PA7 subfamilies are largely independent of the DNA
methylation turnover (Smith et al., 2014). Furthermore, similar to LTRS5, the absence of DNA
methylation at L1HS and L1PA2 results in their upregulation, suggesting that in the wildtype
situation, DNMT3s might merely be active at L1HS and L1PAZ2 to counteract TET-mediated
derepression (Castro-Diaz et al., 2014). In line with this, |1 observed substantial DNA
methylation turnover at young LTR7 subfamilies (upl and up2), which are transcriptionally
active in hPSCs (Carter et al., 2022). In contrast, their older cognate LTR7c is transcriptionally
silenced and my analysis revealed the absence of the turnover from most LTR7c elements.
Even though rigorous studies examining the potential impact of DNA methylation on the
repression of LTR7upl/up2 are currently lacking, the resemblance with LTR5 and LINE1
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subfamilies could potentially suggest that the DNA methylation turnover at LTR7upl/2 may

also result from the competing interests of the transposon and its host cell.

Given the evolutionary convergence of retrotransposons towards regulatory elements, a link
between transcriptional activation and the DNA methylation turnover may have genome-wide
applicability (Thompson et al., 2016; Sundaram & Wysocka, 2020). To be precise, regulatory
elements which arose from transposons may still carry features to recruit TETs in order to
mediate demethylation, aiming for transcriptional activation. Beyond, any genomic locus,
which bears the potential to become transcribed in the absence of DNA methylation and
contains features to target TETs, may potentially establish the DNA methylation turnover as a
byproduct of DNMT3s trying to maintain DNA methylation levels high.

In conclusion, my observation that the DNA methylation turnover is specifically found at
transcriptionally active retrotransposon subfamilies, while their silenced relatives are rather
independent of it, suggests that the DNA methylation turnover could be a mere byproduct of
active demethylation, serving transcriptional activation, and re-methylation aiming to maintain

suppression.

CoNCLUSION

The DNA methylation turnover, described as the first DNA methylation dynamic uncoupled
from cellular transitioning into a different state (like during differentiation or reprogramming),
raised many questions, particularly concerning the function and mechanism of its target-
specificity to prospective somatic enhancers and certain groups of retrotransposable elements
(Charlton et al., 2020).

My research work has revealed the closely intertwined association between DNA methylation
turnover and local alterations in the DNA methylation landscape during cellular differentiation.
Specifically, early hypomethylation events are strongly related to the dynamic state of the DNA
methylation turnover during pluripotency. However, demethylation related to more advanced
cell types often initiates the DNA methylation turnover de novo in differentiated progenitor
cells. This implies that differentiation-related hypomethylation generally correlates with the
DNA methylation turnover, which is established not only in hPSCs but also in differentiated

cell types.
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Furthermore, | successfully addressed the pivotal question about the attribution of putative
enhancer function of the DKO-DMRs. The observation that all tested DKO-DMRs exhibit
enhancer activity in differentiated cells highlights a potential functional role of the DNA

methylation turnover in regulating enhancer functionality at these sites.

Interestingly, my study also highlighted DNA methylation turnover target-specificity in the
context of retrotransposons, specifically for evolutionarily young elements. This paved the way
for a comparative literature research, that led to the identification of pluripotency factors as
potential candidates guiding TETs and/or DNMT3s to their shared genomic loci. Considering
that pluripotency factors often serve as pioneer factors, it implies that TET targeting may also

hinge on mere chromatin accessibility.

This work opened multiple avenues for deeper exploration of DNA methylation turnover both
at the functional and mechanistic levels. To discern its functional significance, leveraging the
DNMT3-depleted hiPSCs and the TET1/2/3-depleted hiPSCs could potentially unveil the
influence of DNA methylation levels and the turnover on TF binding and chromatin
accessibility. Moreover, knockdown experiments targeting specific pluripotency factors might
reveal their impact on the DNA methylation turnover in hPSCs. Additionally, an extended
comparative analysis of motifs among retrotransposon subfamilies with and without DNA
methylation turnover could uncover further candidate factors that may also be expressed in

differentiated cells.

In conclusion, the de novo establishment of the DNA methylation turnover in differentiated
cells, alongside its ongoing dynamics, extends the phenomenon to a more expanded
developmental context. This broader scope emphasizes the need to comprehend its functional
implications. Overall, this study adds to the growing knowledge surrounding DNA methylation
dynamics and their impact on cellular differentiation and developmental progression.
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